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Abstract  

Nickel aluminide diffusion coatings act like an aluminium reservoir to form protective alumina scales at 

high temperatures. However, interdiffusion phenomena play a critical role in the metallurgical integrity of 

these coatings. This work explores a new type of self-healing coating for high temperature oxidation 

applications. Micro-reservoirs consisting of an aluminium-rich intermetallic core (Al3Ni2) and an 

aluminium oxide shell are embedded in a nickel aluminide matrix (NiAl). This new type of coating has 

been synthesized by an electrochemical chemical route to trap the micro-reservoirs in an electrodeposited 

nickel matrix followed by aluminization via a slurry route. Under high temperature oxidation conditions, 

the micro-reservoirs allow to form a diffusion barrier and to release Al into the coating matrix. These two 

simultaneous phenomena make it possible to maintain a sufficient amount of aluminium and ensure the 

unique formation of α-alumina at the surface of the coatings, hence to possibly increase the lifespan of 

the aluminium diffusion coatings. 
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1. Introduction 

One of the effective and economical ways to protect materials against oxidation and corrosion is to use 

coatings. The nature of the coatings depends on the conditions of use and the materials to be protected. 

In recent years, various studies have focused on the synthesis of self-healing, self-regenerating or 

intelligent coatings [1-3]. These coatings have the ability to repair physical damage to the coatings and 

regain their protective functions (without or with minimal human intervention). 

One of the first and best-known self-healing properties were applied on polymer coatings [1]. Two types 

of microreservoirs are trapped in the coating and upon physical damage (e.g. scratches, cracks, etc.), the 

microreservoirs break and release their content (building blocks and catalysts) and polymerize in the 

defect to seal it, thus preventing corrosion of the substrate. [1-2]. Based on a similar approach, self-

healing ceramic YSZ thermal barrier coatings were synthetized for high temperature applications 

whereby the micro-reservoirs are made of MoSi2(Al,B). [2]. Upon initiation and propagation of a crack, 

the oxidation of the healing agent forms liquid SiO2 that flows into the crack. SiO2 also reacts with the Zr 

of the coating to form solid ZrSiO4 and thus block the propagation of the crack [2]. Such self-healing 

coatings use a liquid phase, which is undesirable for all types of coatings, especially for β-NiAl coatings 

used for protection against high temperature oxidation since Ni can dissolve in molten Al [3]. 

Therefore, the present investigation precisely focuses in the synthesis of self-healing, which are typically 

synthetized by chemical-vapor deposition or slurry-aluminizing [4-9]. Upon oxidation, these aluminium-

rich coatings allow the formation of a dense, uniform and slow-growing Al2O3 layer [4-5, 10-11]. 

However, the difference in aluminium concentration between the coating and the substrate induces 

significant interdiffusion between the coating and the substrate. Below a certain aluminium threshold, 

which essentially depends on the composition of the material, the temperature of the tests and the 
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partial pressure of oxygen, non-protective Ti, Ta, and Ni oxides can form and induce a significant mass 

variation through fast oxidation kinetics [12].  

In this context, our previous works investigated the use of aluminothermic reactions to fabricate self-

regenerating coatings [13-14]. Yet, an interfacial NiO oxide layer formed between the coating and the Ni 

substrate and the results on interdiffusion were not assessed. On the contrary, this work studies 

composite coatings consisting of a β-NiAl intermetallic matrix and pre-oxidized Al3Ni2 micro-reservoirs to 

increase the life of the coatings for high temperature oxidation applications. To achieve this, Al3Ni2 

particles were first synthesized and oxidized to form a thin scale of Al2O3. They were then incorporated in 

a nickel electrodeposited matrix and finally aluminized by slurry. Adding Al3Ni2 particles has two 

advantages. First, the addition of particles provides barriers to limit the diffusion of aluminium into the 

substrate and of nickel into the coating. Secondly, whenever the difference in aluminium concentration 

between the coating and the particles is sufficiently large, the aluminium contained in the particles 

should gradually diffuse into the coating matrix. The goal is to maintain an aluminium threshold for a 

longer time, thus delaying the appearance of non-protective oxides and thus increasing the lifetime of 

the material. This approach has never been reported before in Al diffusion coatings.  

In summary, this study focuses on the manufacturing, microstructure of such self-healing coatings and 

their oxidation behaviour. For this, various parameters such as current density, aluminizing temperature 

and time were investigated. 

2. Experimental procedure 

Various coatings were synthesized in several steps and using different coating techniques to evaluate the 

self-healing character of the β-NiAl coatings on pure (99.98 wt.%, Goodfellow) Ni samples (Table I). The 

substrateswere cut from 12.7 mm diameter cylindrical rods into coupons of about 1.5 mm thickness, 

polished with SiC P180 papers and then rinsed with deionized water and cleaned in ethanol. After the 

surface preparation, Ni electroplated layers with and without preoxidized Al3Ni2 micro-containers 

followed by slurry aluminizing were produced. Comparison with simple slurry aluminized coatings, i.e. no 

intermediate electroplated was also conducted. After aluminizing, the coating surfaces were sandblasted 

(Al2O3) to remove the typical residue (bisque) of the slurry coatings. The description of each method is 

given in the following paragraphs.  

Table I.- Summary of the different coating strategies to evaluate the self-healing character of the β -NiAl 

coatings. 

Denomination Coating process 

Ni plating -- 
Electro-deposition 

(without Al3Ni2(ox)) 

sandblasting 
aluminizing 

Electro-codeposition 

WITH Ni flash 
Ni “flash” 

Electro-codeposition 

(WITH Al3Ni2(ox)) 

Electro-codeposition 

WITHOUT Ni flash 
-- 

Electro-codeposition 

(WITHOUT Al3Ni2(ox)) 

Ni substrate -- -- -- 

 

2.1. Synthesis and pre-oxidation of Al3Ni2 microparticles  

Al3Ni2 microsized reservoirs were synthetized by various steps including pack aluminizing, grinding, 

milling and sieving and final preoxidation. For this, Ni sheets with a thickness of 250 µm and a purity of 
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99.98% (GoodFellow) were aluminized by pack cementation. The Ni sheets were embedded in a powder 

mixture made of 56 wt. % of Al2O3 powder, 40 wt.% of Al powder and 4 wt. % of NH4Cl. The powders 

were mixed using a three-dimensional mixer (Turbula System Schatz type T2 F). The crucible was closed 

and heated at 800°C for 50h under Ar/5%H2 atmosphere to obtain the Al-rich and brittle Al3Ni2 

intermetallic phase across the foil.  

These samples were then ground for 5 min at 30 Hz into powder first with a jar milling to obtain coarse 

particles (Retsch MM2 mixer mill). To homogenize and reduce further the particle size, a planetary ball 

milling (P100 - Retsch) was used. The powders previously obtained with the jar milling were placed at 

half of the volume of the crucible and filled with zirconia balls with a diameter of 2.15 mm. The free 

space between the particles was filled with 96% pure ethanol and the crucible was finally sealed. The 

crucible was then rotated at 500 rpm for 8 h. After the mechanical treatment, the crucible was placed in 

an oven at 60°C for 12 hours to evaporate the ethanol. The particles were subsequently sorted using 

several sieves positioned on a JEL 200 sieve machine. The sieves consisted of 5 assembly sieves made up 

of 630 µm, 250 µm, 160 µm, 100 µm and 25 mesh sizes. µm. 

Finally, the last step consisted in the pre-oxidation of the particles to form an Al2O3 shell while keeping a 

metallic core. For this, the particles were oxidized at 1100°C for 15 min under Ar. After the 15 min, the 

particles were quenched in laboratory air.  

After the oxidation step, the particles show an irregular morphology with an Al3Ni2/β-NiAl core and an 

aluminium oxide shell (Figure 2). The image analysis indicated a d50 of the pre-oxidized particles of 0.49 

µm with an oxide shell thickness of about 0.06 µm. 

 

Figure 1: (a) SEM (BSE) cross-section images of the powders pre-oxidized at 1100°C for 15 min under Ar 

and (b) the distribution and thickness of the oxide Al2O3 shells. 
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2.2. Electro-deposition of the pure Ni and composite Ni+Al2Ni3(ox) layers 

The polished Ni substrates were subjected to a “nickel flash” electrodeposition process in a sulfamate 

bath composed of 300 g/L of Ni(SO3NH2)2.4H2O, 30 g/L of H3BO3, 15 g/L of NiCl2.6H2O and 

Ni4CO3(OH)6(H2O)4 to adjust the pH between 4.2 and 4.3. The synthesis of a first layer of flash nickel was 

carried out to increase the adhesion between the composite coating and the substrate, in particular to 

avoid the phenomena of decohesion during the aluminization treatment. In addition, the surface of the 

samples being rough, the choice was made to use high current densities and significant thicknesses, 

namely 5 A/dm² and 10 µm (not shown). The term of “nickel flash” therefore does not appear as the 

most suitable and the term of “first layer” will be used subsequently. Like in the work of R. Winand, the 

grain microstructure of Ni electrodeposits is Basis Reproduction (B.R.) with a fine grain close to the 

interface and coarser grains towards the surface [15]. 

The samples were then cleaned and prepared for the electro-codeposition step, which will form a 

composite coating composed of pre-oxidized Al3Ni2 particles embedded in a nickel matrix. For this, the 

Ni-Al3Ni2(ox) alloy material was prepared by the (direct current) DC electro-codeposition method on the Ni 

first layer with a sulfamate bath where 20 g/dm3 of pre-oxidized particles were added. The volume 

percentage of trapped particles was observed (not shown) to increase from 10 to 17.5 % with increasing 

the current density between 2 and 5 A/dm2 and then stabilized at 22 % for a current density of 20 A/dm² 

in the nickel sulfamate bath at 50°C. Therefore, the composite electroplates were fabricated with such 

high current density. 

2.3. Aluminizing process 

After the electrochemical steps, the composite Ni-Al3Ni2(ox) layers were sandblasted with Al2O3 powders 

at 0.5 bar of pressure. This step is necessary to remove the pre-oxidized particles on the surface and 

allow the homogeneous aluminizing of the coating. Then, an Al-based slurry was sprayed on the 

coupons. The slurry formulation is based on a 1/10 PolyVinyl Alcohol (PVA)/deionized water solution to 

which 45 wt. % of spherical Al powders (4±3 µm, Hermillon Poudres, France) were added [16]. After 

blending, the slurries were deposited by airbrush on the Ni-Al3Ni2(ox) composite layer. After each deposit, 

the samples were systematically dried in a stove at 50 °C for 30 min. The samples were weighed before 

and after slurry deposition with a 10-4g precision balance to control the deposited slurry quantity. 

The dry coatings were then annealed in a TGA apparatus to form the diffusion coating, under a flow of 

argon (20 mL/min) to prevent any significant oxidation of the substrate and of the Al particles [9]. The 

aluminizing treatments were carried out at different temperatures and for different times. The 

temperatures of 650°C and 700°C were chosen to promote Al inward diffusion while 1100°C aimed at 

promoting the Ni outward diffusion. Dwell times of 12h were chosen for the temperature of 650 and 

700°C and of 1 min for aluminizing at 1100°C. Following these 3 different tests, the most promising heat 

treatments (700°C/2 h) were performed for different times (1min, 2h, 4h et 12h). In all of them, the 

heating and cooling rates were set at 5°C/min. 

2.4. Self-healing potential of the coatings 

The assessment of the self-healing potential of the synthetized coatings, various coatings were oxidized 

isothermally at 1000°C for 48h in synthetic air. Note that these oxidation tests were not intended to 

finely characterize the oxidation behaviour of the coatings but to demonstrate (or not) the self-healing 

nature of the coatings. Additional tests on reference aluminide coatings on raw nickel substrates and on 

simple nickel electrodeposit, i.e. without the incorporation of the Al3Ni2 microparticles were also carried 
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out for comparison. These two coatings were prepared by slurry aluminizing at 700°C/2h or 

700°C/2h+1100°C/1min (designated thereafter as “1100°C/1min”). The nickel plating was deposited 

from a bath of nickel sulfamate and with a current density of 20 A/dm². Two Ni/Al3Ni2(ox) composite 

coatings were tested, one with a first flash Ni layer over the substrate and another without the flash Ni 

layer. Table II summarizes the coatings that underwent the oxidation tests at 1100°C for 48h in air. 

Table II: Summary table of the coatings tested in isothermal oxidation (1000°C/48h in air). All substrates 

are pure Ni. 

First Ni layer Al3Ni2(ox)+Ni Aluminization treatment 

--- --- 700°C/2h 

--- --- 700°C/2h + 1100°C/1 min 

50 µm --- 700°C/2h 

50 µm --- 700°C/2h + 1100°C/1 min 

10 µm 50 µm 700°C/2h 

10 µm 50 µm 700°C/2h + 1100°C/1 min 

--- 50 µm 700°C/2h 

--- 50 µm 700°C/2h + 1100°C/1 min 

2.5. Characterization 

The characterization of the coatings was conducted with an optical microscope (LEICA DMRM 

microscope coupled to a LEICA MC170 HD camera) and SEM (FEI QUANTA 200F) coupled to an EDAX 

detector for chemical analysis, at 20 kV under low vacuum (0.9 mbar). The cross-sections were polished 

down to 1 µm water-based diamond suspension (Struers). Raman micro-spectrometry (Jobin Yvon 

LabRam HR800, λ=632.82 nm and LabRAM HR Evolution, λ=532 nm) was also carried out to identify the 

different oxide phases. In addition, the crystal structure was characterized by X-ray diffraction (XRD) in a 

Bruker AXS D8 Advance with Cu kα1 radiation (λ=0.15406 nm).  

3. Results 

3.1. Influence of current density  

Figure 2 shows a cross-section of the samples after electrodeposition with 20 A/dm2. The particles 

embedded in the coating are evenly distributed throughout the thickness except for some clustering of 

particles (Figure 2.a). One shall note that the particles appear to be stable in the electrodeposition bath 

since the metallic core and the oxide shell are still observed (Figure 2.b). The Raman spectroscopy 

analysis at 632 and 532 nm allowed to unambiguously identify α-Al2O3 and ϴ-Al2O3 on the shells of the 

particles (Figure 3). Indeed, for similar oxidation temperatures, a first layer of ϴ-Al2O3 and a second layer 

of α-Al2O3 have been identified upon the oxidation of Al3Ni2 at 1100°C during 30 min [17]. In addition, the 

EDS spots at the core of the particles revealed about 30±4 at.% of Al. This concentration appears lower 

than expected compared with the theoretical value of Al3Ni2 (60 at.%). This result can be attributed to 

the fact that the volume analyzed by the EDS spots is larger than the particle size and therefore includes 

Ni from the matrix.   
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Figure 2: SEM (BSE mode) cross-sections of the composite electrodeposits with a Ni matrix and pre-

oxidized Al3Ni2 particles. 

 

  

Figure 3: Raman spectra on the shells of the particles embedded in the Ni electrodeposits obtained at 20 

A/dm². The spectra were collected with (a) λ=632 nm and (b) λ=532 nm lasers [18-19]. 

 

3.2. Influence of aluminizing heat treatment. 

3.2.1. Influence of aluminizing temperature. 

Once the electrodeposition of the composite (Ni+Al3Ni2(ox)) coatings was achieved, the final step 

consisted in aluminizing by slurry route. For this, “low” temperatures of 650 and 700°C were selected 

based on previous investigations conducted in our research group on Ni-based substrates [20-22]. The 

high-activity low temperature (HALT) aluminizing allows preferential diffusion of aluminium towards the 

substrate. This results in the formation of the intermetallic coating in the electroplated layer and 

preserves thus the structure of the coating produced by electrochemical means. In addition, a short-term 

aluminizing was carried out at 1100°C to achieve a low-activity high temperature (LAHT) aluminizing 

allowing the preferential outward diffusion of nickel [20,23]. 
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Figure 4 shows the SEM cross-sections of the aluminized samples at 650°C/12h (Figure 4.a), 700°C/12h 

(Figure 4.b) and 1100°C/1min (Figure 4.c). Figure 5 gathers the diffusion profiles of aluminium in the 

coating (Figure 5.a) as well as the thickness of the different layers observed (Figure 5.b). For the three 

temperatures, the coatings obtained can be divided into four parts. The first part at the top of the 

coatings consists of a porous Al-rich β-NiAl intermetallic for low-temperature coatings (Figure 4.a & 4.b) 

and a porous Ni-rich β-NiAl intermetallic for the high-temperature treatment (Figure 4.c). In addition, 

inclusions of aluminium oxide can be observed in this layer. This layer appears to come from the 

solidification of a previous liquid phase, according to its microstructure (Figure 5.b, label “melting layer”). 

The thicknesses of this porous layer are 10±4 µm, 12±2 µm and 13±4 µm for the treatments of 

650°C/12h, 700°C/12h, and 1100°C/1min, respectively. The second layer is the diffusion zone and shows 

a composite microstructure with the pre-oxidized Al3Ni2 particles in a matrix of β-NiAl and γ’-Ni3Al 

intermetallic compounds. The intermetallic compound β-NiAl has a composition similar to the first layer, 

namely Al-rich β-NiAl for the aluminizing treatments at 650 and 700°C, and Ni-rich β-NiAl for the 

treatment of 1100°C/1min. The pre-oxidized particles appear to be homogenously distributed for the 

heat treatment of 650°C (Figure 4.a). For the 700°C treatment, the particles are aligned normal to the 

surface (Figure 4.b). For the samples aluminized at 1100°C, the particles seem to be homogeneously 

distributed in the first two-thirds of this layer (Figure 4.c). In the last third, no particles can be observed. 

In addition, the aluminium concentration is low in this part (Figure 5.a). The third interface is found 

between the aluminized part and the substrate with a low content of aluminium substrate. For the 650°C 

heat treatment (Figure 4.a), this interface consisted of an oxide. For the two other treatments, this 

interface is mainly made up of voids and an interfacial decohesion appears for the samples treated at 

700°C/12h (Figure 4.b & 4.c). It can also be noted that oxide particles can be observed at high 

magnification on the upper part of the interface between the aluminized and poorly aluminized areas. 

The last “poorly aluminized” layer below the interface is clearly distinguished for the 650°C/12h 

treatment, with 10±1 µm of the electro-codeposited layer and 7±1 µm of the first layer of Ni, which have 

not been aluminized (Figure 4.a). For the aluminizing treatments at higher temperatures (700 and 

1100°C) (Figure 4.b & 4.c), the interfaces between the electrodeposition and the first layer of Ni are less 

visible and it is thus difficult to differentiate these layers.  

 

Figure 4: SEM (BSE mode) cross-section of the aluminized composite coating with a heat treatment of (a) 

650°C/12h, (b) 700°C/12h and (c) 1100°C/1 min. 
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Figure 5: (a) EDS diffusion profiles made in cross-section for the different heat treatments and (b) the 

thickness layers of the coatings. 

The Raman micro-spectroscopic analyses were carried out to identify the oxides present in the coating 

(Figure 6). In the non-aluminized layer (Figure 6.a & 6.d), the ϴ and α-Al2O3 peaks can be observed for 

the aluminizing treatments of 650°C. For 700 and 1100°C with α-Al2O3 being predominant. Similar 

observations can be made at the interface, with the presence of ϴ and α-Al2O3 for aluminizing 

treatments of 650 and 700°C (Figure 6.b & 6.e). In the aluminized layer the peaks of ϴ-Al2O3 are clearly 

observed for the λ=632 nm (Figure 6.c) while the α-Al2O3 peaks are better highlighted with the λ= 532 

nm (Figure 6.f). One shall note that the peaks of SiO2 observed in Figure 6.c are related to the OPS 

polishing solution, which remained trapped in the pores present between the particles and the coating. 

 

Figure 6: Raman spectra (λ=632 nm for (a), (b) and (c) and λ=532 nm for (d), (e) and (f)) on the cross-

sections of the samples after the aluminization process, with (a and d) in the particles on the non-

aluminized layer, (b and e) interface layer and (c and f) in the particles on the aluminized layer [18-19, 24-

25]. 
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3.2.2. Influence of aluminizing time 

From the three aluminizing temperatures, 700°C was selected to investigate the influence of aluminizing 

time on the development of the composite coating. This choice was made because a residual thick zone 

of molten and oxidized aluminium remained on the surface of the coating when aluminizing at 650 and 

1100°C, respectively. In addition, the amount of aluminium in the coating is uneven and dispatched in 

two zones (Figure 4.a & 4.c). 

The microstructures of the coating after aluminizing at 700°C for 1 min, 2, 4 and 12h are shown in Figure 

7. The diffusion profiles and the thicknesses of the layers are presented in Figure 10. For the heat 

treatments of 1 min (Figure 7.a), 2h (Figure 7.b) and 4h (Figure 7.c), the microstructure, composition and 

coating thickness obtained are quite similar and comparable to what was obtained at 650°C/12h (Figure 

4.a). Indeed, a first porous layer due to the solidification of a liquid phase can be observed at the surface 

of the coating. This layer is rich in Al, with a content greater than 56 at. % of Al (Figure 8.a). The second 

layer consists of Al-rich β-NiAl and Al3Ni2(ox) particles whose thicknesses range between 25 and 33 µm 

(Figure 8.b). Underneath, the non-aluminized composite electroplating is about 7±1 µm thick and the Ni 

flash layer over the substrate kept its thickness (10±1 µm) (Figure 8.b). It is interesting to note that the 

longer the aluminizing time at 700°C, the more porous becomes the interface between the aluminized 

and non-aluminized layers (Figure 7d).  

 

Figure 7: SEM (BSE mode) cross-section of the aluminized composite coating with a heat treatment of 

700°C during (a) 1 min, (b) 2h, (c) 4h and (d) 12h. 

 

 

Figure 8: (a) EDS diffusion profiles made in cross-section for the different heat treatments at 700°C and 

(b) the thickness layers of the coatings. 
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The analyses of Raman spectroscopy shown in Figure 9 for the different aluminizing times indicate the 

formation different phases of aluminium oxide. Increasing the time in the particles of the non-aluminized 

layer (Figure 9.a & 9.c) increases the α-Al2O3 signal with the 632 nm laser (Figure 9.a). In contrast, the α-

Al2O3 peaks are readily observed from 1 min at 700°C with the 532 nm laser (Figure 9.b). This strongly 

suggests that the stabilization of α-Al2O3 is only reached after 12h of exposure at 700°C. Yet, the 

particle/matrix interface at 700°C/12h (Figure 9.b) shows both, the ϴ and α-Al2O3 polymorphs (Figure 

9.d). In the particles of the aluminized layer (Figure 9.b & 9.e), ϴ-Al2O3 appears predominant at all times 

although for analyses with the 532 nm laser, α-Al2O3 is also observed (Figure 9.e). Like with the particles 

of the non-aluminized layer, 12 h are required to detect the α-Al2O3 signal with the 632 nm laser (Figure 

9.b). In addition, the traces of SiO2 are related to the OPS polishing solution. It therefore seems that the 

aluminized area requires greater aluminizing time for ϴ to transform into α-Al2O3 compared to the non-

aluminized layer, that shows a majority of α-Al2O3 at all times. Since the annealing temperature is the 

same, this difference can only be attributed to the greater content of oxygen in the aluminized area 

according to Garriga-Majo et al. [26]. 

 

Figure 9: Raman spectra of the particles embedded. (a) and (c) correspond to the particles in the non 

aluminized layer using λ=632 nm and λ=532 nm, respectively. (b) and (e) are the counterparts in the 

aluminized layer while (d) is the Raman spectra of the coating/substrate interfacial layer [18-19, 24-25]. 

 

3.3. Isothermal oxidation 

3.3.1. Aluminizing at 700°C/2h and 1100°C/1min 

Figure 10 shows the cross-sections of the coating made after the aluminizing treatment of 700°C/2h (left 

column) and 1100°C/1 min (right column) on the different substrates. The corresponding EDS 

concentration profiles are plotted in Figures 11.a & 11.b. 
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3.3.1.1. Refence coating - Ni raw substrate 

Three main layers can be observed in Figures 10.a & 10.b for, respectively, the 700°C/2h and 1100°C/1 

min aluminizing treatments. The first layer of about 21±1 µm at the top of the coating consists of many 

micrometric grains of Al-rich β-NiAl for the treatment of 700°C/2h (Figures 10.a & 11.a), in line with the 

pioneer work of Pedraza et al. on the slurry aluminizing of pure Ni [8]. In contrast, the grain size obtained 

with the 1100°C/1 min treatment is similar to the thickness (16±2 µm) of the Ni-rich β-NiAl upper layer 

(Figures 10.b & 11.b). The second main coating layer is made up of a 2±1 µm thick Ni-rich β-NiAl 

intermetallic compounds for the 700°C/2h treatment (Figures 10.a & 11.a) and of a 18±1 µm thick layer 

with a composition close to the Ni5Al3 intermetallic compound (Figures 10.b & 11.b) although this phase 

is supposedly thermodynamically unstable above 700°C [27]. The last sublayers right above the substrate 

are similar in thickness (~5 µm) (Figure 10) and composition (Ni3Al) for both coatings (Figures 10.b & 

11.b). In addition, one can note the presence of a few round pores in this layer (Figure 10.b). 

3.3.1.2. Reference coating – Ni plating 

The second reference coating is the diffusion coating obtained on nickel electrodeposits without 

embedded Al3Ni2 micro-reservoirs. The coatings obtained on the Ni plating are made up of several 

heterogeneous layers (Figure 10.c & 10.d). For the coating of 700°C/2h, the first layer of 31±3 µm 

consists of Ni-rich β-NiAl intermetallic and displays many defects with a bubble shape escaping from the 

layer (Figures 10.c & 11.a). Other smaller pores and cracks are also present. In addition, areas with a 

lower concentration of aluminium (light contrast) can be observed at the bottom of this layer. At the 

aluminized and non-aluminized layers, a porous interface with aluminium oxide crystals on the edges of 

the interface appear at higher magnifications (Figure 10.c). The second coating layer seems to 

correspond to the non-aluminized nickel plating (Figure 10.c). This 21±3 µm thick layer is porous and the 

aluminium concentration does not exceed 7 at. % (Figure 11.a). Finally, the interface between the 

coating and the substrate is also porous.  

When adding the second aluminizing step of 1100°C/1min, the coating consists of 1 main layer and three 

very thin layers (Figure 10.d). The first layer is the thickest, with an average thickness of 62±5 µm, and 

consists of Al-rich β-NiAl as well as pores (Figure 11.b). The pores also take the form of « bubbles » 

running perpendicular to the surface as if they tried to raise the surface. The three consecutive thin 

layers towards the substrate are composed of Ni-rich β-NiAl, γ’-Ni3Al, and γ-Ni(Al). Finally, a porous 

interface can again be observed between the γ-Ni(Al) layer and the substrate (Figure 10.d). 

3.3.1.3. Self-healing coating with “Ni flash”  

The coatings studied in this part are composed of first an electrodeposit of pure Ni at 5 A/dm² followed 

by a second composite Ni+Al3Ni2(ox) coating at 20 A/dm². For the aluminizing treatment of 700°C/2h, the 

first layer of 28±2 µm is composed of Ni-rich β-NiAl and pre-oxidized Al3Ni2 particles (Figures 10.e & 

11.a). In addition, pores vertically aligned appear. The Ni(Al) sublayer corresponding to the Ni 

electrodeposit has an average thickness of 21±2 µm and ends with an interface containing pores (Figure 

10.e). Between the two main coating layers, several very thin layers form but the EDS spot analyses are 

too large to unambiguously identify any particular intermetallic compound. 

Increasing the aluminizing treatment to 1100°C/1 min results in a 34±5 µm thick Ni-rich β-NiAl external 

sublayer (Figures 10.f & 11.b) over a particle and pore-free zone with a Ni5Al3 composition. Below, a 

porous interface can be observed (Figure 10.f). Next comes the Ni(Al) composite electrodeposit with 

many pores (Figure 10.f).   
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Figure 10: SEM (BSE) cross-section of the aluminized coatings with heat treatment of 700°C/2h 

and 1100°C/1 min respectively for the Ni substrate (a&b), Ni plating substrate (c&d) and for 

Ni/Al3Ni2(ox) composite electrodeposit with (e&f) and (g&h) without a first layer of Ni.  
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3.3.1.4. Self-healing coating without “Ni flash” 

The last coating studied corresponds to the composite Ni+Al3Ni2ox electroplating, i.e. without the initial 

Ni flash electrodeposit. The coatings obtained with an aluminizing heat treatment of 700°C/2h and 

1100°C/1min exhibit two distinct zones: a first heavily "aluminized" zone on top of a second "less-

aluminized" of Ni(Al) (Figures 10.g & 10.h). The first aluminized layer consists of an Al-rich β-NiAl 

intermetallic compound for the aluminizing treatment of 700°C/2h (Figure 11.a) while a Ni-rich β-NiAl 

and Ni5Al3 formed when the aluminizing was increased to 1100°C/1min (Figure 11.b). In addition, the Al-

rich area contains many pores unlike the Ni-rich area (Figure 10.h). The average thickness of these layers 

is 29±4 µm and 39±2 µm for respectively, the aluminizing treatments of 700°C/2h and 1100°C/1min. The 

second layers over the substrate is much less aluminized and Al incorporates into the Ni matrix 

(substrate) as Ni(Al). It is interesting to remark that the pre-oxidized particles can be readily observed for 

the 700°C/2h and 1100°C/1min aluminizing treatments (Figures 10.g & 10.h) but the latter also display 

some pores. 

 

Figure 11: EDS diffusion profiles made in the cross-sections for the different coatings after (a) the 

aluminizing treatment of 700°C/2h and (b) the isothermal oxidation at 1000°C/48h. 

 

3.3.2. Isothermal oxidation of coatings 

Figure 12 shows the cross-sections of the coatings made after the aluminization and isothermal oxidation 

at 1000°C for 48 in synthetic air. The corresponding EDS concentration profiles of Al are given in Figure 

13 while the Raman analyses to identify the oxides that formed after the oxidation treatment are shown 

in Figures 14 and 15). 

3.3.2.1. Refence coating - Ni raw substrate 

For the reference coating on the raw substrate, after oxidation at 1000°C for 48h in air, the two main 

coating layers shown in Figures 12.a & 12.b have the same composition (Ni5Al3+Ni3Al on top and 

Ni3Al+Ni(Al) at the bottom, but the thicknesses are slightly greater (30±3 µm and 19±2 µm vs. 13±3 µm 

and 20±3 µm) with the additional step at 1100°C/1min in line with a fostered interdiffusion. It is also 

important to note that following the oxidation tests, a thin layer of α-Al2O3 developed on the surface of 

the coatings (Figures 14.a & 15.a). However, for the sake of contrasting conditions in the backscattered 

electron mode, this 1±0.7 µm oxide layer cannot be observed in Figures 12.a & 12.b 

3.3.2.2. Reference coating – Ni plating 

For the electrodeposited coating, the aluminide coating becomes surrounded by oxides (Figure 12.c & 

12.d). On the surface of the coatings, α-Al2O3 with a thickness of 6±2 µm can be observed (Figures 12.c, 
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12.d, 14.a & 15.a). Below, the composition of the 700°C/2h aluminide coating is that of γ’-Ni3Al (Figure 

12.c) and equivalent to the compound Ni5Al3 for the treatment of 1100°C/1min (Figure 15.b). Within the 

aluminized layer, many grains of α-Al2O3 can be observed (Figures 14.b & 15.b). Between the aluminized 

layer and the non-aluminized layer, a sequence of α-Al2O3, NiAl2O4 and NiO grow following the increasing 

gradient of Ni towards the electrodeposit (Figures 12.c, 12.d, 14.c & 15.c). In addition, some pores 

develop in the NiO area of the coatings formed with the addition aluminizing step of 1100°C/1 min 

(Figure 12.d). 

3.3.2.3. Self-healing coating with “Ni flash”  

The cross-sections of the two aluminized coatings at 700°C/2h and 1100°C/1’ are quite similar with an 

aluminized layer covered with an α-Al2O3 oxide scale (Figures 12.e, 12.f, 14.a & 15.a). The aluminized 

layer has a composition close to the Ni5Al3 compound (Figures 13.a & 13.b) and contains many grains of 

α-Al2O3 (Figure 14.b & 15.b). This layer has an average thickness of 30±10 µm for the heat treatment of 

700°C/2h (Figure 13.a) and 19±8 µm for the heat treatment of 1100°C/1min (Figure 12.f). A thin layer of 

α-Al2O3 and NiAl2O4 spinel (Figure 14.c & 15.c) grows underneath at the interface with the Ni(Al) layer 

that contains numerous clusters of α-Al2O3, spinel NiO and a few pores (Figure 12.f). 

3.3.2.4. Self-healing coating without “Ni flash” 

For the electro-codeposited coatings, some minor changes occurred (Figures 12.g & 12.h) and relate just 

to some thickening (34±4 µm) and greater oxidation of the trapped particles to result in Al2O3 in a Ni-rich 

β-NiAl matrix (Figures 13.a & 13.a). The α-Al2O3 scale is just 2±1 µm thick and homogeneously covers the 

coating (Figure 12.g). Another Al2O3 oxide layer develops between the Al-rich and the Al-poor layers of 

the coating, that could act as a diffusion barrier (Figure 14.c). It is also interesting to remark that the 

Al3Ni2(ox) particles in the less-aluminized area are oxidized further like in the upper coating layer (Figure 

12.g). This suggests that either the coatings are permeable to the external oxygen or that the oxygen of 

the oxidized particles reacts further to produce more bulky oxides (e.g. NiAl2O4) or both. 

For the samples aluminized at 1100°C/1min, the α-Al2O3 present on the top of the coating is thicker than 

at 700°C/2h because the average thickness is of 12±6 µm (Figures 12.h & 15.a). The layer below has a 

composition similar to the samples aluminized at 700°C/2h. In addition, numerous oxide particles can be 

observed in the first part of this layer, which would confirm the above hypothesis, i.e. the coatings would 

be permeable to oxygen. The potential α-Al2O3 diffusion barrier is again observed between the heavily 

and the poorly aluminized areas (Figure 14.b). One can also note that the grain boundaries of the less-

aluminized zone are oxidized (Figure 12.h) forming Al2O3 (Figure 15.c).  
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Figure 12: SEM (BSE) cross-section of the aluminized coatings with heat treatment of 700°C/2h 

and 1100°C/1 min after isothermal oxidation of 1000°C/48h in synthetic air respectively for the 

Ni (a&b), Ni plating (c&d) and for Ni/Al3Ni2(ox) composite electrodeposit with (e&f) and (g&h) 

without a first layer of Ni substrate.  
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Figure 13: EDS diffusion profiles made in the cross-sections for the different coatings after (a)the 

aluminizing treatment of 1100°C/1min and (b) the isothermal oxidation at 1000°C/48h. 

 

 

 

Figure 14: Raman spectra of samples carried out at 700°C/2h after oxidation, with (a) the oxide layer on 

the surface, (b) the oxide present in the aluminized layer and (c) the oxide present in the less-aluminized 

layer [18,24]. 

 

 

Figure 15: Raman spectra of samples carried out at 1100°C/1min after oxidation, with (a) the oxide layer 

on the surface, (b) the oxide present in the aluminized layer and (c) the oxide present in the less-

aluminized layer [18,24]. 

. 

3.4. Oxidation kinetics 

Figure 16 shows the mass gain per surface unit against the isothermal (1000°C) oxidation time (48h) of 

the different coatings. These curves can be divided into two parts. The first part is characterized by a 

rapid mass gain, referring to the formation and growth of oxides. The second part is characteristic of a 
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quasi-stationary regime and characterized by a slow mass gain. During this step, the transformations of 

the aluminium oxide phase γ�ϴ�α-Al2O3 have been proposed by many authors under similar oxidizing 

conditions [28-29]. 

For the simple aluminized raw nickel substrates, the mass gains are quite low. These mass gains are less 

than 0.24 mg/cm² for the aluminized coatings at 700°C/2h and 0.36 mg/cm² for the coatings at 

1100°C/1min. These values are in line with other studies on the oxidation of different aluminide coatings 

on pure Ni [7,21]. For the oxidation of the other coatings with the electrodeposited layers, the mass 

gains are much greater than for the pure aluminized substrate, in particular when the aluminizing 

treatment is extended from 700°C/2h to 1100°C/1min as they increase from 3.9 to 6.1 mg/cm².  

For the composite electrodeposited coating with the first Ni flash layer, the mass gain is very important 

for treatment of 700°C/2h with 5.9 mg/cm². For the 1100°C/1min treatment, the mass gain is initially 

faster but tends to slow down with time to reach 5.6 mg/cm². Without “nickel flash”, the mass gains are 

very close between the two treatments with 2.4 mg/cm². In addition, higher mass gains occur during the 

first oxidation stages of the 1100°C/1min aluminized samples.  

 

 

Figure 16: TGA curves of the coatings isothermally oxidized at 1000°C/48h with (a) the coatings 

aluminized at 700°C/2h and (b) with the extension to 1100°C/1min. 

4. Discussion 

4.1. Effect of current density on the composite electrodeposit 

The electrodeposition conditions (stirring, layout of the electrodes, etc.) make it possible to synthesize a 

nickel composite electrodeposit with a high concentration of Al3Ni2(ox) particles. The incorporation of 

alumina particles into nickel electrodeposits underwent a rapid increase with current density followed by 

a plateau. The distinctions between the two stages take place around 5A/dm². According to several 

authors [30-39], the amount of incorporated alumina increases with the decrease of plating current 

density and increased bath loading. Such authors proposed that increasing the number of effective 

collisions between the particles and the cathode surface per unit volume of the deposited matrix will 

increase the amount incorporated into the coating. Therefore, using low current density or high particles 

concentration in the bath, a large amount of particles can be trapped. However, for an equivalent size 

and quantity of particles, our results do not agree with such observations but agree with those of Bakhit 
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et al., who reported a rapid increase in the incorporation of SiC in a nickel/cobalt electrodeposit till 3 

A/cm2 and then the number of embedded particles decreased because in competition with the faster 

deposition of the metal Ni/Co [40].  

A current density of 20 A/dm² was thus selected for the rest of the experiments since it allowed to 

synthesize a composite electrodeposit containing ~20% vol. particles in a Ni matrix.  

4.2. Effect of aluminizing temperature and time 

After selecting the parameters and synthesizing the composite electrodeposits, aluminizing by slurry 

route was carried out to synthesize the self-healing coatings. Various parameters such as aluminizing 

temperature and time were considered.  

The mechanism governing the aluminizing of the substrate at low temperatures is the diffusivity of Al. 

Indeed, it is accepted that below an aluminizing temperature of 950°C, a High-Activity Low-Temperature 

aluminizing (HALT) takes place [11,41]. Yet, the mechanisms of slurry aluminizing are somewhat different 

of the conventional gas phase pack cementation. When the temperatures rise, the aluminium particles 

of the slurry react with the substrate by solid/solid diffusion and some small diffusion islands start to 

appear after 600°C/1h [20]. When the temperature reaches 650°C, the self-propagating high 

temperature (SHS) reactions occur [9], where molten Al dissolves Ni and produces a highly exothermic 

reaction and the immediate aluminizing of the Ni substrate [8-9]. Therefore, after 1h at 650°C, 35µm of 

the substrate are already aluminized. This would be in line with the slurry aluminizing mechanisms put 

down in our research groups a few years ago [8-9,20]. The first step is defined by wetting, dissolution, 

and formation of a zone of molten aluminium on the surface of the sample. The second step is defined 

by a majority diffusion of aluminium towards the substrate and a weak diffusion of the nickel towards 

the aluminium. The intermetallics formed during this step range from the nickel to aluminium-rich phase 

(γ-Ni�γ’-Ni3Al�β-NiAl�Al3Ni2�Al3Ni). During this step, an aluminized zone of several tens of microns 

will form. During the last phase at a higher temperature (T>950°C), the Ni will preferentially diffuse 

towards the surface to form the desired phase of β-NiAl (Al3Ni2� β-NiAl). 

The mechanisms of slurry aluminizing of the electrodeposited coatings at 650°C/12h and 700°C/1min, 2, 

4 and 12h are thus similar (Figure 17). Indeed, a first porous layer is formed on the surface. This porous 

zone is characteristic of a bath of molten aluminium [9]. This molten Al bath will dissolve a thin layer of 

nickel on the surface and the dissolved nickel will enrich the molten bath (Figure 17.b) [9,20]. For longer 

aluminizing times, the amount of Al available on the surface will increase (due to the melting of Al 

particles) and diffusion of Al onto the electrodeposits will quickly occur forming a layer of Al3Ni2 

intermetallic compound (Figure 17.c), then β-NiAl. This layer will quickly grow until it reaches a thickness 

of 30 µm. In addition, during this time, nickel will diffuse to the surface and induce the solidification of 

the molten aluminium bath and the formation of the Al3Ni and Al3Ni2 phases (Figure 17.c). For 

treatments of 700°C/1min, these different steps have already occurred (Figure 7.a). For longer 

aluminizing times, a slight thickening of the aluminized zone and a modification of the aluminized/non-

aluminized areas interface appears to occur (Figure 7 & 8.a). 

In addition, the phases of the aluminium oxide differ between the different layers. In the aluminized 

areas, the ϴ-Al2O3 is majorly observed at 650°C and 700°C while the peaks of α-Al2O3 are detected after 

12h at 700°C for the two laser wavelengths employed in the Raman analyses. In the non-aluminized area, 

the rapid transformation at low temperature of the ϴ � α-Al2O3 suggests a low partial pressure of 

oxygen in this layer, in contrast to the aluminized zone. Networks of defect such as micro-porosities and 
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trapped gas in the aluminized layer may explain these differences in Po2. Indeed, part of the trapped gas 

can be released during the heat treatment and maintain a high Po2 in the system. This theory seems 

consistent with the oxidation tests. Indeed, during the oxidation of the two-layers electrodeposited 

coatings, significant oxidation of the sub-surface of the coating is observed. This internal oxidation could 

be explained by a network of defects in the aluminized layer. In addition, nickel oxide and spinels form in 

the non-aluminized layer. According to the Ellingham diagram, the formation of NiO is possible for Po2 

around 10-17 and 10-11 bar for respectively, 700 and 1000°C. It is therefore probable that the trapped gas 

in the coating maintains a Po2 between these two values. 

Furthermore, interfacial oxidation occurs around Al3Ni2(ox) particles (Figure 17.d). The formation of this 

Al2O3 continues all along with the interface. When extending the aluminizing treatment to 12h at 700°C, 

Kirkendall porosity resulting from the insufficient outward flow of Ni occurs between the coating and the 

substrate, which provokes interfacial detachment (Figure 17.e). At lower temperature (650°C/12h), no 

detachment occurs.  

For the aluminizing treatment of 1100°C/1min, the first stages of aluminizing are identical. The major 

differences will occur when the furnace temperature exceeds 950°C. Indeed, at these temperatures, the 

coating formation mechanisms will go from High to Low-activity (LAHT) following the outward Ni 

diffusion [11]. Moreover, this diffusion of Ni is clearly observed for the samples aluminized at 

1100°C/1min. Indeed, at the bottom of the aluminized layer, a greater Ni concentration and no pores are 

observed. The lack of pores is caused by the diffusion of Ni which will provide a surplus of atoms allowing 

gaps and pores to be filled. In addition, at the interface of the aluminized/non-aluminized areas, an 

interfacial detachment occurs. Finally, at the layers of the first nickel electrodeposit, pores form 

throughout the thickness of this layer.  

For all the aluminizing temperatures, the coatings are porous, and the finer particles appear to dissolve. 

The porosity of the coating appears to be caused by the nature of the electrodeposits in relation to their 

fabrication mode. As such, when sufficient thermal energy (e.g. aluminizing temperature) is provided, 

the defects coalesce and form pores. Regarding the Al3Ni2(ox) particles, it seems that only the finest 

particles have been completely dissolved. By comparing the aluminized and the less-aluminized areas of 

the electrodeposits, the latter contain a large number of particles (Figure 7.a). This clearly implies that, 

despite the oxide shell exchanges take place between the core of the particles and the external matrix. 

One may hypothesize that total dissolution of the particles could be prevented by using larger particles 

or by applying longer pre-oxidation times, hence forming thicker oxide scales. 

Overall, the three aluminizing treatments appear to generate quite similar results. Nevertheless, it seems 

that the treatment of 700°C/12h leads to a lower porosity around the pre-oxidized Al3Ni2 particles. An 

excessive interfacial oxidation can occur during the oxidation step the formation of a thick oxide layer, 

which would locally decrease the Al content and impede the exchange between the particles and the 

coatings. For these reasons, a temperature of 700°C was selected for further investigations. For the 

aluminizing time, the treatment of 700°C/2h was chosen. Indeed, with the extension to 1100°C/1min, a 

thick residual layer of molten Al bath remains on the surface. For longer times (4 and 12h), cracks appear 

at the interface that can cause interfacial detachment.  
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Figure 17: Schematic drawing of the aluminizing process between the composite coating and Al particles 

heated at 700°C. 

4.3. Isothermal oxidation 

During this study, preliminary short isothermal oxidation tests (48h) were carried out in air at 1000°C to 

confirm or refute the self-healing nature of the composite coatings (Figure 18).  

 

 

Figure 18: Specific mass variations vs time curves for the aluminized samples for (a) 700°C/2h and (b) 

1100°C/1min. 

 

Irrespective of the substrate, the specific mass gain of all the aluminide coatings increases with time of 

exposure at 1000°C in air and the lowest mass gain is obtained with the aluminized pure Ni substrate 

(Figure 18). Assuming a parabolic behaviour [42], it appeared that the oxidation of the two aluminizing 

treatments on the raw substrate result in similar kp values (Table III). In addition, these values are similar 

to those obtained for other studies on β-NiAl diffusion coatings elaborated through slurry route (≈2.10-9 

and 7.10-9 g².cm-4.s-1 for isothermal oxidation at 1000°C) [21,43]. In contrast, the kp of the aluminized 

electrodeposits are at least 2 orders of magnitude greater than in the bulk Ni substrate. This greater 

difference in oxidation kinetics can be explained by three factors, (i) the difference in composition, (ii) 

the difference in microstructure, and (iii) the presence of internal defects. The microstructure and the 

composition of the coatings obtained on the Ni electrodeposits are quite similar to those obtained on a 

raw substrate. Therefore, the main factor that can explain these differences is the presence of defects. 

Indeed, porosities of several microns are observed in the aluminized layer. In addition, interfacial 

oxidation and detachment of the oxide scale occur. The formation of spinels and of nickel oxide occurs in 

the defective areas rather than at the surface of even coatings. As a result, the mass gain is greater and 
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results in greater kp values. This clearly implies that the physical meaning of the parabolic rate constant 

accounting for solid state diffusion cannot really apply to these very uneven situations. 

Table III: Parabolic rate constants of the different Al diffusion coatings after 1000°C/48h in air.  

 

4.4. Self-healing behaviour  

4.4.1. Amount of Al “lost” after the isothermal oxidation 

Another method to characterize the high temperature resistance (oxidation and interdiffusion 

phenomena) of coatings is to calculate the theoretical amount of aluminium in the coatings “lost” during 

the oxidation. For this, we considered that the coatings extend from the surface of the samples up to a 

content of 5 Al at.%. Then, the aluminium content (at.%/µm) of the as-deposited coatings and after 

oxidation is determined with the area under the curve concentration profiles using eq. <1> based on EDS 

profiles (Figure 11 & 13). All values are gathered in Table IV. 
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With: 

x the depth in the coating 

Al%(x) aluminium content at the depth x (µm) 

X total thickness of the coating (µm) 

Eq. <1> 

 

 

 

For the reference coatings obtained on the raw substrate, approximately 30 and 20% of the initial 

quantity of aluminium of the coating were lost by oxidation and by interdiffusion for respectively, the 

aluminizing treatments of 700°C/2h and 1100°C/1'. In addition, the loss of aluminium is lower for the 

aluminized coating at 1100°C/1', which suggests a greater stability of the aluminized coating at high 

temperature against the interdiffusion phenomena. 

For the coatings synthesized on the Ni plating, the amount of aluminium lost is high (Table IV). This loss 

seems to be caused by significant internal oxidation (Figure 12.c & 12.d) due to the numerous cavities 

present in the coatings after the aluminizing treatment (Figure 10.c & 10.d). In addition, for the Ni plating 

and on the electro-codeposition with “Ni flash” coatings, the quantity of lost Al is greater for the 

aluminizing treatments of 1100°C/1'. This difference can be partly explained by the greater amount of 

defects after the aluminizing step and oxide after the oxidation treatment (interfacial oxidation) (Figure 

12.d & 12.f).  

Heat treatment 700°C/2h 1100°C/1min Oxidation time 48h 100h 

Coatings kp (g².cm-4.s-1) Reference coatings kp (g².cm-4.s-1) 

Ni substrate 4 10-8 8 10-8 
Slurry 

[21] 
7 10-9 2.4 10-12 

Ni plating 8 10 -6 2 10-5 Pack-Cementation [21] 8 10-10 6.1 10-14 

Electro-

codeposition with 

“Ni flash” 

3 10-5 1 10-5 
Slurry 

[43] 
2 10-9 4.7 10-13 

Electro-

codeposition 

without “Ni flash” 

5 10-6 
2 10-6 
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Finally, for the electro-codeposited coatings with “Ni flash” aluminized at 700°C/2h and electro-

codeposited coatings without “Ni flash”, the percentage of aluminium loss is much lower with values 

between 5 and 10%. Since the oxidation and loss of Al in the reference aluminide coatings is much lower 

than in the aluminide Al3Ni2+Ni composite ones, it derives that the amount of aluminium lost by 

interdiffusion phenomena in the latter shall be very low and compensate the greater loss of Al by 

oxidation. 

Table IV: Coating thickness and percentage of Al “lost” during the isothermal oxidation (1000°C/48h in 

air).  

Substrate  
Coating thickness 

(µm) 
% Al lost 

Ni substrate 
700°C/2h 40 29.4 

1100°C/1’ 48 19.2 

Ni plating 
700°C/2h 45 18.4 

1100°C/1’ 57 34 

Electro-

codeposition with 

Ni flash 

700°C/2h 36 8 

1100°C/1’ 65 
25.3 

Electro-

codeposition 

without Ni flash 

700°C/2h 48 5.6 

1100°C/1’ 53 6.7 

 

4.4.2. Evolution of the morphology of the coatings  

The diffusion coatings obtained on the raw substrate exhibit a similar morphology before and after 

oxidation. However, the oxidation and interdiffusion phenomena reduce drastically the Al content in the 

main coating as shown in Figures 11 and 13. As a result, the penetration of Al into the raw Ni substrate is 

quite significant. For instance, the Al content is of 5 at% at the coating/substrate interface (40 µm) in the 

as-aluminized substrate but the same concentration occurs at about 95 µm after oxidation for 48h at 

1000°C. The gradual depletion of Al will cause several phase transformations that in turn can induce 

changes in volume and changes in microstructure [27] like the β-NiAl to martensitic L10 γ’-Ni3Al with a 

typical plate-like martensitic microstructure close to the surface. This martensitic structure has been 

extensively studied and forms when the Al content is around 36-37 at.% [43-48]. Underneath γ’-Ni3Al, 

the subsequent layer contains less than 9 at. % leading to the γ-Ni phase with Al dissolved.  

On the aluminized nickel electrodeposits, the oxidation induced much greater modifications. This can be 

attributed to the fact that the coatings contain many defects (pores, cavities, cracks, etc.) after 

aluminizing. The imprints of bubbles formed during the aluminizing step (Figure 10) could come from 

trapped foreign species such as hydrogen and/or species coming from the electrodeposition bath. During 

the aluminizing treatment, the temperature very likely exceeded the value necessary to get gaseous 

species, which tended to escape from the coating. The defects generated by these “gas pockets” appear 

smaller close to the surface than those observed deeper in the coating, which could confirm that these 

gaseous species were indeed able to escape. Deeper in the coating, the “gas pockets” tended to coalesce 

and to escape but remained trapped in the shape of elongated bubbles. During the oxidation step, these 

defects play a significant role by facilitating the penetration of oxygen into the coating. As a result, 
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significant internal oxidation takes place in the coating, with a major formation of α-Al2O3 and of NiO at 

the coating/substrate interface.  

The oxidation of aluminized electro-codeposited coatings (Ni flash + composite) is similar than the simple 

aluminized Ni electrodeposits. Due to the high quantity of defects of the electro-codeposited layer, a 

thick layer of Al2O3 forms on the surface, in the coating and at the interface non-aluminized 

layer/aluminized layer. In addition, in the non-aluminized layer, a network of aluminium oxide, spinel 

and nickel oxide are observed. The Al2O3 in this layer is probably the one of the pre-oxidized 

microparticles trapped in this layer. These observations tend to demonstrate that interdiffusion between 

Al3Ni2(ox) particles and the nickel matrix takes place. 

However, to obtain a functional self-healing coating too many defects are present in the coating. To 

reduce the presence of defects, it was decided to carry out an oxidation test on composite coatings 

without the first flash layer of Ni because it oxidizes extremely quickly and introduces many defects that 

affect oxidation.  

The morphology of the aluminized composite coatings without “Ni flash” is quite homogeneous with 

very few pores and no interfacial detachment compared to the aluminized composites with “Ni flash”. 

After oxidation, the coating microstructure is quite similar and shows the great metallurgical stability of 

the coatings, that also maintain a very high concentration of aluminium. 

For comparison with the simple aluminide coating made on a raw substrate whose surface aluminium 

oxide is just about 1 µm thick, the Al2O3 scale is barely thicker (2±1 and 12±2 µm respectively for the 

700°C/2h and 1100°C/1min aluminizing times). After oxidation, the outermost 20 µm of the simple 

diffusion coating contain 30 at% of Al while for the self-healing coating the Al content is higher (41 at%) 

over the entire aluminized area (≈30µm). In this concentration range, the β-NiAl intermetallic 

compounds are stable. This means that after 48 hours of exposure to 1000°C in air, there is no phase 

change. Therefore, no change in volume and no internal stresses induced by the phase changes. In 

addition, a concentration of 5 at. % of Al is observed up to about 94 µm for the simple coatings while for 

the composite coatings this concentration is reached at 60 µm due to the Al2O3 diffusion barrier. The 

pre-oxidized particles in the non-aluminized area have fully oxidized. 

This high concentration of aluminium in the coating appears to be induced by the combined action of the 

Al3Ni2(ox) particles and the alumina diffusion barrier. Unfortunately, since the Al3Ni2(ox) particles are fully 

oxidized after the oxidation at 1000°C for 48h, it is not possible to quantify the amount of aluminium 

released by the particles or the effect of the diffusion barrier. Despite this promising result, it appears 

that the self-healing character of the composite coatings aluminized at 700°C/2h is relatively limited 

since all of the Al3Ni2(ox) particles are oxidized, which suggests that the coating matrix is permeable to 

oxygen. 

For the aluminizing treatments of 700°C/2h + 1100°C/1min, the observations are less promising given 

that a significant portion of the surface of the coatings has oxidized. In addition, strong intergranular 

oxidation can be observed in the non-aluminized area. This greater oxidation can be caused by a greater 

diffusion of oxygen through the defect network [49-50]. This network of defects could also explain the 

greater diffusion of aluminium in the substrate (Figures 11.b & 13.b). 
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V. Conclusions 

The synthesis, pre-oxidation, and incorporation of pre-oxidized Al3Ni2 nanometric particles into a nickel 

matrix by electrodeposition have been investigated in this work. The pre-oxidation treatment of the 

particles in Ar produced a thin layer of Al2O3 on the surface, thus forming particles with an Al3Ni2/β-NiAl 

core and an Al2O3 shell. During the electrochemical step and the synthesis of composite coating, the 

concentration of particles trapped in the coating increased with the current density forming a composite 

coating containing 20 vol% of pre-oxidized particles homogeneously distributed. 

These 50 µm-thick composite coatings were aluminized at 700°C to form a HALT diffusion coating. The 

coating obtained for an aluminizing treatment of 700°C/2h is made of a first layer of Al-rich β-NiAl (30 

µm) and of a second layer of less-aluminized electrodeposit Ni(Al). For longer processing times or higher 

temperatures, interfacial decohesion occurred, because of the steep composition gradient to the pure 

nickel substrate 

The self-healing nature of the coatings was estimated through isothermal oxidation experiments 

(1000°C/48h), which turned out quite promising. Indeed, after 48h of oxidation at 1000°C, the aluminium 

content is of 40 at.% in the first 30 microns of the coating whereas, for a simple diffusion coating, the 

aluminium content is approximately equal to 30 at.% in the first 20 µm. In addition, only 6% of Al is “lost” 

by oxidation and interdiffusion compared to the reference coating where about 30% of Al is “lost”. This 

could make it possible, to maintain a sufficient quantity of aluminium to form the protective layer of α-

alumina and therefore, to increase the service life of the coating and the protected parts. 

Nevertheless, long-term oxidation tests are needed to evaluate the long-term effect on the aluminized 

composite coating and the alumina diffusion barrier. After 48h of oxidation, the amount of Al has not yet 

reached critical values. Additionally, cyclic oxidation assays can also be conducted to assess the effect of 

particles, diffusion barrier, and the delayed β-NiAl � γ’-Ni3Al transformation.  
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