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Abstract
Alloying elements have been added to β-NiAl to improve strength and creep resistance at high temperature enhancing β-NiAl 
attractiveness and competitiveness. Particularly, tungsten carbides (WC) have been used to modify this aluminide, resulting 
in an increase in hardness and improved its tribological behavior in high temperature. However, the size of WC particles and 
the processing conditions account for the microstructure obtained and the resulting properties. This study takes an important 
step toward understanding how carbide particle size can contribute or interfere in the synthesis and microstructure of NiAl-
based coatings. NiAl intermetallic coatings were processed by in situ synthesis during deposition by plasma transferred arc 
(PTA). Powder mixtures of elementary Ni and Al powders with and without the addition of 1 wt% carbide microparticles and 
of 1 wt% WC nanoparticles. Carbide microparticles increased the dilution with the substrate and consequently the density of 
point defects, which had a strong impact on hardness. However, the addition of WC nanoparticles had a negative impact on the 
synthesis of NiAl, delaying/inhibiting its formation, which was reflected on the microstructure and low hardness of coatings.
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1 Introduction

Nickel aluminides are ordered compounds that have been 
widely studied, especially due to the interest of the auto-
motive (for the manufacture of pistons, valves, and turbo-
chargers), energy (various components within gas turbines 
and hydroturbines), and different manufacturing industries 
(high-temperature molds, furnace fixtures, rollers in steel 
slab heating furnaces, and cutting tools) [1]. The β-NiAl 
intermetallic is particularly interesting for aerospace indus-
try because of properties such as high melting temperature 
(1638 °C), chemical resistance to different environments, 

fatigue performance, attractive elasticity module, together 
with low density (5.9 g.cm−3) and competitive cost of raw 
materials [2].

Ordered phase β-NiAl alloys have been used in high-
temperature structural applications, as single crystal for 
gas engine vanes or as the matrix of reinforced engine noz-
zle flaps, with operation temperatures above 1000 °C [3]. 
Because of NiAl strength and high melting temperature, it 
can operate at temperatures above those of Ni superalloys 
that are currently in use (around 1000 °C), which would 
allow for manufacturing more efficient engines [2]. Also, 
the attractive oxidation resistance, due to its capacity to rap-
idly form a stable and adherent protective layer of alumina 
 (Al2O3) on its surface, makes NiAl competitive to be used 
as coatings for protecting superalloys or as a layer in ther-
mal barrier coatings (TBC) [4]. Those coatings are crucial 
for high temperature applications as they allow mechanical 
components to operate successfully in those environments, 
being protected from oxidation and also wear [3].

NiAl aluminide can be manufactured in the form of a 
single crystal, polycrystal, or a composite, using a variety of 
process, among which are powder metallurgy, casting, direc-
tional solidification [5], high pressure reaction sintering, 
mechanical alloying, hot isostatic pressing, and combustion 

 * Ana Sofia C. M. d’Oliveira 
 sofmat@ufpr.br

 Heber O. Abreu-Castillo 
 heber.abreu@ufpr.br

 Bruno P. Bueno 
 bueno.bruno1@gmail.com

1 Post-Graduation Program in Materials Engineering 
and Science, Universidade Federal do Paraná, Curitiba, PR, 
Brazil

2 Mechanical Engineering Department, Universidade Federal 
do Paraná, Curitiba, PR, Brazil

/ Published online: 3 November 2021

The International Journal of Advanced Manufacturing Technology (2022) 119:477–488

http://orcid.org/0000-0001-7391-5584
http://orcid.org/0000-0002-6489-327X
http://orcid.org/0000-0002-9736-6652
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-08032-z&domain=pdf


1 3

synthesis [6]. Other methods, such as high-velocity oxygen 
fuel, physical vapor deposition (PVD), thermal spray, and 
plasma spray, are used to process NiAl aluminide coatings 
[7].

It has been demonstrated that NiAl aluminide has good 
tribological properties, which makes it an excellent mate-
rial for coatings with high-temperature wear resistance, and 
that it can be further improved with the addition of ceramic 
strengthening particles [8]. Nevertheless, the high melting 
point of intermetallic compounds inhibit the introduction 
of reinforcement particles using melting procedures, which 
makes particularly beneficial the use of methods based on 
in situ synthesis to manufacture this aluminide [9].

Plasma transferred arc (PTA) is a hardfacing technique 
that uses powder material allowing the deposition of coat-
ings with a sound metallurgical bonding with the substrate. 
Through the preparation of mixtures of powders that are 
injected into a plasma arc (which is formed between a tung-
sten electrode and the substrate), melted, and transported 
to the melt pool at the surface of the substrate/component, 
PTA can process hard, low toughness materials using in situ 
synthesis of compounds otherwise not possible to deposit as 
hardfacing coatings [7].

Due to the metallurgical bonding, PTA coating process-
ing involves dilution with the substrate, whose elements are 
mixed with the powder mixture in the melt pool, having 
significant impacts on chemical composition and mechani-
cal properties. Thus, aluminide coating constitution depends 
on the composition of powder mixtures and PTA processing 
parameters both impacting the dilution levels; the higher 
the dilution, the greater the inclusion of substrate elements, 
which can impact phases in coatings [10].

Previous work has shown the development of aluminide 
coatings by in situ synthesis of NiAl aluminide, that is, during 
the deposition of elemental Ni and Al powder mixtures with 
predefined composition, by plasma transferred arc [7]. Also, 
it has been reported that Fe and Cr in solid solution with NiAl 
impact the presence and density of point defects (vacancies or 
anti-sites), which strongly affect the hardness of the aluminide 
[11]. Furthermore, the incorporation of carbides such as WC, 
beyond the solubility limit of NiAl, might act as a potent pre-
cipitation strengthener, having a hardening effect and improv-
ing the tribological behavior under high temperature [8].

The size of WC particles also affects the resulting micro-
structure: nanoparticles might have better hardening effects 
than microparticles if a better distribution in the matrix is 
achieved [12]. However, this ideal distribution is not easy 
to reach because nanoparticles tend to agglomerate [13]; 
also, the presence of WC was shown to influence dilution 
and consequently the microstructure/mechanical behavior 
of the coatings [14]. The control of structure refinement 
and chemical composition fluctuation of NiAl coatings still 
offer opportunities in the design of coatings. This study 

contributes to better tailor NiAl coating microstructure as 
it assesses the impact of microsize and nanosize carbides 
on the in situ synthesis of aluminides, during the deposi-
tion of elemental powder mixtures. A better understanding 
of the interaction between powders in the plasma arc will 
contribute to an enhanced control of the microstructure and 
properties of NiAl coatings.

2  Materials and processing

Powder mixtures were prepared containing 80 wt% Ni 
(crushed) and 20 wt% Al, non-spherical powders with grain 
size in the range from 75 to 150 µm (Fig. 1 a and b). with 
and without 1 wt% tungsten carbide particles of two differ-
ent sizes: WC-12 at.% Co microparticles (MPs) and WC 
nanoparticles (NPs) (Table 1).

Crushed MP particles were supplied with grain size 
within the range from 10 to 35  μm (Fig.  1c), and NP 
nanoparticles with an average particle size in the range 
150–200 nm and average crystalline size of 55 nm (Fig. 1d).

Elemental Ni and Al powders were homogenized in a 
“Y” mixer for 02 h at 12 RPM. Subsequently, drying was 
conducted in a furnace at 120 °C for 02 h to ensure the 
removal of eventual humidity in the powder. The powder 
mixture containing 1 wt% WC–Co microparticles (NiAl-MP 
mixture) followed the same procedure.

A different procedure was used to prepare the powder mix-
ture containing 1 wt% WC nanoparticles. The reduced size of the 
nanoparticles results in a high surface energy and consequently a 
strong tendency for agglomeration, which compromises a good 
homogenization of powders. To mitigate agglomeration, nano-
particles were adhered to the surface of the Ni grain powders. 
Following procedures described by Molina-Claros et al. [13], 
nanoparticles were weighed and dispersed in absolute alcohol 
in ultrasound for 90 min. Subsequently, Ni powder was added 
and magnetic stirred for 90 min to improve the impregnation of 
the nanoparticles on the surface of the Ni grains. The mixture 
was put again in the ultrasound bath for another 90 min and 
then dried at 50 °C. Figure 1 e shows a Ni grain with WC nano-
particles on its surface, and Fig. 1f shows the corresponding 
composition map before mixing with Al powders. Finally, Al 
powder was added and the final preparation of the mixture of 
powders was done in a mixer for 02 h at 12 RPM.

Powder mixtures with and without carbide particles were 
deposited by plasma transferred arc (PTA) on stainless steel 
plates of AISI 304 (150 mm × 100 mm × 10 mm). A total 
of 100-mm length single-layer coatings were deposited in 
a preheated substrate at 200 °C to better control the cooling 
rate and avoid cracks. Deposition current of 100 A and 120 
A were used for all three powder mixture compositions. All 
other parameters were kept constant (Table 2).
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Fig. 1  a Ni particle; b Al parti-
cles; c WC–Co microparticles; 
d WC nanoparticles; e Ni parti-
cle with WC NPs on its surface; 
f composition map of Ni grain 
with NPs on its surface
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Deep dye testing was used to detect cracks emerging at 
the surface of coatings. To better assess the impact of car-
bide particle size in NiAl in situ synthesis, using a fixed set 
of processing, a comparative analysis of the coatings for 
each deposition current was conducted. Coatings were char-
acterized for their microstructure (morphology and phases), 
dilution with the substrate (chemical analysis), and hard-
ness (Vickers Hardness) measured at the cross-section of 
the coatings.

X-ray diffraction analysis was performed on the top 
surface to identify the phases in the coatings, using Cu kα 
radiation (λ = 0.15406 nm), scan of 1.0 degrees/min from 
30 to 120°. The upper surfaces of the coatings were ground 
(up to 1200 grit sandpaper) and polished with alumina 
polishing suspension (1 μm) before analysis.

The microstructure was analyzed using scanning elec-
tron microscopy (SEM) and laser confocal microscopy 
on the cross-section of the coatings, ground and polished 
(final polishing with alumina 1 μm) following standard 
metallographic procedures.

The dilution of the coating with the substrate steel was 
assessed by the iron content incorporated in coatings. This 
is done by a chemical method chosen when the geometry 
of the molten zone is irregular [11]. This procedure refers 
to the ratio between the variation in Fe content due to dep-
osition  (Fecoating −  Fepowder mixture) and iron content in the 
substrate,  Fesubstrate (Eq. 1). The composition of coatings, 
including Fe coating, was determined at the cross-section of 
the coatings, using energy-dispersive spectroscopy (EDS), 
over an area of 80  mm2 with a DSS detector, coupled to 
the scanning electron microscope.

Microhardness tests were performed with a HMV-2 T 
Shimadzu microhardness tester with a Vickers penetrator 
and a normal force of 0.3 kgf to obtain the hardness profile 
of the coatings at the transverse cross-section (average of 
3 profiles). The vertical spacing between indentations was 
200 μm, starting at the coating surface.

3  Results and discussion

Sound and crack-free coatings were obtained for all pro-
cessed compositions and deposition current tested, as 
confirmed by deep dye testing. The dilution of coatings 
with the substrate (Fig. 2) determined according to Eq. 1 

(1)Dilution (%) =
Fe coating − Fe powder mixture

Fe substrate

Table 1  Composition of powder mixtures used for the coatings

Powder mixture Composition

Ni + Al 80 wt% Ni + 20 wt% Al
NiAl-MPs Ni + Al mixture + 1 wt% WC–Co (MPs)
NiAl-NPs Ni + Al mixture + 1 wt% WC (NPs)

Table 2  Processing parameters

Plasma gas flow 2.0 l/min
Gas flow protection 15.0 l/min
Powder flow gas 1.0 l/min
Powder feed rate 6.0 g/min
Torch distance 10 mm
Deposition current 100, 120 A
Deposition speed 100 mm/min

Fig. 2  Dilution of the coat-
ings assessed by the Fe ratio 
(Eq. (1))
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shows an increase with the deposition current from 100 
to 120 A. This is an expected behavior when hardfacing 
superalloys or iron-based alloys as an increment in the heat 
input occurs with increasing deposition current melting a 
larger volume of substrate [15]. However, it is relevant to 
comment on the high dilution measured in the processed 
single-layer coatings that varied within the range 42.6 to 
62.3%. It has been mentioned in the literature that when 
processing aluminides by in situ synthesis during the dep-
osition of powder mixtures high dilution with the substrate 
occurs. This result can be accounted for by several factors, 
in particular, low thermal conductivity (K500°C = 21.5 W 
(m–k)−1) of the AISI 304 stainless steel substrates [15] 
that concentrates heat in the melt pool and heat-affected 
zone; the large negative heat of formation of the aluminide 
compounds (− 72.0 kJ/mol for NiAl and − 36.6 for  Ni3Al), 
which means that large amounts of heat are release at the 
solidification front [5]; and the narrow solidification range 
of aluminides reducing liquid movements in the melt pool 
before solidification [7].

The addition of 1 wt% of microparticles (NiAl-MP coat-
ings) and nanoparticles (NiAl-NP coatings) to the Ni–Al 
powder mixture further increased dilution compared to 
that of coatings processed with Ni + Al powder mixtures. 
Previous work reported an increase in the dilution of Co-
based alloy coatings after adding a much larger amount of 
WC–Co particles (35 wt%) to an atomized Co-based alloy. 
This behavior was associated with the low thermal conduc-
tivity of carbides and the energy that is retained in these 
particles as they cross the plasma arc, which is released 
by conduction and radiation in the melt pool. A similar 
effect to that expected when increasing the heat input [14].

The increase in dilution following the modification of 
Ni + Al powder mixtures with WC nanoparticles agrees 
with data reported for coatings processed with Ni superal-
loys modified with nanoparticles that reported an increase 
in dilution [13]. Authors associated the increase in dilution 
with high reactivity via the exothermic reactions of WC 
NPs that increase the temperature of the melt pool, hence 
the liquid movements in the melt pool.

In situ synthesis of aluminides during the deposition 
of Ni + Al-based powder mixture is confirmed by X-ray 
diffraction analysis at the surface of the coatings (Fig. 3). 
The presence of aluminides and the austenitic Fe–Ni phase 
is in agreement with data reported by Brunetti et al. [11] 
that processed Ni + Al powder mixtures on carbon steel 
substrates. Also, according to Fe–Ni-Al ternary phase 
diagram [16], the ordered β-NiAl is expected, together 
with the austenitic phase for the range of composition of 
the processed coatings. Almeida et al. [7] in their study 
of NiAl coatings report that for compositions with iron 
content above 25 at.% Fe, the presence of γ-FeNi is 
expected. In spite of the Fe availability during processing, 

Fe aluminides were not identified in the coatings. Bru-
netti and co-authors [11] associated this behavior with the 
higher enthalpy of formation of Fe aluminides compared 
with NiAl enthalpy of formation (− 72 kJ/mol for NiAl 
versus − 26.5 kJ/mol for FeAl).

A detailed analysis of the aluminide compounds formed 
in coatings (Fig. 4) reveals that the powder mixture com-
position impacts the characteristics of the ordered com-
pounds that constitute each coating. The γ-FeNi austenitic 
phase together with aluminide compounds is present in 
all coatings. Processing Ni + Al powder mixtures leads to 
the synthesis of β-NiAl (Ni1.1Al0.9), with a peak shift 

Fig. 3  XRD of the processed coatings. a NiA; b NiAl + MPs, c 
NiAl + NPs
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from 2θ = 44.50 to 44.54° with increasing deposition cur-
rent. The peak shift can be associated with the increas-
ing Fe content as measured by dilution. The same com-
pound, β-NiAl (Ni1.1Al0.9), forms when WC–Co MPs 
were added to the Ni + Al powder mixture (with a peak 
shift from 2θ = 44.56 to 44.52° with increasing current). 
The dissolution of carbides makes alloying elements avail-
able that have solubility in both FeNi austenitic phase and 
NiAl. Almeida et al. [7] mentioned the high solubility of 
Co in NiAl, and literature shows that the solubility limit of 
W in NiAl (Ni/Al = 1) ranges from 0.4 to 1 at.% [17, 18]. 
These results are consistent with those reported by Yuan 
et al. [8] that processed NiAl/WC composites through ther-
mal explosion reaction from Ni, Al, and WC (25–40 μm) 
elementary powders, obtaining the complete synthesis of 
β-NiAl phase for mixtures containing 3 to 5 wt% WC. 
However, the presence of WC (NPs) interferes with the 
in situ synthesis of the aluminide, making the synthesis 
of ordered compound more dependent on the deposition 
current. Coatings processed with 100 A exhibit NiAl, 
Al0.9Ni1.1 (2θ = 44,58°) together with richer Ni alumi-
nide Al0.42Ni0.58. The increase in the deposition current 
to 120 A results in the synthesis of  Ni3Al (2θ = 43,56°) 
without the NiAl aluminide.

A better understanding of the synthesis occurring in coat-
ings processed with different powder mixtures was gained 
from EDS semiquantitative chemical analysis at the cross-
section of deposits. Table 3 shows the Ni/Al (at.%) ratio 
measured for each processed coating for each powder mix-
ture and deposition current used. Also included is the equi-
librium Ni/Al ratio (at.%). According to the Ni–Al phase 

diagram [19], the solubility limit of β-NiAl varies between 
42.85 at.% Ni and 69.17 at.% Ni, resulting in Ni/Al ratios 
ranging from 0.74 to 2.24.

Analysis of Ni/Al ratio data reveals that coatings pro-
cessed with Ni + Al and (Ni + Al)-MP powder mixtures 
exhibit Ni/Al ratios within the range offered by the equilib-
rium β-NiAl compound. However, a higher Ni/Al ratio was 
measured on coatings processed with the powder mixture 
modified with WC nanoparticles (NiAl-NPs), 2.2 and 3.1 
for 100 and 120 A, respectively. According to Ni–Al phase 
diagram, these values are typical for Ni-rich aluminides, 
in agreement with the formation of Ni-rich phases such as 
 Al0.42Ni0.58 or  Ni3Al. This analysis raises the hypothesis that 
the interaction between Ni and Al in the plasma arc and melt 
pool is compromised. Further understanding was gained 
from investigating the behavior of powders as each mixture 
crosses the plasma arc (Fig. 5). The work of Almeida et al. 
[7] on in situ synthesis of NiAl corroborated that the syn-
thesis of the aluminide compound starts with the interaction 
between droplets of Ni and Al in the plasma arc (Fig. 5a). 
The interaction in the plasma arc is expected as interdif-
fusion is very fast in the liquid phase [20]. The synthesis 
continues in the substrate once the melted powders reach 
the melt pool, where alloying elements are incorporated 
in the Ni aluminide. This scenario does not change with 
the addition of WC–Co (MPs) (Fig. 5b). Powder particles 
from each material melt in the plasma arc, and the melted 
WC–Co droplets neither delayed nor inhibit the interdiffu-
sion between Ni and Al, the elements being incorporated in 
the coatings as solid solution strengtheners.

The powder mixtures containing nanoparticles respond 
differently to the energy of the plasma arc, nanoparticles 
adherent on the surface of Ni powder grains melt forming 
a liquid film around Ni particles (Fig. 4c). Although WC 
melting point is 2870 °C, WC nanoparticles have a consid-
erably lower melting point than bulk material, resulting in 
a droplet of a bi-material. The liquid WC film behaves as a 
barrier to the interdiffusion of Ni and Al, which is necessary 
to form NiAl, leaving elementary powders exposed to the 
plasma arc. As the droplets reach the melt pool, the liquid 
film breaks but the competition between the synthesis of 
aluminides and austenite favors the latter.

Fig. 4  Detailed analysis of the main XRD peak of the processed coat-
ings

Table 3  Ni/Al ratio measured in 
the processed coatings

Ni/Al (at.%/
at.%)

Coating 100 A 120 A

NiAl 1.9 2.0
NiAl-MPs 1.5 1.7
NiAl-NPs 2.2 3.1
Equilibrium Ni/Al: 

0.74–2.24
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During the deposition of powder mixtures containing 
NPs, it is also relevant to consider that as Al does not bond 
to Ni in the plasma arc, this lighter, lower melting point 
(Al melting point is ~ 660 °C; Ni melting point is 1455 °C) 
and lower heat of vaporization element in the mixture (Al 
heat of vaporization is ~ 284 kJ/mol; Ni heat of vaporization 
is ~ 379 kJ/mol) vaporize leading to more significant losses 
of Al. Hence, the reduced Al availability in the melt pool, 
that further increases the Ni/Al ratio, also induces the syn-
thesis of richer Ni compounds  (Al0.42Ni0.58 and  Ni3Al) and 
the higher Ni available favors the formation of the austenitic 
FeNi phase.

The loss of elements is expected during elementary 
powder deposition by PTA, and it becomes more sig-
nificant for lighter, low melting point elements, such as 
aluminum [7]. These authors reported aluminum losses 
of up to 28% when depositing Ni–Al coatings from 
elementary powders, changing considerably the initial 
composition.

To further test the hypothesis of the behavior of pow-
ders during deposition, it is of relevance to investigate the 
microstructure of coatings processed with the different 
powder mixtures. β-NiAl dendritic solidification struc-
tures with interdendritic the γ-FeNi austenitic phase form 
in coatings processed with the Ni + Al powder mixture, 
regardless of the deposition current used (Fig. 6). The 
microstructure of coatings is consistent with the reports by 
Benegra et al. [21] that processed Ni + Al powder mixtures 
containing Cr and carbides. The higher interaction with the 
substrate of coatings processed with 120 A (higher dilu-
tion) accounts for the larger fraction of γ-FeNi austenitic 
phase at the interdendritic region (Fig. 6b), as supported by 
chemical composition maps for Fe and Cr. Spherical poros-
ity observed in the microstructure is associated with the 
exothermal reaction and irregular porosity with unmelted 
powder particles.

Coatings were processed with the (Ni + Al) powder 
mixtures with microparticles (NiAl-MPs coatings); Fig. 7 

Fig. 5  Schematic representation 
of powders in the plasma arc
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a and b exhibit a distribution of the elements similar to 
that of coatings without the carbide particles (NiAl coat-
ings): Columnar β-NiAl solidification structures with Fe 
and Cr segregated at grain boundaries in the thin layer of 
the austenite phase, whereas deposition with 120 A resulted 
in a dispersion of an acicular phase within the NiAl grains. 
Porosity is also present in coatings.

Different phase distribution is found in coatings pro-
cessed with (Ni + Al) powder mixture modified with nano-
particles (NiAl-NP coatings), a consequence of the powder 
mixture preparation and behavior of particles as they cross 
the plasma arc (Fig. 8 a and b). Regardless of the deposition 
current used, γ-FeNi austenitic dendritic structure with inter-
dendritic Ni-rich aluminides  (Al0.42Ni0.58 and  Ni3Al) formed, 
this is a consequence of the restrained interaction between 

Ni and Al due to the molten WC film surrounding the Ni 
particles. 

The observed interference in the synthesis of NiAl is con-
siderably different behavior from that exhibited by superal-
loys modified with ceramic nanoparticles (such as WC,  ZrO2 
and  TiO2) that showed grain refinement induced by NPs, 
which has been associated with Zener Pinning mechanisms 
[13, 22, 23].

The liquid film around the Ni particles caused by the 
melting nanoparticles is a barrier to the interaction between 
Ni and Al in the plasma arc compromising the in situ synthe-
sis of the β-NiAl compound in coatings; under these condi-
tions, it is not possible to establish a direct comparison on 
the contribution of microsized and nanosized particles on 
the mechanical properties of the coatings. It is necessary 

Fig. 6  Microstructure and 
composition maps of coatings 
processed with the NiAl powder 
mixture a 100A and b120A
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to explore routes to prepare powder mixtures with nano-
particles that allow prevent nanoparticles agglomeration but 
allow required interaction between elements for the in situ 
synthesis of β-NiAl to occur.

The preponderance of the γ-FeNi austenitic phase in 
coatings processed with powder mixtures containing NPs 
impacts hardness profiles (Fig. 9). An average hardness of 
264.3 ± 11 HV and 193.6 ± 12 HV was measured for coat-
ings processed with 100 A and 120 A, respectively, a small 
increase to that of the substrate steel hardness (150–200 
HV).

In contrast, hardness of aluminide coatings, processed 
both with Ni + Al and (Ni + Al)-MP powder mixtures 
increases with deposition current hence dilution: NiAl coat-
ings processed with the Ni + Al powder mixture, exhibited 
an increase on hardness from 365.2 ± 12 HV to 406.3 ± 10 
HV when processing with 100 A and 120 A, respectively 
(Fig. 9). These results are consistent with the trend reported 
by Brunetti et al. [11] in their discussion of the impact of 
Fe in point defect density in NiAl coatings hardness. These 
authors claimed that an increase in deposition current from 

100 to 120 A lead to an increase on average hardness of 
approximately 6%, which was related to solid solution 
strengthening with Fe [24] and Cr [25]. The average hard-
ness of NiAl-MP coatings was similar for coatings processed 
with both 100 A and 120 A, 490.8 ± 13 HV, and 485.6 ± 12 
HV, respectively. The higher measured hardness compared 
to that of coatings processed with Ni + Al powder mixtures 
(Fig. 9) is a consequence of higher alloying element content 
from the substrate (higher dilution) together with the alloy-
ing elements from melted carbide.

The solid solution strengthening of NiAl depends on the 
density and type of point defects formed. This behavior 
is a consequence of the sublattice each alloying element 
occupies, although a few elements, such as Fe, can occupy 
both Ni and Al sublattices [26]. Constitutional defects that 
are present in non-stoichiometric NiAl are vacancies (Al-
rich compositions) and anti-sites (Ni-rich compositions). 
Vacancies have a stronger hardening effect than anti-
sites and the addition of Fe impacts both of these defects 
depending on the stoichiometry of NiAl compound. The 
concentration of each of these defects impacts hardness 

Fig. 7  Microstructure and 
composition maps of NiAl-MP 
coatings processed with a100A 
and b120A
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Fig. 8  Microstructure of NiAl-
NP coatings and composition 
maps. Processed with a100A 
and b 120A

Fig. 9  Microhardness Vickers 
(0.3 kgf) of the transversal sec-
tion of the coatings and average 
hardness (HV)
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differently [26]. Brunetti et al. [11] assess the impact of 
Fe in NiAl coatings for Fe content in the range between 14 
and 43 at.%. These authors claim that Ni anti-sites form for 
low Fe content with little hardening effect, and that further 
increase in Fe content led to a considerable increase in 
hardness associated with vacancies together with anti-sites 
in the Ni sublattice.

Extrapolating the theory put forward by Brunetti et al. 
[11], to the processing conditions used in the present study 
of the impact of different alloying elements in NiAl coat-
ing hardness, the increase in hardness can be associated 
with the observed increase in dilution and the consequent 
creation of vacancies in the Ni sublattice.

Besides Fe, the effect of Cr diffusing from the sub-
strate into NiAl coating must also be considered. Cr can 
substitute Ni or Al in the ordered structure, the forma-
tion of Ni vacancies and anti-sites accounting for the 
solid solution hardening of Cr in NiAl [22]. NiAl alloys 
containing Cr as a ternary element form a pseudo-binary 
eutectic NiAl-CCC system in which the solubility of Cr 
in NiAl is very limited. For Ni/Al = 1, at room tempera-
ture, the maximum solubility of Cr is nearly 1 at.% and 
goes up to about 10 at.% near to eutectic temperature. Al 
content can also affect the solubility, with the B2 phase 
dissolving more Cr as Al content decrease, which implies 
that Cr has a preference for the Al sublattice [25]. These 
authors also affirm that NiAl alloys with Cr content 
above 1 at.% showed an increase in hardness because 
of the presence of constitutional anti-sites or vacancies. 
Extrapolating these findings to the present study allows 
to associate the increasing NiAl coating hardness with 
deposition current with a higher Cr diffusing from the 
substrate being incorporated in the ordered structure of 
coatings.

The contribution of Fe and Cr to the increase of hardness 
in NiAl aluminide is also observed in the coatings contain-
ing MPs (NiAl-MP coatings). Nevertheless, the addition of 
MPs has a two-fold impact in the density of point defects: 
the mentioned increase in dilution that allows for more Fe 
and Cr to diffuse from the substrate and the impact W, C, and 
Co from the melted carbide particles. Although the quanti-
ties of these elements added to the melt pool is low, so is 
the solubility of W and C in the ordered NiAl. The former is 
reported to exhibit a solubility that varies between 0.04 and 
1 at.% [17, 18]. Also, C has demonstrated to be a very potent 
strengthening element in NiAl > 1700 MPa/at.% [27]. Simi-
larities between Co and Ni make the substitution in the Ni 
sublattice favorable. In summary, a higher density of point 
defects in NiAl ordered structure is expected as a conse-
quence of the presence of WC–Co particles in the deposited 
powder mixture, accounting for the increase in the average 
hardness of coatings.

4  Conclusions

Under the conditions used in this research of the effect of 
micro (WC–Co) and nano (WC) particles in the in situ syn-
thesis of aluminide coatings during the PTA deposition of 
Ni + Al elemental powder mixtures, it is possible to con-
clude the following:

1. The synthesis of the β-NiAl aluminide occurs during 
deposition of Ni + Al powder mixtures on the stainless 
steel substrate; the solidification structure exhibits an 
increase in the hardness with the density of point defect 
in the ordered lattice, induced by dilution with the sub-
strate.

2. The deposition of Ni + Al elemental powder mixtures 
containing WC–Co microparticles resulted in harder 
β-NiAl columnar structure coatings, accounted for solid 
solution hardening, a consequence of the presence of 
more alloying elements contributing to an increase in 
point defect density in the aluminide lattice.

3. The synthesis of β-NiAl in coatings was compromised 
when nanoparticles were added to the Ni + Al powder 
mixtures. This is a consequence of the WC-NPs form-
ing a liquid film surrounding the Ni grain particles that 
interfere in the interdiffusion of Ni and Al during depo-
sition favoring the formation of a low hardness γ-FeNi 
austenitic dendrite microstructure as oppose to β-NiAl 
solidification microstructure.
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