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Surface tailoring with plasma transferred arc (PTA) hardfacing involves the deposition of powder 
mixtures to produce coatings with an almost unlimited chemical composition. PTA hardfacing is 
particularly important for processing low weldability alloys, such as those for high-temperature 
applications, of which NiCrAlC is an example. This study analyzed NiCrAlC coatings processed 
by PTA using a mixture of elemental powders. Deposition on AISI316L plates was carried out with 
currents of 100 A and 130 A to induce variations in the chemical composition of the coatings, which 
were also subjected to isothermal exposure at temperatures of up to 1000 °C for up to 72 hours in an 
air furnace. The results show that the aluminide compounds were stable, the coatings that solidified 
more slowly having the highest hardness after temperature exposure and potentially being suitable 
for use in high-temperature abrasion environments.
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1.	 Introduction
Intermetallic compounds have been extensively used 

to manufacture components operating at high service 
temperatures1. Goldenstein et al.2 developed a new class of 
cast intermetallic alloys known as NICRALC®. The alloy 
was designed to offer good abrasion resistance at high 
temperature, a characteristic that is as a consequence of 
the intermetallic matrix of Ni

3
Al with a dispersion of hard 

chromium carbides.
As-cast NiCrAlC alloy3 and high velocity oxygen 

fuel (HVOF) thermal spray coatings4 were tested for wear 
resistance and showed good wear performance at room 
temperature. Plasma transferred arc (PTA) hardfacing 
produces coatings that have a metallurgical bond with the 
substrate, and the processing parameters allow solidification 
rates to be controlled and defects typically found in thermal 
spray coatings and casting materials to be minimized.

This study investigates the characterization of NiCrAlC 
coatings processed by PTA hardfacing before and after 
exposure to temperatures of up to 1000  °C and seeks to 
optimize the chemical composition of the deposited powder 
mixtures to achieve higher, more stable coating hardness 
after temperature exposure.

2.	 Experimental Methods
Mixtures of nickel, aluminum, chromium carbide and 

iron boride powders were used to deposit in situ NiCrAlC 
coatings using the PTA process. Powders with a grain size 
within the range 90-180 micrometers were mixed for 1 hour 
in a Y-mixer and dried at 100 °C for 48 hours to avoid 
agglutination. The nominal composition of the deposited 
powder mixture was 10% Cr, 15% Al, 8% chromium carbide 
and 0.1% iron boride (Ni balance), which was based on the 
composition of the atomized alloy used by Benegra et al.4. 
PTA hardfacing on 316 L stainless steel substrate plates 
(100 × 80 × 7 mm3) was carried out with two deposition 
currents (100 and 130 A). All other processing parameters 
were kept constant: scanning speed  -  100  mm/min; 
stand‑off distance - 10 mm; plasma gas flow rate - 2 L/min; 
protective gas flow rate  - 15 L/min; and carrier gas flow 
rate  - 2 L/min. No preheating before deposition or torch 
oscillations were used. Argon with a purity of 99.995% 
was used for the plasma, protective and carrier gases. The 
quality of the surfaces was analyzed by visual inspection 
for the presence of cracks. The dilution level (d) was 
determined at the cross section of the coatings using two 
different procedures: (i) quantitative metallography5, to 
determine the area ratio d

area
 = (substrate melted area/total 

melted area), and (ii) iron content6, determined by the ratio *e-mail: pintaude@utfpr.edu.br
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d
%Fe

 = (%Fe
final

 – %Fe
inicial

)/%Fe
substrate

, where %Fe
initial

 was 
taken as zero. %Fe

final
 was determined by energy dispersive 

X-ray spectroscopy (EDS) in a central area of the coating. 
The upper surfaces of the samples were polished for X-ray 
diffraction (XRD) analysis in a Shimadzu XRD6000 
diffractometer with CuKα radiation. The diffractograms 
were refined using the Rietveld method and TOPAS 
Academic software.

The microstructures were analyzed using scanning 
electron microscopy (SEM). Temperature stability tests 
were carried out at 600, 800 and 1000 °C in an air furnace 
for 1, 6, 24 and 72 hours.

3.	 Results and Discussion

3.1.	 As-deposited coatings

Sound coatings were obtained with a 130 A deposition 
current, but processing with a 100 A current resulted in a 
compromised coating with transverse cracks. These may be 
associated with the steeper temperature gradient between 
the coatings and substrate, causing the coatings to solidify 
faster and therefore preventing them accommodating the 
thermal expansion cycling experienced by the substrate 
during heating and cooling7.

The interaction between the deposited material and 
substrate is an important factor in hardfacing procedures. 
Two different approaches were therefore used to assess 
this: quantitative metallography and the iron content 
method, which takes into account the additional diffusion 
that can occur during the cooling cycle. The dilution 
levels thus obtained – approximately 15% and 40% 
for coatings deposited with a 100 A and 130 A current, 
respectively ‑ were similar for both methods.

Dendritic structures were observed in all coatings 
(Figure  1). The variation in the deposition current led 
to differences in the solidification rate, and the steeper 
temperature gradient imposed by the 100 A current moved 
the system further away from equilibrium than the slower 
solidification and cooling for coatings processed with a 
130 A current. The precipitates observed in the coatings 
processed with the lower current may be associated 
with the formation of a saturated solid solution during 
solidification followed by aging during further cooling 
to room temperature. Coatings processed with the higher 
current did not contain these precipitates, suggesting 
that the solid solution did not become saturated during 
solidification, so that precipitates failed to form on cooling 
to room temperature.

EDS analysis showed that the dendritic region was rich 
in aluminum and was associated with the richer aluminum 
compound identified by XRD, NiAl-β, which is also the 
phase with the highest melting point. This constituent was 
found in large fractions in the coatings processed with a 
100 A current. An interdendritic region with a small amount 
of aluminum and high chromium content, which was either 
a solid solution (γ) or the Ni

3
Al-γ’ intermetallic phase, was 

observed. A dendritic precipitate dispersion rich in aluminum 
and chromium and observed as “globules” was identified 
as the sigma phase8 (Figure 1a). Coatings processed with a 
130 A current, which imposes a slower solidification rate, 
contained chromium carbides but no evidence of “globules” 
in the as-deposited condition (Figure 1b)

3.2.	 Variation in microstructure with exposure to 
temperature

Exposure of coatings to temperature should change 
the structure so that it moves towards equilibrium. The 
magnitude of any change is strongly dependent on the rate 

Figure 1. Microstructures and chemical analysis of NiCrAlC coatings: a) NiCrAlC deposited with a fast solidification rate (100 A); 
b) NiCrAlC deposited with a slow solidification rate (130 A).
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at which each coating solidifies. The variations in hardness 
resulting from exposure of NiCrAlC coatings to temperature 
are shown in Figure 2. Coatings deposited with a 100 A 
current maintained their original hardness of approximately 
400 HV following exposure to 600 °C. Despite the faster 
solidification rate with a 100 A current, the lower dilution 
of these coatings preserves the chemical composition of 
the powder mixtures better and ensures the formation of 
a larger fraction of intermetallic compounds. However, a 
significant decrease in hardness was observed following 
exposure to 800 °C.

Processing with a 130 A current resulted in coatings with 
a lower hardness (300 HV). The hardness value fell further 
after exposure to 800 °C for 1 hour and increased to 400 HV 
when coatings were exposed for 72 hours.

The variations in hardness observed here are associated 
with microstructural changes. Analysis of the microstructures 
of the coatings processed with a 100 A current (i.e., coatings 
with a fast solidification rate) after temperature exposure 
revealed changes in the globular phase. As the exposure 
time increased, this phase was observed as needle-like 
particles (Figure  3a). Although it formed preferentially 
in the dendritic region, this phase was also found in the 
interdendritic region. After 1 hour at 1000 °C, H-shaped 
precipitates were identified (Figure 3b). Yang et al.8 studied 

the microstructural features of a polycrystalline nickel-base 
superalloy K465 after exposure to temperature and suggested 
that some of the needle-like particles were M

6
C carbides 

because of their higher carbon, W and Mo content. These 
needle-like particles can also be the sigma phase if there is 
no carbon present and an abundance of Ni and Cr. Given 
that the C content in the powder mixtures used here was 
much lower than that reported by Yang et al.8 for superalloy 
K465 and that the particles were completely removed by 
the chemical reagent used to reveal the microstructure, it is 
plausible to assume that they were the sigma phase.

Precipitation of the globular phase began at 600 °C 
and became more intense with temperature, as shown in 
Figures 4a, b. At 1000 °C precipitates are coarser and have 
a needle-like or “H” morphology. The increase in hardness 
can be attributed to the formation of the sigma phase, 
which is a hard constituent even at 600 °C. Westbrook9 
reported that the hardness of the sigma phase is similar to 
that of M

23
C

6
 carbide at 800 °C. Both the sigma phase and 

M
23

C
6
 carbide are typical constituents of stainless steels.

When the coatings were exposed to higher temperatures, 
precipitates were observed irrespective of the deposition 
current used. The coarsening of these precipitates at higher 
temperatures may account for the corresponding decrease 
in hardness.

Figure 2. Vickers hardness tests for coatings deposited with currents of 100 and 130 A and exposed to 600, 800 and 1000 °C for 1, 6, 
24 and 72 hours.

Figure 3. a) NiCrAlC deposited with a 100 A current and exposed to 600 °C for 1 hour and 72 hours. b) NiCrAlC deposited with a 100 A 
current and exposed to 1000 °C for 1 hour.
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reason for the hardness variations observed after temperature 
exposure. For coatings processed with a low current, a large 
amount of NiAl (β phase) was observed, and the precipitates 
coarsened after temperature exposure, causing the hardness 
to decrease. Furthermore, the hot hardness of this phase is 
the lowest of all the phases.

Coatings processed with a lower deposition current 
and which consequently had a slower solidification rate 
exhibited a delay in the onset of precipitate coarsening. 
Also, the large amount of Ni

3
Al (γ’ phase) and chromium 

carbides explains the increase in hardness measured after 
temperature exposure.

These results show that NiCrAlC PTA coatings can be 
used in a range of applications, especially high-temperature 
abrasion, which requires that coating hardness be maintained 
at elevated temperatures. For such applications, the coating 
with a high dilution level tested here could offer better 
wear performance together with a good metallurgical bond 
between coating and substrate, thereby avoiding brittle 
failures.

Of all the constituents detected in NiCrAlC alloy, the 
softest when subjected to a temperature of 800 °C is NiAl 
(beta phase), which has a hardness of 60 HV[9]. This may 
be a further reason for the low hardness value observed, 
as the Ni

3
Al phase tends to keep its original hardness 

(approximately 200 HV at ambient temperature for the 
isolated phase9).

4.	 Conclusions
This investigation analyzed the microstructures of 

NiCrAlC alloys processed by PTA and changes in them 
following temperature exposure. The solidification rates 
imposed by the deposition current resulted in a solid 
solution with different saturations. When supersaturation 
was reached during solidification, precipitation occurred 
during the subsequent cooling, as observed for coatings 
processed with a 100 A current.

The volume fraction of microstructural constituents 
in the as-deposited condition can be considered the main 

Figure 4. a) NiCrAlC deposited with a 130 A current and exposed to 800 °C for 72 hour. b) NiCrAlC deposited with a 130 A current and 
exposed to 1000 °C for 24 hours.
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