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Abstract

Nickel-based alloys of the NiCrSiBC system (colmonoy alloys) are normally 
deposited on stainless-steel substrates for coating applications, once they present high 
resistance to wear and corrosion at high temperatures. Typically, deposition occurs 
through welding processes, such as PTA (plasma transferred arc) or laser cladding. 
This study mainly aims to evaluate the effectiveness of the spark plasma sintering 
(SPS) process through the evaluation of the sintered body density, and structural 
and microstructural analysis of the Colmonoy-5. SPS sintering occurred at 900°C 
under 50 MPa for 15 minutes. Powder morphology was evaluated by confocal micros-
copy. The sintered samples were evaluated according to their density (Archimedes’ 
method), phase composition, microstructure, and hardness (Vickers hardness). 
Results showed that the Colmonoy-5 alloy can be effectively produced through SPS 
sintering, reaching densification above 90%. Microstructural analysis showed that 
there was the formation of hardening phases, such as borides and chromium car-
bides. The same phases are found in colmonoy alloys deposited on the stainless-steel 
substrate.

Keywords: colmonoy, sintering, spark plasma sintering, microstructure, vickers 
hardness

1. Introduction

Nickel-based alloys are widely used in various areas of industry, such as chemical, 
petrochemical, nuclear reactors, warfare, aerospace, food processing devices, and 
steel production facilities, due to an association of high mechanical strength, good 
corrosion resistance, and weldability. The performance of these alloys is associated 
with the face-centered cubic structure of the matrix, which can be hardened by solid 
solution or by precipitation of intermetallic compounds [1].

There are several hard-facing alloys, the most common of which are Fe-based, 
Co-based, and Ni-based. Co-based hard alloys have many applications, but they 
become radioactive in nuclear environments, and this phenomenon has restricted the 
use of Co-based coatings for high-temperature applications. To minimize workers’ 
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exposure to Co60 radiation during handling and maintenance operations, nickel-
based hard-facing alloys from the NiCrSiBC family were developed. Colmonoy alloys 
(NiCrSiBC) have a wide variety of compositions and this consequently makes their 
use very abundant. It can be said that currently alloys are used preferentially for coat-
ing materials [2, 3].

It can be said that Ni-based hard-facing alloys, which still have carbides and 
borides in their structure formed from alloying elements, are popularly used as coat-
ing materials. Among the hard Ni-based alloys, colmonoy can be highlighted, which 
is widely used, and may also have different NiCrSiBC compositions depending on the 
alloying elements [4, 5].

Alloys from the NiCrSiBC family, such as colmonoy, have as their main charac-
teristic their high resistance to wear and corrosion at high temperatures. These alloys 
were basically developed for deposition using some welding processes. Due to their 
excellent characteristics and lower cost compared to Co superalloys, Ni-based alloys 
have been deposited by various welding processes, such as plasma transferred arc 
(PTA), tungsten inert gas (TIG) and laser cladding [6–8].

The strength of colmonoy alloys (NiCrSiBC) can be increased by the formation of 
precipitates such as borides and carbides. Some studies of the alloys of the NiCrSiBC 
family deposited by laser cladding on a steel substrate showed the presence pre-
dominantly of the intermediate phases formed, in the form of carbides, borides, and 
silicides: CrB, Cr5B3, Ni4B3, Cr5B3, Cr7C3, and Ni3Si [9, 10].

Although welding deposition processes are widely used and applied, the substrate, 
which is usually stainless steel, has a high iron content, which can change the compo-
sition of the coating, causing the phenomenon known as dilution. The alloys of the 
NiCrSiBC family are very sensitive to the presence of the iron element, which results 
in a change in their microstructure and consequently in some mechanical properties, 
as observed in the works [9, 11, 12].

It should be noted that pulsed plasma sintering (SPS) can also be a processing 
route for nickel-based alloys, although still little explored, as mentioned in the work 
by [13]. In addition, there are no reports that clearly show the study of the influence 
of Fe on SPS-processed Ni-based alloys.

Spark plasma sintering is considered a powder metallurgy technique that features 
fast manufacturing routes at relatively low temperatures, involving simultaneous 
applications of pressure and temperature, resulting in engineering components 
with relatively high density and good mechanical properties, compared to others. 
Conventional sintering methods [14].

SPS technique stands out for its ease of operation and precision in sintering energy 
control, high sintering speeds, safety, and reliability [15].

Spark plasma sintering involves the simultaneous application of load as well as 
heat on the materials to be sintered. SPS is a new method meant for consolidation of 
nano-structured materials with hindered grain growth, efficient shrinkage in less 
time, and cleaner grain boundaries for effective interface formation. This technique 
utilizes high-temperature spark plasma generated by discharging exactly at the gaps 
of powder particles with an on-off electrical current. At the initial stage of the SPS 
process, the generated spark plasma induces neck formation and thermal diffusion 
process on the particles to be sintered. An electric field formed by DC current can also 
facilitate thermal diffusion process. Therefore, the SPS process involves the densifica-
tion of poorly sinterable materials at a very short interval of time and at low tempera-
ture when compared with the conventional sintering process [16].
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Colmonoy alloy properties are strongly related to the microstructure formed after alloy 
processing. Thus, in this work, greater attention was given to the correlation of the micro-
structural aspect and some important properties, such as density and hardness of colm-
onoy alloy, sintered by SPS, maintaining the parameters determined in the work of [5].

Currently, it can be said that there are few published works that report micro-
structural aspects of SPS-sintered NiCrSiBC alloys. Thus, the current literature 
basically brings studies of these alloys deposited on steel substrates, which often 
analyze the effect of Fe dilution on the microstructure of the alloy [17]. In this way, 
this work intends to show that it is possible to sinter the colmonoy alloy by the spark 
plasma sintering (SPS) process, and consequently contribute to future studies on the 
possibility of sintering the colmonoy alloy on a stainless-steel substrate.

2. Methodology

Commercial powders of Colmonoy-5 alloy (Ni-14Cr-3Si-2.5B-0.6C-4,2Fe) produced 
by the manufacturer WallColmonoy Corporation were used to process the samples. 
Powders were produced by atomization technique. The atomization process consists of 
casting system, which performs the fusion raw material for one induction oven under 
controlled environment where alloys are smelted, refined, and degassed. Refined melt 
metal is poured through a system crucible in a gas nozzle, where the stream of the 
melted metal beam is disintegrated from the kinetic energy of high-pressure inert gas 
flow (Argon). Figure 1 shows a schematic of the gas atomization technique [18].

The average particle size of the powders was provided by the manufacturer. To 
analyze the morphology of the powders, images were made via confocal microscopy.

Colmonoy-5 alloys were sintered by spark plasma sintering (SPS) technique, 
maintaining technological parameters predetermined in the work [5]. SPS sintering 
occurred at 900°C under 50 MPa for 15 minutes.

The sintered material was subsequently characterized under structural aspects, 
microstructural, relative density, and Vickers hardness. Figure 2 shows the general 
and succinct roadmap of the main stages of the development of the work.

In order to evaluate sintering effectiveness, the densification alloy after sinter-
ing was measured. For that, the density (apparent specific gravity) was determined 
using the Archimedes method, using four samples. The calculation of the apparent 
specific mass is based on the value of the dry mass of the sintered (MS), the mass of 
the same immersed in water (MI), and the saturated mass (MA) that is obtained after 
the sample is boiled for a period of 20 minutes. For this, the density of water is also 
considered, as shown in eq. 1. The percentage of densification (relative density) was 
calculated from the values of the experimental density of the sintered material and 
the theoretical density (eq. 2), that is, it is the ratio between the ASG of the sample 
and theoretical alloy density of 8,14 g/cm3 [4].

         
( )

= ρ
− 2H O

MS
ASG x

MA MI
             (1)

   ( ) =% 100
 

ASG
Density x

Density Theorical
           (2)
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The microstructural aspect of the sintered body after SPS was performed from 
SEM. Before SEM analysis, the samples were metallographically prepared, first 
sanded (100 to 1200 mesh), and later polished and subjected to chemical attack. 
Phase identification was performed through X-ray diffraction analysis, using a 
Bruker D2 phaser diffractometer. The diffractometer is equipped with a Cu-Kα 
radiation tube, where the samples were scanned in the 2θ range, with an interval 
between 20° and 90°, under a step of 0.05° for 3 seconds. The characteristic peaks 
in the diffractions obtained were analyzed, and the results were compared with 
the ICDD (International Center Diffraction Data) database, to help identify the 
phases present.

Vickers hardness tests were carried out with the aid of a digital micro hardness 
tester DHT, HVS – 1000, performing five indentations [19, 20] in each sample and 
applying a load of 1 kgf in the tests for a time of 10 seconds.

Figure 1. 
Gas atomization process [18].
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3. Results and discussion

Table 1 shows the mean values of the apparent specific gravity (ASG) measure-
ments of the four samples, and their respective standard deviations. ASG values 
verified were around 7.5 g/cm3 on average. Through eq. 2, it was obtained about 92% 
densification (ASG/theoretical density), indicating that SPS sintering was effective. 
Density may increase as a function of sintering temperature. Thus, it is believed that 
we can achieve densification greater than 92% at temperatures higher than those used 
in this study [19, 20].

Figure 2. 
Processing route, characterization steps, and testing of Colmonoy-5 alloy.

Figure 3. 
Colmonoy-5 alloy powders with spherical morphology.
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Figure 3 shows it is possible to observe regular shaped powder particles and pre-
dominantly spherical morphology, which is a common characteristic of powders pro-
duced by atomization and may also have contributed to the good densification achieved. 
Evaluation of the average size of the powders revealed an average size of 74 to 149 μm.

Figure 4 shows XRD Colmonoy-5 alloys sintered by SPS. In all sintered samples, 
in addition to nickel, the presence of several important phases, such as borides (CrB, 
Ni2B, Cr2B, Ni3B, and Cr5B3), as well as Cr7C3 chromium carbide. The phases verified in 
the XRD analysis of the bodies sintered by SPS are the same obtained in the diffracto-
grams of the initial powders, which is in perfect agreement with the works [11, 21, 22].

Figure 5 shows fine precipitated phases and homogeneous distribution. 
Chromium borides appear in the form of very fine dark modules and small dark 
blocks. Studies by Ref. [23] on NiCrSiBC alloys indicated in a transmission electron 
microscope (TEM) analysis that Cr2B chromium boride can be presented in the form 
of small dark blocks. There is also an intense formation of laths and small blocks 
in half-ton (lighter phase) well distributed in the matrix phase, which is probably 
chromium carbide.

It can be seen in Figure 6(a), again the presence of chromium borides (dark 
phase) in the form of fine needles and some small blocks. Note also a lighter phase 
in the form of a butterfly or wing (see circles), which is a precipitated phase rich in 
chromium. The EDS mapping in these regions, as shown in Figure 6(b), shows a 
high concentration of chromium in such phases, which actually indicates that it is a 
chromium-rich precipitate, specifically a Cr5B3 chromium boride [10]. It should be 

Figure 4. 
XRD diffractograms of Colmonoy-5 alloys after SPS.

Pressão (MPa) MEA (g/cm3) DP

60 7.47 ± 0.168

Table 1. 
Apparent specific gravity (ASG) is calculated by the Archimedes method.
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Figure 6. 
(a) Microstructure and mapping region e (b) EDS image.

Figure 5. 
Microstructure of Colmonoy-5 alloys sintered by SPS.

Figure 7. 
Average hardness (HV) of the Colmonoy-5 alloy for 3 samples.
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noted that it was not possible to capture boron element (B) by the EDS, due to the 
equipment limitation.

The average value obtained for the Vickers hardness of the Colmonoy-5 alloy 
sintered by SPS was 601 ± 6 HV, as shown in Figure 7. This result is in agreement with 
studies by Refs. [11, 12, 24].

4. Conclusion

The structural and microstructural analysis showed that phases formed after the 
SPS are the same as those found for the colmonoy alloy deposited.

The average hardness measured is within the range and in agreement with the 
literature in studies on colmonoy alloys.

It can be said that the SPS sintering of the Colmonoy-5 alloy was effective since it 
obtained densification above 90%. Thus, the SPS process can be a processing route for 
the colmonoy alloy.
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