
DOI: https://doi.org/10.1590/1980-5373-MR-2024-0057
Materials Research. 2024; 27:e20240057 

Microstructural Evaluation of Ni-graphite Composites Sintered  
from NiO-SiC Powder Mixtures

Ella Raquel do Vale Souza de Limaa, Armando Monte Mendesa, Gisele Hammesb ,  

Cristiano Binderb, Aloisio Nelmo Kleinb, Antonio Eduardo Martinellia* 

aUniversidade Federal do Rio Grande do Norte, Departamento de Engenharia de Materiais, Natal, RN, Brasil.
bUniversidade Federal de Santa Catarina, Departamento de Engenharia Mecânica, Florianópolis, SC, Brasil.

Received: February 06, 2024; Revised: May 09, 2024; Accepted: June 08, 2024

Nickel alloys and composites are interesting engineering materials as a result of a combination 
of mechanical, corrosion and wear resistance at service temperatures that exceed those of steels and 
steel-based materials. The present study aimed at sintering Ni-graphite composites from NiO-SiC 
mixtures and investigate the in-situ formation of graphite. NiO powders were mixed with SiC (0, 3, 
5 and 10 wt.%) and attrition-milled during 1 h. The mixtures were then granulated using 1.5 wt.% 
paraffin in hexane solution and uniaxially pressed under 400 MPa. The cylindrical pellets were then 
sintered at 1200 ºC. The sintered materials were characterized by density measurements, dilatometric 
and microstructural analyses, as well as Vickers microhardness. The results showed that Ni-graphite 
composites were successfully produced from NiO-SiC mixtures with full reduction of NiO and 
dissociation of SiC to form a Ni-Si matrix and graphite nodules.
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1. Introduction
Nickel-based materials have been developed to be used 

as alloys and also as composites in applications for the 
automotive, petrochemical, food processing, aerospace and 
nuclear industries1-4 where a combination of properties such 
as high mechanical strength, corrosion and wear resistance at 
high temperatures are required1,5-9 Nickel presents considerable 
solubility to a variety of alloying elements such as Cr, Mo, W, 
Nb, Fe, Cu, Al, as well as Si10-12. In particular, the literature 
shows that the addition of Si to Ni increases hardness13, but 
also decreases the solubility of carbon14.

Particulate ceramics have been added to Ni matrices, 
usually as reinforcements to produce composites. Examples 
include Al2O3, TiO2 and SiO2 that are commonly added to 
improve the mechanical properties at both room and high 
temperatures, and the corrosion resistance15-18. Covalent 
ceramics such as nitrides, e.g., TiN, and BN19,20, borides, 
e.g., TiB2

19, carbides, e.g., TiC, WC, NbC and SiC21-24, in 
addition to elementary materials, such as C in the form of 
graphite9 have also been used to improve the mechanical 
properties and tribological behavior.

Despite the high thermal and chemical stability of ceramic 
materials, some of them can undergo solubilization in metal 
matrices under suitable heat-treatment conditions. Backhaus-
Ricoult25 studied the solid-state reactions between SiC and 
various (Fe, Cr, Ni)-alloy compositions. These reactions can 
be attributed to the dissolution of SiC in Fe and Ni, resulting 
in the formation of Si-rich compounds (α-, τ-phase, Ni5Si2 or 
Ni2Si) and graphite flakes. The presence of Cr results in large 
precipitates of Cr-carbide in the alloy. The dissociation of 
SiC particles yields the in-situ formation of graphite that 

may act as a solid lubricant phase. This process has been 
extensively studied mostly in Fe-matrix materials, where Fe-
Si-C compounds have been observed and resulted in superior 
tribological properties26-31. The solubilization of SiC in Ni 
matrix has been described by fewer authors. Parucker and 
Klein32, for instance, reported the development of Ni alloys 
using carbides (SiC and WC) as sources of Si, W and C by 
powder metallurgy. The dissociation of SiC, followed by the 
formation of Ni-Si solid solution which increases the strength 
of the matrix, or intermetallic phases25,33,34 depending on the 
heat-treatment conditions, and carbon-based precipitates20,22. 
Upon sintering, graphite phases remain stable in the final 
microstructure of the material4,25.

Ni-based materials are commonly manufactured by 
methods such as casting, forging and powder metallurgy6 
using Ni powder. For the latter, fine particulates are used to 
promote adequate mixing and homogeneous phase distribution 
in the final microstructure. An alternative route to produce 
Ni-based composites consists in the use of NiO as starting 
powder. NiO can be easily reduced by hydrogen at low 
temperatures without polluting the environment, offering 
the potential for green energy use and generating only 
water vapor as byproduct, representing a direct method for 
preparing metals with uniform composition35-37.

Therefore, the present study focused on the process route 
to obtain Ni-graphite composites from NiO-SiC powder 
mixtures. The effect of NiO reduction and the dissociation 
of SiC in the final microstructure were addressed. Ni matrix 
composites containing graphite nodules are expected to exhibit 
solid lubricant properties that improve wear resistance and 
reduce friction at higher service temperatures, exceeding 
the capabilities of Fe-based materials.*e-mail: martinelli.ufrn@gmail.com
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2. Experimental
NiO (D50 = 11.7 µm, > 98% pure) and SiC (D50 = 13.8 µm, 

97.5% purity) particles were previously analyzed by X-ray 
diffraction (XRD) and Field-Emission Scanning Electron 
Microscopy (FEG-SEM). Mixtures containing 3, 5 and 
10 wt% SiC were mixed with isopropyl alcohol in an attritor 
type mill at 200 rpm for 1 hour. After drying at ~ 100 °C 
for about 2 hours, pure NiO and NiO-SiC mixtures were 
granulated using 1.5 wt.% paraffin diluted in hexane in an 
ultrasound bath for 30 min. Commercially available paraffin 
lentils and hexane were used to granulate the feedstocks. 
The granules were classified using 500 to 90 μm sieves, and 
uniaxially pressed under 400 MPa for 1 min into cylindrical 
samples having 10 mm in diameter.

Three samples of each composition were sintered in a 
dilatometer (Netzsch, DIL 402) in the presence of 95% Ar + 
5% H2. The heating rate from room temperature to 500 °C 
was 5 °C/min. The samples remained at 500 °C during 1 hour 
for the removal of the binder and then heated up to 1200 °C 
at 5 °C/min for a 1-hour sintering cycle. The samples were 
naturally cooled down under flowing gas. The sintered samples 
were named according to the starting percentage of SiC. Thus, 
contents of 0, 3, 5 and 10 wt.% SiC are related to samples 
N0, N3, N5 and N10, respectively.

The green and sintered densities were measured by the 
geometrical method using a digital micrometer with resolution 
of 0.001 mm. The sintered samples were cut, and the resulting 

cross-sections were grinded with 180-1200 grit papers and 
polished using 1 μm alumina slurry and 0.3 μm diamond 
paste. The samples were then etched in marble solution. The 
microstructural characterization took place using optical 
microscopy (Olympus GX-51) and FEG-SEM (FEGSEM, 
Zeiss Auriga 40) equipped with an energy-dispersive X-ray 
spectrometer. The crystallographic phases were identified 
by X-ray diffraction (Bruker D8) with Cu-kα radiation (λ = 
1.5418 Å). Vickers microhardness (Shimadzu HMV 2000) was 
measured according to ASTM E384 standard with primary 
load of 500 g and 25 g for 10-15 s for each indentation.

3. Results and Discussion

3.1. Starting powders and mixtures
Figure 1 shows the micrographs of NiO (a) and SiC 

(b) powders along with the corresponding XRD patterns. 
NiO particles presented irregular rounded morphology 
with some agglomeration and single NiO phase indexed to 
JCPDS No.89-7131, whereas SiC particles presented faceted 
morphology corresponding to a single SiC phase related to 
JCPDS No.31-1232.

The NiO-SiC mixtures were evaluated by SEM analyses 
(Figure 2). All mixtures presented a homogeneous distribution 
of SiC (some are highlighted in the image by circles) and 
NiO particles with few small agglomerations of particles 
(highlighted in the image by arrows).

Figure 1. SEM micrographs and XRD analyses of the starting (a) NiO; (b) SiC powders.
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3.2. Dilatometric analysis
The dilatometric behavior of the samples is shown 

in Figure 3. All samples depicted a shrinkage point at ~ 
340 ºC - 360 ºC, related to the decomposition of paraffin. 
According to the literature, paraffin starts to decompose at 
around 210 °C, and is expected to fully evaporate at about 
450 °C38. The plots for all compositions tested overlapped 
at ~500 ºC, and the shrinkage corresponded to the reduction 
of NiO, which started at around 400 ºC. This is in good 
agreement with the literature which states that, according 
to the Ellingham diagram39, the reduction of NiO to Ni 
takes place starting at 420 ºC, with ΔG = −0.176 kJ mol-1. 
In addition, in the temperature range from 400 to 600 °C, 
the rate of reduction of NiO increases with increasing both 
temperature and hydrogen pressure40. The shrinkage rate 
increased in the range of 600 ºC - 700 ºC as most of the 
NiO was reduced. Full reduction under H2 is expected to 
take place below 950 °C36,39. In fact, XRD results did not 
revealed the presence of NiO, however traces of oxygen 
were observed by EDS.

The onset of sintering took place at around 600 ºC, 
which is in good agreement with the literature35,36. Sample 
N3 showed continuous and uniform densification as the 
temperature increased, reaching ~ 27% shrinkage after 1 
hour at 1200 °C (Figure 3b). The uniform distribution of 
SiC particles improved the densification of the matrix as 
well as the solubilization of Si in Ni41. On the other hand, 
compositions with 5 wt% of SiC, depicted a reduction in 
densification, probably due to a formation of a larger number 
of graphite nodules. Sample N10, containing the highest 

content of SiC, depicted slower sintering rate until around 
1100 ºC, compared to the others, which may be due to the 
dissociation of higher relative contents of SiC. In addition, 
above 700 ºC, metastable nickel silicide starts to form33. 
Furthermore, SiC particles are quite stable at low temperatures 
and may hinder the contact between Ni particles29. The 
shrinkage of sample N10 improved above ~1150 ºC. From 
the Ni-Si phase diagram, liquid phase is expected to form 
in the range of 15 to 22 at. % Si, above 1143 ºC33.

3.3. Microstructural evaluation of sintered samples
XRD patterns of all samples are shown in Figure 4. 

There was virtually complete reduction of the NiO matrix 
and removal of the binder. The mixtures containing various 
concentrations of SiC showed pure Ni (ICSD nº 64989) 
and graphite C (ISCD nº 88810). The fcc structure of the 
Ni matrix did not change with the addition of 3%, 5% or 
10% wt.% SiC. There was a slight displacement of the Ni 
peaks due to the presence of Si in solid solution in the nickel 
matrix. Peaks at 2θ = 26.6° correspond to the (002) planes 
of hexagonal graphite, resulting from the dissociation of 
SiC in the nickel matrix42. Sample N10 also revealed the 
presence of cubic Ni3Si (ICSD nº 76413).

Optical micrographs of plain Ni and Ni-SiC samples are 
shown in Figure 5. The Ni matrix (Figure 5a) is characterized 
by equiaxial grains, twin boundaries (indicated with arrows) 
and pores. It is not straightforward to differentiate pores from 
graphite nodules solely by micrographs, as they both present 
dark contrast in the metal matrix. Samples containing SiC 
depict pores and graphite nodules. Comparing Figure 5a with 

Figure 2. SEM micrographs of the NiO-SiC mixtures with different concentrations of SiC: (a) 3 wt.%, (b) 5 wt.% and (c) 10 wt.%.
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the others, it is possible to see the typical morphology of pores 
and graphite nodules, which appear to be more elongated 
and irregular than the pores. Confirmation of this can be 
seen in the electron microscopy image in Figure 6, which 
shows the EDS of a porous region and a graphite nodule. 
All samples depicted the presence of pores intergranular and 
intragranular (regions indicated with circles) and clearly seen 
in Figure 5a. Areas attributed to graphite nodules increased 
with the concentration of SiC. According to Bougiouri14, the 
addition of Si to Ni significantly decreases the solubility of 
carbon in nickel. High concentrations of carbon promote 
large amounts of agglomerates43.

Figure 3. Dilatometric analyses for the sintering of Ni-based samples 
with length variation as a function of (a) temperature and (b) time 
(isothermal at 1200 °C).

Figure 4. XRD patterns of the powders pure Ni and composite the 
Ni with different wt.% SiC sintered at 1200 °C.

Figure 5. Optical micrographs after etching: (a) pure Ni, (b) Ni-3 wt.% SiC, (c) Ni-5 wt.% SiC and (d) Ni-10 wt.% SiC.
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The combination of SEM micrographs with EDS 
mapping of sample N3 is shown in Figure 6. Ni and Si are 
quite uniformly dispersed.

The microstructure and EDS profile of sample N10 are 
shown in Figure 7. In Figure 7a, the arrow indicates the 
direction from the border to the center of the sample. The 
change in grain morphology is evident. The composition of 
sample N10 (Ni – 10 wt.% SiC) lies in the region consisting 
of a Ni-Si solid solution, carbon in the form of graphite, and 
a NiSi liquid phase (Figure 7a). According to the Ni-Si-C 
phase diagram at 1200 °C33, concentrations of Si between 
7 and 10 wt.% yield the formation of Ni-Si solid solution 
and a liquid phase. The solid/liquid interfaces result in 
grains with dendritic morphology, as shown in Figure 7b. 
The region labelled (1) in Figure 7a contains approximately 
85 wt.% Ni, 7.5 wt.% Si, corresponding to the Ni matrix 
with Si in solid solution and some carbon. The composition 
of the matrix (labelled (2)) contains 77.0 wt.% Ni, 12.0% 
Si which is related to the Ni3Si intermetallic phase and 
approximately the same amount of carbon. Phase labelled 
(3) is essentially carbon. Region labelled (4) also shows 
high concentration of carbon, along with some Si and Ni, 
probably from adjacent matrix grains. Residual oxygen 
was identified in the samples, which may be attributed to 
the presence of residual NiO as well as the formation of 
oxides during metallographic preparation. Nevertheless, the 
remaining oxide fraction is small, to the extent that it does 
not interfere with the properties of the materials.

3.4. Densification of Ni-SiC composites
The green, sintered and theoretical densities of Ni-SiC 

based materials are shown in Figure 8a. The densities of 
green samples containing NiO, SiC and 1.5 wt.%. paraffin, 
presented subtle reduction with increasing SiC content. The 
same behavior was observed after sintering, for compositions 
with up to 10 wt.% SiC, due to the difference between 
the density of Ni (9.8 g/cm3) and SiC (3.2 g/cm3). Higher 

concentrations of SiC resulted in graphite clusters and, 
therefore, reduced density.

The relative densities of of Ni-SiC based materials are 
shown in Figure 8b. The theoretical density of the material 
was calculated as a mixture of metallic nickel with SiC, 
considering the complete reduction of NiO to Ni and the initial 
mass of SiC. The green relative density of the compositions 
did not exceed 70%. There was no significant change in the 
relative green density with the increase in the concentration 
of SiC. The relative density of the samples after sintering 
were limited to 90%, depicted by the sample with 3 wt% SiC.

3.5. Hardness measurements
The results of the Vickers microhardness measurements 

are shown in Figure 9. It is visible that both the average and 
the standard deviation increased with increasing SiC contents 
(Figure 9a). Hardening by solid solution and hardening by 
precipitation are the main mechanisms that increase the 
hardness of nickel-based super alloys44. Twinning can also 
explain the increase in hardness in reinforced composites42,45. 
The increase in the average hardness was caused by the 
dissolution of SiC and the resulting formation of Ni-Si solid 
solution. Lattice distortion hindered the dislocation motion 
and increased hardness. Ni3Si is also a hard phase46, and its 
presence was confirmed by XRD analysis (Figure 4) for sample 
N10. The increase in standard deviation resulted from the 
presence of graphite precipitates throughout the microstructure 
of the composite, since indentation was randomly selected. 
The microhardness of the Ni matrix and graphite nodules 
were individually examined, by selecting the locations for 
the indentations and reducing the load from 500 g to 25 g 
(Figure 9b). The difference in microhardness is evident for all 
compositions. Comparing the results from Figure 9a and 9b, 
it can be seen that the former corresponds to an average of 
the two constituents of the composite. The hardness of the 
matrix is higher than that of the graphite nodules.

Figure 6. Micrograph analysis by SEM-EDS and mapping using EDS of different morphological phases in the Ni-3 wt.% SiC composite 
sintered at 1200 °C: (1) discontinuities of solid solution of Si and C in Ni (FCC) (2) carbon agglomerates.
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Figure 8. (a) Green, sintered and theoretical density of Ni-SiC based materials; (b) Relative densities.

Figure 7. (a) Micrograph indicating different morphological phases in grains in the alloy composite Ni-10wt% SiC after sintered at 
1200 °C; (b) SEM microstructure image; (c-f) EDS analyses of the areas 1, 2, 3 and 4, respectively.
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4. Conclusions
Ni-graphite composites were successfully produced from 

NiO-SiC mixtures. NiO was virtually fully reduced and the 
composites sintered after a single heat-treatment from room 
temperature to 1200 °C. SiC dissociated into Si and C.

NiO-SiC mixtures had a homogeneous distribution with 
some small NiO particle agglomerates.

Dilatometric analyses revealed shrinkage, sintering, and 
nickel silicide formation. Sample N3 exhibited continuous 
densification, while N10 showed rapid dimensional contraction 
due to the formation of a liquid phase.

XRD analysis confirmed the reduction of the NiO matrix 
and the presence of pure Ni and graphite phases. SiC addition 
did not significantly alter the Ni matrix structure. Si diffuses 
into Ni but does not significantly change the positions of 
the XRD peaks. In the sample containing 10% SiC, a new 
phase was formed. Graphite formation from the dissociation 
SiC was observed.

The density of Ni-based samples decreased as the SiC 
content increased. Higher SiC concentrations increased the 
formation of graphite nodules.

SiC-reinforced composites showed increased microhardness 
compared to pure Ni. Sample N3 had greater densification, 
while the sample with 10% SiC exhibited the highest 
hardness. Hardening mechanisms included solid solution 
and precipitation, with Ni3Si phase confirmed in sample N10.
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