
INTRODUCTION

WC-Co cermet-based cutting tools have dominated the 
manufacturing market in recent years [1–4]. However, these 
materials exhibit some problems related to the high production 
cost and the raw materials’ toxicity [5]. A solution to this 
problem is the development of alumina-carbide composite 
materials due to better fracture toughness, high hardness, and 
better abrasion strength when compared to traditional WC-
Co tools. Duan; Wang; Xing [6] show that multiscale textures 
effectively improve the cutting performance of Al2O3-TiC 
ceramic tools. Yin et al. [7] indicate that the microwave-
sintered Al2O3-SiC ceramic tool satisfies the requirements 
in high-speed machining applications. Zhao et al. [8] note 
satisfactory results in the growth of TaC whiskers in an Al2O3 
ceramic matrix for cutting tools. Jung and Lee [9] reveal 
that the Al2O3-B4C composite has higher microhardness and 
toughness than the monolithic Al2O3, making it suitable for 
cutting tool performance.

Among these carbides, we highlight niobium carbide 
(NbC) because it has interesting physical and mechanical 
properties when incorporated into a ceramic matrix [10, 11]. 
However, its greater refractoriness hinders the composite’s 
densification, allowing for a more significant formation of 
porosity and, consequently, a decrease in hardness [12]. In this 
sense, the development of dense composites for applications 

in machining becomes essential.
We can highlight the hot pressing (HP) and plasma spark 

sintering (SPS) techniques from this perspective [13, 14]. 
These techniques become suitable for obtaining materials with 
high densification and ultrafine microstructures, improving 
mechanical and structural properties [15, 16].

Therefore, this work aims to produce, through the hot 
pressing and spark plasma sintering technique, dense Al2O3-
NbC composites for applications in machining processes. 
Consequently, we will analyze the efficiency of sintering 
techniques and their influence on structural, thermal, 
morphological, physical, and mechanical properties.

EXPERIMENTAL PROCEDURE

Alumina (α-Al2O3, purity > 99.99 %, the average particle 
size of 150 nm, the density of 3.98 g/cm3; Taimei Chemicals, 
Tokyo, Japan) and 30 wt.% niobium carbide (NbC, purity > 
99.99 %, the average particle size of 2.5 μm, the density of 
7.82 g/cm3; Herman Starck, Berlin, Germany) were used as 
ceramic powders. The proportion of niobium carbide used 
in this work was chosen due to its excellent mechanical and 
structural responses. Ceramic powders were dispersed in 
isopropyl alcohol for 5 h in a planetary milling process. Then, 
the ceramic compound was dried in an oven at 60 ºC for 4 h.

After homogenization, equal amounts of ceramic powders 
(20 g) sieved using 200 mesh grids (< 74 μm) were placed 
in a cylindrical graphite matrix with an internal diameter of 
30 mm, being fabricated and sintered by hot pressing (Weitai 
Technol. Develop. Ltd. Co., Shenyang, China) and spark 
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plasma sintering (SPS, Dr. Sinter SPS 211-LX, Saitama, 
Japan). In HP sintering, a pressure of 30 MPa in argon flow 
was used at a final temperature of 1500 ºC for 120 min, with 
a heating rate of 20 º/min. In SPS sintering, the pressure was 
40 MPa at a final temperature of 1500 °C for 5 min, with a 
heating rate of 65 º/min. The thermocouple and the infrared 
thermometer were selected to measure the temperature on 
the matrix’s surface. In the end, five samples were prepared 
for each test, performed posteriorly.

The thermal expansion behavior was performed for Al2O3 
powder and Al2O3-NbC composite, pre-pressed in an 8 mm 
diameter matrix, using a high-sensitivity DIL 402 C simple 
push-rod dilatometer (Netzsch) in an argon atmosphere with a 
heating rate of 5 °/min. The crystallographic characterizations 
were investigated using an X-ray diffractometer (XRD), 
model Rigaku Miniflex II, with CuKα radiation obtained at 30 
kV (with filament current at 15 mA), measuring range of 20º < 
2θ < 80º, scanning with an angular step of 0.02º, and counting 
time by step of 5º/min. Rietveld refinement of the XRD 
patterns was performed, thus providing information on the 
crystalline phase content, crystallite size, lattice parameters, 
and quality factors. Fourier transform infrared spectroscopy 
(FTIR) was performed in PerkinElmer equipment, model 
spectrum 65, with a resolution of 4 cm-1. The morphological 
images were observed through a scanning electron microscope 
with a field emission source (SEM-FEG), model Zeiss Auriga 
40. The relative density of the composite was obtained by 
the ratio between the actual and theoretical density, where 
the actual density was measured using Archimedes’ rule, and 
the theoretical density was tested using the simple rule of 
mixtures. Vickers hardness measurements (VH, Zwick 3212, 
Zwick) were calculated from the lengths of the cracks and 
the diagonals produced by the indentation method on polished 
surfaces, using a load of 4.9N for 15 seconds. The Vickers 
hardness value was then calculated using equation (A).

 VH = = 1.8544
F
A

D
d2    (A)

where, VH = Vickers Hardness; F = applied force (N); A = 
Area of print produced; d = length of the diagonals (mm). 
Young’s modulus was calculated from the point of longitudinal 
and transverse ultrasonic velocities. The mechanical strength 
at room temperature was measured using a universal testing 
machine (Zwick-Roell, 2.5kN) in three-point bending tests at 
a constant crosshead speed of 0.5 mm/min. As for the 3-point 
bending test, it is necessary to know the cross-sectional area 
of the samples. The average widths were calculated, obtained 
at 7.114 mm, and the average for the thicknesses of 4.534 mm. 
The span (Ls) was 20 mm. For these tests, five specimens 
were tested for each sample.

RESULTS AND DISCUSSION

Figure 1 shows the dilatometric curves of the Al2O3 powder 
and the Al2O3-NbC composite. We observed that both curves 
present similar behavior, suggesting that incorporating NbC 
does not alter the sintering behavior of Al2O3. Al2O3 powder 

and Al2O3-NbC composite exhibit a thermal expansion of 
approximately 0.67% up to 1000 °C. Then, a 12% shrinkage 
occurs between 1040 ºC and 1350 ºC, indicating the beginning 
of sintering [17–19].

The refined XRD patterns of the ceramic powders (Al2O3 
and NbC) and the Al2O3-NbC composite sintered by HP and 
SPS are shown in Figures 2a, b, c, and d. The diffraction peaks 
are indexed considering the cards ICSD-51687 for α- Al2O3 
with hexagonal symmetry and space group P6 and ICSD-

Figure 1: Dilatometric curves of Al2O3 powder and Al2O3-NbC 
composite.

Figure 2: XRD patterns of (a) Al2O3 and (b) NbC ceramic powders 
and Al2O3-NbC composite sintered by (c) HP and (d) SPS.
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43373 for NbC with cubic symmetry and space group P23. 
Through Rietveld analysis, the Al2O3 sample has the lattice 
parameters a = b = 5.0289(8) Å and c = 12.7762(3) Å, with 
a crystallite size of 100.01 nm. The NbC sample shows the 
lattice parameters a = b = c = 4.4744(8) Å, with a crystallite 
size of 99.97 nm. The quality of Rietveld refinement for 
these samples is confirmed by the parameters Rwp and c2. 
The Rietveld refinement quality factors are 16.08 and 1.12 
for Al2O3, while for NbC, these values are 16.03 and 1.09, 
respectively. For the Al2O3-NbC composite sintered by HP 
and SPS, we verified the presence of the α-Al2O3 and NbC 
phases, in which the Rietveld refinement quality factors are 
16.48 and 1.22 for the composite sintered by HP and 16.33 
and 1.34 for the sintered composite by SPS. The lattice 
parameters obtained for the composite sintered by HP are 
a = b = 5.0277(8) Å and c = 12.7767(3) Å for α-Al2O3 and 
a = b = c = 4.4721(8) Å for NbC, while for the composite 
sintered by SPS is a = b = 5.0279(8) Å and c = 12.7758(3) 
Å for α-Al2O3 and a = b = c = 4.4757(8) Å for NbC. The 
crystallite size of Al2O3 and NbC, respectively, is 71.85 nm 
and 61.20 nm for the HP-sintered composite and 63.96 nm 

and 54.40 nm for the SPS-sintered composite. We observed 
an approximately 11% decrease in crystallite size for the 
SPS-sintered composite. This fact is related to the high 
heating rate used during the sintering process, as reported by 
Alecrim et al. [20]. Table 1 displays the parameters obtained 
from the Rietveld refinement discussed previously. We 
noticed a good agreement between the values calculated via 
refinement and the experimental values via XRD.

To investigate the oxidation potential of NbC, we 

Figure 4: SEM image of the composite sintered by (a) HP and (b) 
SPS

Table I:  Parameters obtained from the Rietveld refinement.

Sample Symmetry Space Group wt (%) Latt. Par. (Å) Size (nm) RwpI c
2

Al2O3 Hexagonal P6 100 a = b = 5.0289(8)
c = 12.7762(3) 100.01 16.08 I 1.12

NbC Cubic P23 100 a = b = c = 4.4744(8) 99.97 16.03 I 1.09

HP

Hexagonal
(a-Al2O3)

P6 69.87 a = b = 5.0277(8)
c = 12.7767(3) 71.85

16.48 I 1.22
Cubic
(NbC) P23 30.13 a = b = c = 4.4721(8) 61.20

SPS

Hexagonal
(a-Al2O3)

P6 69.94 a = b = 5.0279(8)
c = 12.7758(3) 63.96

16.33 I 1.34Cubic
(NbC) P23 30.06 a = b = c = 4.4757(8) 54.40

a)

b)

10 µm

10 µm

Figure 3: FTIR absorption spectra of the Al2O3-NbC composite 
sintered by HP and SPS.
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performed FTIR spectroscopy on the Al2O3-NbC composite 
sintered by HP and SPS, as seen in Figure 3. Both curves 
exhibit two bands, the first at 460 cm-1 characteristics 
of a low-frequency band of the Nb-C group [21] and the 
second at 600 cm-1 attributed to the Al-O-Al bending mode 
[22]. Therefore, we noticed the absence of NbC oxidation, 
corroborating the XRD results. A similar effect is found in 
work done by Acchar et al. [23].

Figures 4a, b present the sintered composites’ structural 
characterization through SEM images. The microstructure 
of the composite sintered by HP is like that sintered by SPS. 
We verified small grains of NbC heterogeneously dispersed 
in the Al2O3 matrix, which agrees with the literature [14, 24]. 
Furthermore, we noticed morphologies with distinct grain 
sizes and irregular geometries. Salem et al. [25] attributed 
this to uniaxial pressure applied during sintering.

Table 2 compares the physical and mechanical responses 
of composites sintered by HP and SPS. According to the 
results, the relative density, Vickers hardness, Young’s 
modulus, and mechanical strength of composites sintered 
by SPS are superior to those of HP. Nečina and Pabst [26] 
associated this with a higher heating rate and shorter sintering 
time of composites sintered by SPS, which produces lower 
grain growth. We found satisfactory results compared with 
the literature [27–29], strengthening our findings.

Through the SEM image, Figures 5a, b, we verified a 
mixed mode of transgranular fracture and intergranular 
fracture for the composites sintered by HP and SPS. Zaki 
et al. [30] noticed that the second-phase grains incorporated 
in the ceramic matrix contribute to the mixed mode of 
transgranular fracture and intergranular fracture. Other 
researchers have revealed similar results [31–34].

CONCLUSION

We verified that Al2O3-NbC composites are successfully 
prepared by hot pressing and spark plasma sintering 
techniques. These techniques allow for heterogeneous 
microstructures with distinct grain sizes and irregular 
geometries. The maximum relative density values, Vickers 
hardness, Young’s modulus, and mechanical strength 
are 98.23%, 27.58 GPa, 335.94 GPa, and 281.42 MPa, 
respectively, obtained by the SPS technique. Thus, our 
results pave the way to improve the physical and mechanical 
performance of the Al2O3-NbC composite, targeting current 
and future technological applications.
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