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Abstract This article describes the process and demonstrates the possibility to
obtain a complex square-shaped nanostructured ceramic cutting composite by spark
plasma sintering. Microstructure, mechanical, and wear properties of complex
shape inserts were studied and compared with the properties of inserts which were
cut from the SPS-sintered cylinder by diamond disk. Both types of inserts exhibited
similar properties, meanwhile, fabrication of complex-shaped sample is less
expensive and time-consuming process due to the absence of diamond disk cutting
operation.
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Introduction

Spark plasma sintering is a high-speed powder consolidation/sintering technology
capable of processing a wide variety of conductive and nonconductive materials [1].
The main advantage of the spark plasma sintering technique is very high heating
and cooling rates that allow to produce highly dense traditionally difficult-to-sinter
materials. A wide range of material types such as nanostructured materials [2],
functional-graded materials [3], hard alloys [4], titanium alloys [5], bioceramics [6],
porous materials [7] for various applications was fabricated by spark plasma
sintering.

Specimens produced by spark plasma sintering have shown improvements in
microstructure (including decreased grain growth) [8] corrosion resistance [9], and
mechanical properties [10], compared to conventional methods. On the other hand,
wide application of the spark plasma sintering in industrial field is limited due to the
extreme difficulty inobtaining near-net-shape ceramic samples. Ceramic cutting
inserts are one of the examples of complex shape material. Previous research
showed enhancement of endurance limit and reduction of the probability of
catastrophic failure in ceramic cutting inserts produced by spark plasma sintering
compared to conventional ones. This behavior was explained by the lower grain
size and homogeneous microstructure of spark plasma sintering sintered ceramic
cutting inserts. The main problem of sintering samples of complex shape is to
design special molds and technological processes of consolidation to obtain the
desired homogeneity of the microstructure and, consequently, physical and
mechanical properties of the sintered sample. At present, typical spark
plasma-sintered samples have a cylindrical shape and should be machined after
sintering. Nevertheless, the high hardness and brittleness of ceramics make
machining very difficult or even impossible.

Therefore, the solution proposed in this paper, to create a special graphite mold
and sinter ceramic cutting inserts with square shape. In addition, in order to com-
pensate thermal gradients of spark plasma sintering additional heating system was
used. This hybrid system leads to enhanced sintering behavior with optimized
homogeneity.

The objective of the present work was to investigate the sintering behavior of
ceramic cutting inserts with square shape and study microstructure and mechanical
properties of sintered samples.

Materials, Methods, and Characterization

Modeling

Numerical modelingwas performed by finite element method of the SPSAl2O3–SiCw

samples in the form of square plates SNGN standard geometry. The temperature
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distribution and mechanical stresses in the sample and in the mold were obtained.
Numerical modeling was performed using the software COMSOL Multiphysics.

The properties of materials—graphite, alumina, and silicon carbide were
obtained from standard materials library of COMSOL Multiphysics software.

Numerical simulations were performed by solving the dual problem of ther-
moelectric and static loading in the COMSOL Multiphysics software. The ther-
moelectric task of heating sample was solved using a special module Joule heating.
The task of modeling the stress–strain state of the system at the applications of
static loads to the upper punch size of 100 MPa for 120 s was solved in the Solid
Mechanics module of the COMSOL Multiphysics software.

Raw Materials

Al2O3–SiCw was used of Ceramtuff (grade HA9S) “ready-to-press powder”, a
commercial blend of alumina (Al2O3) powder and 17 vol.% of silicon carbide
whiskers (SiCw), fabricated by the company Advanced Composite Materials, LLC
(Greer, SC, USA), was chosen for the production of ceramic-graphene composites.
The typical properties of HA9S after sintering by hot press at 1850 °C are presented
in Table 1.

Spark Plasma Sintering

Powder densification was performed by SPS (FCT Systeme GmbH, KCE FCT-H
HP D-25 SD, Rauenstein, Germany) at a maximum temperature of 1780 °C,
reached under vacuum at a heating rate of 100 °C/min, and an applied pressure of
80 MPa. The final temperature and pressure were maintained for 3 min. Sintering
temperature was chosen based on a previous study [11].

Table 1 Properties of the Ceramtuff blend after densification

Density
(% uth)

Flexural
strength
(MPa)

Young
modulus
(GPa)

Hv
(GPa)

KIC

(MPa √m)
Thermal
conductivity
(W/m K)

Thermal
shock
resistance
DT (°C)

Coefficient of
thermal
expansion (10−6/
°C)

99 550–700 400 20.7 7–9 35 1000 6.8
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Microstructural Characterization

Scanning electron microscopy (SEM) characterization was carried out on polished
down to 1 µm and thermally etched surfaces (1250 °C for 3 min) by VEGA 3 LMH
(SEM Tescan, Brno, Czech Republic). The density of the sintered samples (q) was
measured in distilled water using Archimedes’ principle and was compared with the
theoretical value, calculated according to the rule of mixtures.

Mechanical Properties

Vickers hardness, Hv, was measured on polished surfaces using a Vickers diamond
indenter (QNess A10 Microhardness Tester, Salzburg, Austria), applying a load of
98 N and an indentation time of 10 s. The magnitude of the Vickers hardness was
determined according to:

Hv ¼ 0:1891P=d2; ð1Þ

where P is the applied load (in N) and d is the average length of the two diagonals
(in mm). The sizes of the corresponding indentations were determined via SEM.
The hardness results were averaged over 10 indentations per specimen.

Fracture toughness (K1c) was measured using single edge notched beams
(SENB, dimension 3.0 � 4.0 � 45 mm3). Tests were performed at room temper-
ature, using the same testing machine applied for flexural strength determination, at
a crosshead speed of 0.5 mm/min with a span of 40 mm. Specimens were notched
with a diamond blade saw. The method and formulas for calculating K1c have been
reported elsewhere [12].

Machining Testing Conditions

The efficiency of cutting tools is determined by measuring wear occurring on the
contact surface between the tool and the machined material. It is important to note
that the wear observed in the tool depends on the properties of the tool material as
well as the machined material, but also on wear testing conditions.

As a criterion of quality of the cutting inserts was chosen the wear of its rear
surface, which occurs the turning of cylindrical samples of X8NiCrAlTi32-21 ISO
4955 heat-resistant steel.

The longitudinal turning of steel specimens was performed with the following
testing conditions: cutting speed V = 300 m/min and traverse S = 0.15 mm/rev,
depth of cut t = 0.5 mm. The maximum limit in wear on the backside of the cutting
edge of ceramic materials was taken to be h = 0.5 mm, as higher values are

400 E. Kuznetsova et al.



considered as catastrophic wear, Outbreaks of wear plates were observed and
measured with an optical microscope Zeiss discovery v12.

For comparison purpose, inserts from standard disk Al2O3–SiCw SPS samples
were also used.

Results and Discussion

Figure 1a, b shows the FEM modeling results. Figure 1c exhibits a square cross
sectional near-net shape spark plasma sintering graphite die for ceramic inserts
fabrication. Figure 2 shows the SEM micrographs of a fracture surface of
(a) standart disk-shaped and (b) near-net shape samples of the Al2O3-SiCw ceramic
composites sintered by SPS.

The theoretical density for the composite of Al2O3 matrix with 17 vol.% of SiC
whisker reinforcements was calculated, and its value is qteor = 3.86 g/cm3. The
measured density of the sintered samples was 3.83 ± 0.1 g/cm3, and this value is

Fig. 1 The FEM modeling results and (a), (b), and near-net shape graphite mold (c)
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the 99.2% of the theoretical. This value indicate the possibility of obtaining density
material by the using molds with square cross section.

The sintered samples’ hardness and the fracture toughness were measured in
three different regions of the cross section, from the periphery to the center, in order
to determine the presence of possible mechanical properties’ anisotropy caused by
temperature gradients during SPS process (Table 2).

The hardness values of two different cross sections do not change significantly
between the three different regions and this indicates that the properties in the
volume of the material are practically the same for both cases (Table 2); moreover,
it confirms a uniform distribution of the heat on the sample during the sintering
process.

The average fracture toughness of the samples with circular and square cross
sections are 7.82 and 7.74 MPa m1/2 respectively. These values of hardness and
fracture toughness are higher than the common values of samples obtained by
conventional sintering methods. Analysis of fractured surfaces shows a uniform
distribution of silicon carbide fibers throughout the volume for the samples with
different cross sections (Fig. 2a, b).

Figure 2b shows that, in the structure, the grains have different sizes, but there
are no abnormally large dimensions. Thereby, with a selection of the optimal

Fig. 2 SEM micrograph of the fracture surface of the standard disk Al2O3–SiCw composites
(a) and near-net shape Al2O3–SiCw composites (b)

Table 2 Properties of the composites with different molds design

Density (%
uth)

Hardness,
Hv

Toughness, KIC

(MPa √m)
Life time of cutting
inserts, s, s

Wear major flank,
h (mm)

Standard
disk

99 2165 7.80 2.8 0.51

Near-net
shape

99 2198 7.83 3 0.48
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parameters for the hybrid SPS process we were able to obtain a uniform
microstructure in the sintered ceramic sample with a complex shape.

The machining test shows (Table 2) that the tool life of the ceramic cutting
inserts with a complex shape (square cross section) was 2.8 min, and the tool life
for the inserts obtained from the sample with circular section was 3 min. These
results indicate that the tool life of the sample with the square cross section is not
much different from the second sample.

It should be noted that properties of the ceramic cutting inserts with complex
shape were achieved by pre-selecting the optimum geometrical parameters of the
graphite die for the SPS equipment, which provide a uniform temperature gradient
in the volume of the sintered sample.

Conclusion

Fully dense and homogeneous Al2O3–SiCw square-shaped ceramic composites have
been successfully fabricated by Hybrid Spark Plasma Sintering. No significant differ-
ences in hardness (2209 HV) and fracture toughness values
(7.82 MPa m1/2) were found in comparison with the composites produced from tra-
ditional SPS sintered cylindrical samples by diamond cutting. Therefore, SPS graphite
mold with complex shape offers multiple advantages over traditional cylindrical
forms and enables advanced ceramic materials to be intricately shaped with required
accuracy and machining cost reduction.
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