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Abstract—Spark plasma sintering is a method of consolidating nanostructured powder materials and also
composites and gradient materials in the presence of an electromagnetic field, by means of low-voltage
sources of powerful current. The main benefit of spark plasma sintering is that previously impossible struc-
tures, properties, and compositions may be produced. The finite-element method is used to analyze the con-
solidation of samples by spark plasma sintering and by a hybrid method in which spark plasma sintering is
combined with hot pressing. Corresponding numerical models are tested.
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INTRODUCTION

Nanostructured metals and ceramics are of great
practical and scientific interest at present, on account
of their distinctive properties. Accordingly, new meth-
ods and equipment for the machining of such materi-
als are required [14—17, 20—25].

The most effective approach is spark plasma sinter-
ing, which involves the hot pressing of powder. A puls-
ing direct current permits rapid heating of the matrix
and powder. Spark plasma sintering reduces the time
for sample synthesis and improves the quality of the
sintered material. In particular, nano- and submicro-
structure may be retained in nanopowders on consoli-
dation by this means.

In spark plasma sintering, heating involves passing
pulsating direct current through the matrix and pow-
der (Joule heating). Another option is hybrid heating,
in which spark plasma sintering is combined with hot
pressing based on inductive heating. This eliminates
the temperature gradient in spark plasma sintering,
which usually runs outward in the sample. The addi-
tional inductive element creates the opposite temper-
ature gradient and thereby ensures a uniform temper-
ature gradient over the cross section of the part.

However, the practical introduction of these meth-
ods is hindered by a lack of theoretical analysis. Our
understanding of the physical processes within the
powder on spark plasma sintering is insufficient for
effective design and optimization of the process
[18,19].

In the present work, we simulate the temperature
and stress distribution within the part and matrix for

spark plasma sintering in an FCT Systeme KCE-FCT
H-HP D 25 system, with and without hot pressing.

To facilitate numerical modeling and finite-cle-
ment analysis of spark plasma sintering and test the
results, we create a simplified geometric model of the
equipment. The properties of the materials employed
are taken from literature sources [1—6, 13].

The following initial data (control parameters) are
specified in creating a technological process for con-
solidation by spark plasma sintering (or hybrid sinter-
ing) on a FCT H-HP D 25 system: the sintering tem-
perature of the sample (°C); the temperature of the
mold (°C); the pressing force (kN); the sample’s hold-
ing time at the sintering temperature (s); and the time
of force application (s). For numerical modeling,
other input data must be specified: the initial temper-
ature of the sample, equipment, and chamber (°C);
the direct current used in heating (A); the electrical
voltage used in heating (V); the pressing force (kN) or
pressure (Pa); and the time of current, voltage, force,
or pressure application (s).

The data required for finite-element modeling are
entered in the computer memory in the course of sin-
tering. These data, which reflect the actual sintering
process over time, are subsequently used to compare
the results of finite-element modeling with experi-
mental data and also to correct the numerical model.
In Fig. 1, we show the data recorded in the consolida-
tion of a sample (diameter 80 mm) from tungsten-car-
bide powder by the hybrid method (spark plasma sin-
tering + hot pressing).
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Fig. 1. Parameters for the hybrid sintering (spark plasma
sintering + hot pressing) of a sample (diameter 80 mm)
from tungsten-carbide (WC) powder: (/) upper pyrometer,
temperature (°C); (2) lateral pyrometer, temperature (°C);
(3) upper punch, temperature (°C); (4) lower punch, tem-
perature (°C); (5) heating current (daA); (6) force (kN).

The theoretical model of powder consolidation by
spark plasma sintering is based on partial differential
equations describing the nonsteady heating and heat
transfer in the associated thermoelectric problems; the
stress—strain state of the system due to thermal expan-
sion of the materials and the application of external
pressure; and the compaction of the powder under the
action of temperature and pressure.

The input control parameters for the model are the
boundary conditions and the load. The properties of the
equipment sample, which are entered in a file in the
ANSYS library of materials, are also important input
data, largely determining the outcome of modeling.

The boundary conditions in the model relate to the
initial temperature (K), the vacuum-chamber volume
(m?), the emissivity of the system components, and
the Stefan—Boltzmann constant (W/(m? K%)).

The loads in the model (in thermoelectric analysis)
are the direct current (A) and voltage (V).

This is a nonsteady model. An additional input
parameter (prior to numerical modeling) is the time
(s) of action of the load (current or voltage).

Besides numerical analysis of the distribution of
mechanical and thermal stress in the equipment and
the sample, this numerical model permits analysis of
the stress—strain state of the whole system, since the
distribution of mechanical and thermal strain may be
calculated.

A finite-element model for powder sintering by the
hybrid method (spark plasma sintering + hot pressing)
is created on the basis of COMSOL Multiphysics soft-
ware. By means of an interactive interface, that soft-
ware permits the simulation of complex processes such
as hybrid sintering, with the following components:
Joule heating of the equipment (molds and punches)
and the sample with passage of a large direct current
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Fig. 2. Temperature distribution after 120-s passage of
1200 A (a) and 5000 A (b) with an initial temperature of
523 K; and mechanical-stress distribution when P =
394.7 kPa, after 120-s passage of 1200 A (c).

(heating by spark plasma sintering); inductive heating
of the conductors by a cylindrical ac inductive heater
(heating in hot pressing); the stress—strain state of the
equipment and sample determined by the mechanical
and thermal stress that arises in heating and pressing;
and the compaction of the powder under the action of
temperature and pressure.

In Fig. 2a, we show the temperature distribution in
the model after passage of a 1200-A current for 120 s.
The maximum temperature (750 K) is attained not in
the sample or the mold but in the punches. This may
be attributed to the high conductivity of tungsten car-
bide, as a result of which the current flows directly
through the sample and intensely heats the punches
and sample, beginning at the center. At the beginning
of tungsten-carbide sintering, there is a considerable
temperature gradient in the sample [7]. The modeling
data are consistent with the experimental results in the
memory of the system for spark plasma sintering (to
within £15—20%). This may be attributed to the fol-
lowing factors:

(1) the stored experimental data correspond to the
hybrid process rather than to pure spark plasma sintering;

(2) the data on the properties of the equipment and
the sample employed in modeling are mainly taken
from literature sources and are not actual data regard-
ing the properties of the specific materials employed in
the experiment.

In Fig. 2b, we show the temperature distribution in
the model after passage of a 5000-A current for 120 s.
This corresponds to transition to the final stage of pow-
der heating. As we see, the temperature distribution over
the sample cross section is uniform; the discrepancy
with the experimental data is no more than 10%.

Numerical analysis of Joule heating of the mold,
punches, and powder in spark plasma sintering of
tungsten carbide permits the determination of the dis-
tribution of mechanical and thermal stress in the
model (Fig. 2c) [13].

The three-dimensional solid-state model of the
system for hybrid sintering is shown in Fig. 3: it con-
sists of graphite equipment for spark plasma sintering
of samples (diameter 80 mm) and a copper cylindrical
induction heater, separated from the graphite equip-
Vol. 36
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Fig. 3. Three-dimensional solid-state model of the sys-
tem for hybrid sintering (spark plasma sintering + hot
pressing).

ment by thermally and electrically insulating graphite
felt. The solid-state model introduced in COMSOL
Multiphysics software is a geometric model, to which
a finite-element grid, boundary conditions, and loads
are successively applied. The boundary conditions are
the initial temperature of the model; the emissivity of
the system components (the radiant heat losses in the
vacuum chamber); and the attachment of the compo-
nents of the graphite equipment and the inductive
heating element.

In this model, the applied loads are the direct cur-
rent supplied to the graphite electrodes; the alternat-
ing current supplied to the inductive element; and the
pressure applied to the graphite punch.

The properties of the equipment and sample in the
model are identical to those in the model of spark
plasma sintering. The inductive element is made of
copper; the properties of the heart-insulating graphite
felt are taken from the standard COMSOL Multiphys-
ics library of materials.

Test results of the model for hybrid sintering show
considerable differences in the temperature distribution
within the sample, punches, and mold. As we see in
Fig. 4a, the hybrid method (spark plasma sintering +
hot pressing) ensures a more uniform temperature dis-
tribution in the mold and the powder than in spark
plasma sintering, which is characterized by a temper-
ature gradient in ordinary conditions (Fig. 4b) [8, 9].

These results are consistent with those for the spark
plasma sintering of a sample (diameter 80 mm) of
tungsten-carbide powder (Fig. 1): practically identical
temperature values are obtained from the upper
pyrometer (measuring the temperature in the immedi-
ate vicinity of the powder) and the lateral pyrometer
(measuring the temperature at the surface of the
mold).

Researchers in various countries have studied the
consolidation of complex samples from powder by
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Fig. 4. Temperature distribution in the graphite equipment
and sample for spark plasma sintering + hot pressing (a)
and spark plasma sintering (b) with 100-s application of a
current / = 1500 A.

spark plasma sintering. Two conceptual approaches
may be identified by analysis of such research [10—12].

(1) Consolidation of a complex sample from pow-
der in a mold of the required approach. Technical
equipment with more than two punches or a system
with two complex punches are used, depending on the
complexity of the sample’s shape.

(2) Production of the required sample by combin-
ing spark plasma sintering with extrusion or pressing.
The initial blank is a presintered sample of simple
shape [10].

However, these approaches require special equip-
ment: punches and molds of specified size and shape.

The design of such special sintering tools is very
challenging and has not been adequately studied. The
basic requirements on the punches and molds for the
sintering of complex samples are satisfactory consoli-
dation of powder in direct sample formation (such that
the size and density of the grains are the same or cor-
respond to a gradient over the sample volume); and
compatibility of the shaping load with the sample
strength (for both approaches). Therefore, the design
of punches and molds must include finite-element
modeling for calculation of the sample strength and
calculation of the thermal and electrical fields in con-
solidation.

In the present work, we create numerical models
for finite-element analysis of the distribution of the
temperature, current density, heat fluxes, and stress—
strain state in the mold and sample, in the cases of
spark plasma sintering and the hybrid method (spark
plasma sintering + hot pressing). All the models are
created and tested by means of COMSOL Multiphys-
ics software.

The model of direct consolidation from powder
(Fig. 5) corresponds to the sintering of samples in the
form of rectangular and rhombic prisms, with round-
ing at the tips (analogous in geometry to standard lathe
cutters), as well as samples of bush type.
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Fig. 5. Numerical model of the direct consolidation of a
square WC plate by spark plasma sintering. 7= 120°C.
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Fig. 7. Equivalent-stress distribution in the consolidation
and shaping of a WC plate (a) and an Al,O3 bush (b). T'=
120°C.

In these models, the punches and molds are made
from the same graphite as in modeling the consolida-
tion of tungsten carbide; the sample consists of pure
tungsten carbide or pure aluminum oxide Al,O;.

The numerical model of the production of a com-
plex sample from a presintered blank (Fig. 6) corre-
sponds to shaping by spark plasma sintering and
inverse pressing (extrusion) of sleeve samples from
titanium and aluminum composite.

The calculation of the strength during the spark
plasma sintering of complex samples is required to
determine the shape and dimensions of the punches
and molds and also to select or design the material
used in the technological system. The most common
calculation method is as follows: creation of a numer-
ical model of sintering and shaping (or simultaneous
sintering and shaping); finite-element simulation of
the process and identification of the equivalent-stress
distribution within the sample, punches, and molds;
analysis of the stress state to find the stress concentra-
tors and the maximum stresses (within the system ele-
ments); experimental verification; and comparison of
the modeling results and experimental data.

Analysis of the numerical results for the stress state
in the sintering of samples of tungsten-carbide and
aluminum-oxide powder (square and rhombic plates
and annular bushes) indicates that, in the given load-
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Fig. 6. Numerical model of the production of a TiAl-compos-
ite bush by spark plasma sintering + extrusion. 7= 60°C.
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Fig. 8. Numerical modeling of the stress distribution in the
spark plasma sintering of a presintered TiAl composite
blank.

ing conditions, the stress in the complex punches does
not exceed 30 MPa (Fig. 7).

This stress is considerably less than the strength of
the graphite from which the laboratory punches and
molds are made. At this stage, preparations are under-
way for experiments on the sintering and shaping of
complex samples from powder and the parameter
adjustment of the numerical models so as to permit cor-
relation with practical data on spark plasma sintering.

The stress—strain state in the extrusion of a presin-
tered blank heated by current transmission is charac-
terized by larger stresses and strains than in combined
consolidation and shaping (Fig. 8).

Finite-element models are created on the basis of
COMSOL Multiphysics software for analysis of the
temperature distribution in samples of specified shape
and the corresponding equipment in spark plasma sin-
tering (both hybrid consolidation and shaping and
extrusion of a presintered blank). The system is heated
by applying a direct current /= 10000 A for 120sto a
graphite punch—electrode. In Fig. 9, we show the tem-
perature distribution in the sintering of 12 X 12 mm
square plates (tip radius 1.6 mm) of tungsten carbide
(a) and aluminum oxide (b).

In sintering plates of electrically conducting tung-
sten carbide, the maximum temperature of 2948 K
appears in the sample and falls with steady gradient
from the center of the sample to the graphite punch
Vol. 36
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Fig. 9. Temperature distribution in the consolidation and
shaping of a WC plate (a) and an Al,O5 plate (b).

(Fig. 9a). At the corners of the square, we observe the
minimum sample temperature (around 2800 K). In
the aluminum-oxide sample, we observe the opposite
gradient and a lower maximum temperature (Fig. 9b).
To reduce the temperature difference, we may use the
hybrid method (spark plasma sintering + hot pressing)
or more prolonged Joule heating.

CONCLUSIONS

(1) Finite-element modeling of the physical pro-
cesses in the spark plasma sintering of nanostructured
powder materials provides the following results.

(1.1) The creation of a numerical model of the
spark plasma sintering of samples from tungsten-car-
bide powder by means of ANSYS software in APDL
programming language.

(1.2) The creation of a numerical model of the
hybrid sintering (spark plasma sintering + hot press-
ing) of samples from tungsten-carbide powder by
means of COMSOL Multiphysics software.

(1.3) The development of numerical models of
spark plasma sintering with the creation of samples of
specified shape and size.

(1.4) Theoretical confirmation of the possibility of
sintering samples of specified shape and size.

(2) The numerical models that have been devel-
oped may be used for the following purposes.

(2.1) Finite-element analysis of the distribution of
mechanical and thermal stress in samples of tungsten
carbide or other materials and also in the technologi-
cal equipment at different stages of spark plasma sin-
tering or the hybrid process (spark plasma sintering +
hot pressing).

(2.2) Finite-element analysis of the density distri-
bution in samples of tungsten carbide or other materi-
als and also in the technological equipment at differ-
ent stages of spark plasma sintering or the hybrid pro-
cess (spark plasma sintering + hot pressing).

(2.3) Design, testing, and optimization of special
equipment (molds and punches) for the consolidation
of complex samples by spark plasma sintering or the
hybrid process (spark plasma sintering + hot pressing).

(2.4) The design of technological equipment and
half-molds for the production of nanocomposites with
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specified dimensions, in complete agreement with the
requirements on manufacturing components.
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