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ABSTRACT KEYWORDS
The present work aims to investigate the geometrical parameters of the graphite die on energy Sintering
consumption needed for sintering of a ZrB, sample. The Maxwell and electrical charge ZrB,

conservation equations are solved to obtain the electrical potential and current of the system.
The governing equations are discretized by the Galerkin method and solved using the finite

Energy consumption
Numerical method

element method. The electric current distribution is obtained at each geometry and the

temperature contours are obtained. The results showed that the height of die has a direct effect

on power consumption. This can be attributed to the increased electric resistance and

consequent increased Joule heating. On the other hand, increasing the die height resulted in

more uniform temperature distribution through the sintered sample.
© 2021 The Authors. Published by Synsint Research Group.

1. Introduction

Owing to the concerns about the environmental issues and lack of fossil
fuel resources, it is needed to enhance the performance of the working
devices [1,2]. The energy saving may be obtained by introducing new
operational methods [3] or increasing the efficiency of the devices
using passive or active enhancement methods [4-6]. Manufacturing
technology consumes a high percentage of energy, therefore investment
in this area may result in remarkable energy saving. Among the wide
range of manufacturing methods, sintering is a very useful method that
has attracted more attention in the product of material that is hard to
shape or have high melting points [7]. However, this method needs a
high amount of energy. Among the different methods of sintering,
spark plasma sintering (SPS) has attracted more attention, recently
[8,9]. The SPS is a densification method in which rapid heating is
generated using a high electric current [10,11]. The ceramic powder is
pressed uniaxially inside the graphite die. The electric current generates
by applying a pulsed low DC electric potential. The rapid heating as a
result of the Joule effect improves densification of the ceramic at
working temperatures, which are typically lower than the temperatures

needed for pressureless methods [12—14]. Also, the lower process time
minimizes grain growth. The fine-grained microstructures and also the
metastable phases may disappear in other types of sintering, however,
the SPS method is capable of retaining these structures [15].

The SPS method is investigated widely both experimentally and
numerically. The experimental methods have some drawbacks such as
costs, and related uncertainties. On the other hand, it is difficult or
sometimes impossible to get data in any position of the sintering setup.
Numerical methods are powerful techniques, that their ability has
proved in almost all branches of science including heat and mass
transfer [16,17], biomechanics [18], manufacturing processes [19-21],
etc. Employing the numerical methods help to find a proper sintering
condition and have better control on the microstructure of the sintered
samples. [22-26].

Mufioz, and Anselmi-Tamburini [27] employed a numerical method to
investigate the temperature distribution in spark plasma sintering
(SPS). They also investigated the resulted stress of this process and
showed that the electrical conductivity of the sample directly affects
the current distribution of the whole system. At a steady-state

condition, the temperature remained constant, however as the
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electricity turned off, the progressive temperature drop is observed.
This decrease comes back to the conduction and radiation-based losses.
They also reported that the difference in thermal expansion of the
sample and surrounding parts has a direct effect on resulted stresses.
Yushin et al. [28] investigated the temperature distribution and
mechanical stresses in the sample and the mold numerically in alumina
and tungsten carbide powders. In the samples made of aluminum oxide,
they found a considerable diagonal temperature gradient. They
proposed several methods for homogenizing the temperature field such
as the extended hold at a maximum temperature during the sintering
process or the application of a matrix of different shapes and sizes or
made of different materials. Mani¢rea et al. [29] used an electro-
thermal simulation of the SPS process with finite element modeling to
investigate electro-thermal contacts in the spark plasma sintering
process. They claimed that the electrical contact resistance (ECR) led
to the temperature rise of the overall system (die, punches, and
sample). Song et al. [30] used the finite element method (FEM) for the
one-step-forming process of spark plasma sintering considering local
densification of powder material. They found that increasing the
sintering pressure decreased the sintering temperature and temperature
gradient. They found the considerable effect of thermal expansion of
the die and powder compact on stress distributions. They also reported
that the temperature distribution affected the mechanical stresses and
that the applied external pressure played an important role in the
densification. Zavaliangos et al. [31] used both experimental and
numerical simulations to obtain the temperature distribution in the
specimen/die/punch setup during field-activated sintering. They found
a considerable radial and axial temperature gradients in the specimen.
Furthermore, they reported that the punches experienced the highest
temperatures while the minimum value was on the outer die surface.
Their results showed that there was almost linear relation between the
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Fig. 1. Geometrical specifications and parameters of SPS system.

die surface and the inside temperatures that can be useful for
calibration of the temperature inside the specimen against the die
surface temperature.

The literature review shows a wide range of researches in the
application of SPS as a manufacturing method. However, the energy
consumption of SPS is not investigated properly. An SPS setup consists
of the different parts which play a direct role in energy consumption.
Considering the importance of energy and related problems, the present
work focuses on the effect of geometrical parameters on energy
consumption, during the sintering of a ZrB, sample. Zirconium
diboride is one of the UHTCs family that has a high melting point, high
strength, and great resistance against harsh working conditions. The
wonderful properties of this material have led to use in the aerospace
industry and foundry or electrical devices such as electrode or crucible
materials for molten metal contacts [32—34]. The governing equations
of the electric current and heat diffusion are solved numerically using
the finite element method and temperature distribution is obtained. The
energy consumption needed for sintering is obtained using applied

voltage and consumed electric current.

2. Methodology

2.1. Geometry

The computational domain is selected the same as the reference [35].
This system includes a graphite die in which the ceramic powders are
poured in it and is pressed uniaxially to produce a dense product. The
other parts of the systems are graphite punches, spacers, and upper and
lower electrodes. The upper and lower parts of the system are made by
Inconel and cooled by water flow. The detailed information can be
found in Fig. 1. The present work aims to investigate the effect of die
geometry on energy consumption during SPS of a ZrB, sample. The
height of the graphite die is shown by “h” and the thickness by “t”.

2.2. Governing equations

Due to the applied electric potential, an electric current passes through
the system. The intrinsic resistance against the electron passages results
in heat generation. To simulate this phenomenon, the Maxwell and
electric charge conservation equations should be solved to obtain the
electric potential distribution and the electric current at each point. At
the same time, the heat diffusion equation is needed to provide the
temperature  distribution. Since the properties are temperature
dependent, therefore these equations should be coupled and solved
simultaneously.

Maxwell’s equation is as [36]:

VJ =V(cE)=V(-cVU) =0 1)

Where J, is the current density, E is the electric field, U is the electrical
potential, and o is the electrical conductivity of the used materials.
The electric current equation is as:

roai,) i, @)

r or 0z

The current densities in r and z directions are given by i, and i,
respectively.

The SPS devices generally generate the pulsed type electric potentials;
therefore, the RMS (Root—mean—square) values of the voltage and the
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Table 1. The properties of the different parts of the SPS system as the function of temperature (T in Kelvin).

Material Graphite [29] ALO; [37] ZrB,[38,39] Inconel [37]
. 427 +2.72xT -5
Heat capacity (J/Kg.K) 3427+ Z x s 8.5x102 2.52x107 xT 344+0.25xT
-9.6x107*xT —80.2x T +0.704
s Lox10° - 3 3 84310’
Density (Kg/m’® E A3 x
ensity (Kg/m”) L414x102T 3.9x10 6.08x10
.. 82.85-0.06x T
Thermal conductivity (W/m K) x 3915350 60.316+0.0041x T 0.0157x T +10.09
+2.58x107° x T? T
2.14x107° ,
ic resistivi ° 0.0589T + -
Electric resistivity (€.m) _134x10°8 xT 8.7x10 . 9.82x107" +
T482 5.4894 x 10 _10
+4.42x107% xT? 1.6x107°xT

current are used in the governing equations. The RMS value of the Here, the thermal conductivities in r and Z directions are given by k,

voltage is defined as [37]: and k,, respectively. The density is shown by p and, whereas C, is

chosen to denote the heat capacity. The temperature is given by T.

3 2.3. Material properties

where u shows the time-dependent voltage, P is the period of voltage The temperature interval of the SPS is large; therefore, the temperature-

function, and 7 is the time. A similar function is used to find the RMS dependent properties should be used in governing equations. The

value of the current. The product of the electric current by the electric properties of the used materials in SPS as a function of temperature are

potential gives the joule heating which is used as a heat source in the given in Table 1.

heat diffusion equation. 2.4. Boundary and initial conditions

The generated heat as a result of the Joule effect is defined as:
q;= JE “) The governing equations are a series of differential equations that need
. . related boundary and initial conditions to be completely solved. The
where E is the electric field. . - R
o L. Lo . applied boundary conditions of the present work are shown in Fig. 2.

The heat diffusion equation in cylindrical form is as: . . . .
The outer surfaces of the device are considered as electrically insulated

(brick red and yellow lines in Fig. 2). At the upper surface, the electric

or 10 oT 10 oT 5 L . .

pC,—=-—(k, —)+——(k,—) +q; %) potential is used and the lower surface is connected to the ground (i.e.
ot ror or z 0z oz

Z (mm) _—

Radiation to chamber wall £e=0.8
and electric insulation

Thin layer: thickness 0.1 mm
. w

thermal conductivity 0.04 =
m.

Radiation to chamber wall £=0.67
and electrical insulation

5 - . w
Convection heat transfer h= 880 ——
oo m2.K

and ground (v=0)

Thermal and electric insulation

> 1 (mm)
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!

Fig. 2. Boundary conditions.
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Fig. 3. Validation of the present work using the data provided by Pavia et al. [37].

V = 0). The upper and lower surfaces are cooled by water flow;
therefore, the convective heat transfer boundary condition is the main
mechanism of cooling (see Fig. 2) which is given by Newton cooling
law as:

qc:hc(Ts_Tw) (6)

Here, the dissipated heat flux by the water is shown by q, whereas the
convection coefficient is shown by h.. The surface and the water
temperatures are shown by T, and T, respectively. Based on reference
[35] the convection coefficient for both upper and lower surfaces is
considered to be h, = 880 (W/m>.K).

The sintering setup is embedded in a vacuum condition, therefore the
heat losses from the side walls can be considered as only radiation. The

heat transfer by radiation mechanism can be expressed as:
4 4
q,=0.&(T, -T,) (7

Where the radiation heat flux is shown by {;, the emissivity of
material by € (0.8 for the graphite [24] and 0.67 for the Inconel [29]),
and the Stefan—Boltzmann constant by o,. The temperature of the
emission surface is given by T. while T, shows the temperature of the
chamber walls.

A thin layer with the thickness of 0.1 mm and thermal conductivity of
0.04 (W/m.K) is considered as the thermal contact at the interface of
Inconel and spacer (blue lines in Fig. 2), a thin layer with an equivalent
thickness of 0.1 mm and is considered [29]. According to Maniére et al.
[10], the electric contact resistance (ECR) becomes negligible at
temperatures above 800 °C and pressures higher than 50 MPa. The
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Fig. 4. Effect of die height on radial temperature distribution of the sintered sample.
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Fig. 5. The temperature contour in the three-dimensional view.

working pressure, in the present work, is in the order of 100 MPa,
therefore the ECR is considered to be zero. Also, the sintering
temperature is 2000 °C [37,39].

3. Results and discussion

The present work aims to investigate the effect of geometrical
parameters on energy consumption during the SPS. In this regard, the
thickness and the height of the graphite die are changed and the needed
energy to reach the sintering temperature is calculated.

To validate the present simulation, a computational domain same as
Pavia et al. [37] was considered and the temperature distribution was
compared. The compared results are depicted in Fig. 3 which shows a
good agreement. Therefore, the simulation can be developed to other
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geometries to obtain the temperature and current distribution and
consequently the energy consumption by each case.

The effect of die height on radial temperature distribution in the sample
is given in Fig. 4. In all cases, the center of the samples has the
maximum temperature value and this quantity decreases toward the
sample edge. Since both the ZrB, and graphite are electrically
conductive, the Joule effect results in heat generation in all parts. As
the height of the die increases, the outer surface gets higher
temperatures. In other words, as the height increases, a more uniform
temperature can be obtained. The passing electric current in the die also
generates heat. The electric resistance has a direct relation with the
length of the path where the electrons pass. The outer surface of the
system is subjected to vacuum and the heat dissipates to the
surrounding via radiation. It seems that higher values of heat generation
in the die with bigger height compensate some part of the heat losses as
a result of radiation. The temperature contour in a three-dimensional
view is shown in Fig. 5. The cooling by water brings the temperature to
its lowest value, whereas the center of the system has the maximum
value. The temperature contours and the related electric current
streamlines are depicted in Fig. 6. It is clear that the current lines in
shorter dies are more intense which result in a higher temperature zone
near the ZrB, sample, whereas, in the higher die, the electrons find a
larger cross section to pass therefore the current lines are far apart
which result in more uniform current distribution and consequently
more uniform temperature distribution.

The effect of die thickness on radial temperature distribution is
depicted in Fig. 7. The results assert a little difference between the
obtained temperatures. The current streamlines and related temperature
countors for two thicknesses are depicted in Fig. 8. The thickness of the
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Fig. 6. Temperature countors and electric current lines for two different height of the die.
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Fig. 7. Radial temperature distribution versus die thickness.

die plays a direct role in current density. Referring to Fig. 8, the current
lines in the thicker die are more uniform whereas, in the thinner die, the
current intensity is higher in the sample. Increasing the die thickness
provides a higher cross section for electrons flow. The uniformity in
current density results in more uniform temperature distribution. In
other words, the nonuniform temperature distribution may result in
higher thermal stresses and consequently concerns about the failure of
the SPS system.

The energy consumption via the height of the die is depicted in Fig. 9.

Temperature distribution
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It is clear that by increasing the die height, the power consumption
increases. As mentioned before, increasing the die height results in an
increase in the overall resistance of the system and consequently
increased power consumption

The power consumption versus die thickness is depicted in Fig. 10. It
can be seen that for the thicker die, a higher rate of energy is needed.
Referring to Fig. 8, as the thickness increases, the total cross section for
passing the electric current increases. The cross section is in inverse

relation to electric resistance. Therefore, for a constant electric

Current lines

b)

d)

Fig. 8. Temperature contours and current lines versus die thickness.
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Fig. 9. Energy consumption versus die height.

potential difference, as the cross section increases the net current
increases and results in higher power consumption.

As a comprehensive conclusion, the electric current and the subsequent
power consumption for suggested geometries are gathered in Table 2.
Also as a special case, the outer surface of the system is isolated to
prevent heat loss as a result of radiation. This case is applied for the
case of h =60 mm and t =17 mm.

In the base case, the electric current and electric potential are 5625.4 A,
and 5.05 V, respectively. In the case of height variation, where the
thickness is kept at 17 mm, by increasing the height of the die, the
needed current for sintering increases. The increased current result in
higher power consumption. As a conclusion, increasing the die height
increases energy consumption.

For a constant height of 60 mm, as the thickness increases the energy
needed for sintering gets higher values. The highest value for energy is
obtained at the case of h = 60 mm and t = 25 mm.

Referring to Table 2, remarkable energy consumption is obtained in the
case of insulation. Here, the outer surface of the system is insulated
against radiation. The energy consumption is 9.8026 kW which is 35%
of the standard case without insulation. It means that the insulation of
the system against radiation may result in 65% energy saving and
related costs. Also, the needed current and electric potentials for this
case are 3391.9 A and 2.89 V, respectively.

Table 2. Electric current and energy consumption at different heights
and thicknesses.

Type 1(A) V) P (kW)
Base 5625.4 5.05 28.40827
insulation 3391.9 2.89 9.802591
h =30 mm 3667.3 4.23 15.51268
h =40 mm 4235.3 4.58 19.39767
h =50 mm 4555.2 4.74 21.59165
h=55mm 52459 497 26.07212
t=9 mm 5062.3 4.79 24.24842
t=14 mm 5469.1 4.97 27.18143
t=21 mm 5767.8 5.13 29.58881
t=25mm 5848.2 5.17 30.23519

Power (kW)

9 14 17 21 25

Die thickness (mm)

Fig. 10. Energy consumption versus die thickness.

4. Conclusions

A numerical simulation is performed to investigate the effect of
graphite dies geometry on energy consumption during the sintering of
Z1B,. Space charge energy conversion and heat diffusion equation are
solved numerically using the finite element method. The results
showed that the higher height of the die results in a more uniform
temperature distribution in the sintered sample. However, it needs more
energy consumption. Using a thicker graphite die needs more sintering
energy. This can be attributed to the increased cross section for electric
current and subsequently increased power consumption. The thickness
of the die showed a negligible effect on temperature uniformity.
Radiation is the main mechanism of the heat losses, therefore, as a test
case, the outer surface of the system was isolated against the radiation.
A 65% energy saving was obtained for sintering of the ZrB,. This
remarkable reduction in energy consumption, not only decreases the
electricity cost but also may result in an increased life span of the SPS
system.
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