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In the paper, the spark plasma sintering (SPS) process for metal particles has been simulated 
based on experimental data and using the finite element method in the thermo-electro-mechanical 
formulation with taking into account the temperature influence on parameters of materials (nickel 
and copper). A comparison of obtained results with experimental data made it possible to create a 
computational model of the SPS process, the model being convenient to evaluate the influence of creep 
and plasticity parameters on the size of the interparticle neck forming in SPS. It was found that the 
creep effect significantly dominated over the plasticity influence on the process of forming the sintering 
neck at high temperatures. In this case, the variation of creep parameters in simulation also actively 
affects the formation of the neck.
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На основе экспериментальных данных в работе промоделирован процесс искрового плаз-
менного спекания (ИПС) металлических частиц методом конечных элементов в термоэлек-
тромеханической постановке с учетом влияния температуры на параметры материалов (ни-
келя и меди). Сравнение результатов моделирования с экспериментом позволило создать 
вычислительную модель процесса ИПС, удобную для оценки влияния параметров ползучести 
и пластичности на размер межчастичной шейки, образующейся при проведении ИПС. Уста-
новлено, что для высоких температур эффект ползучести в несколько раз превосходит влияние 
пластичности на процесс образования шейки спекания. При этом изменение параметров полз-
учести при моделировании также активно влияет на формирование шейки.

Ключевые слова: искровое плазменное спекание, металл, конечно-элементное моделирова-
ние, пластичность, ползучесть, связанные поля
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Introduction

Detailed experimental and theoretical studies [1, 2], as well as simulations [3 – 5] have been 
carried out for sintering and compaction of powder metallurgy products, aimed at improving their 
properties. The technology for obtaining metal powders and manufacturing products from them 
offers several benefits [6, 7], in particular, making it possible to synthesize materials that are dif-
ficult or impossible to obtain by other methods; furthermore, it helps save metal and significantly 
reduces the production costs. Additionally, using pure starting powders yields sintered materials 
with a lower impurity content, better corresponding to a given composition compared to conven-
tional cast alloys. Sintered materials have better mechanical properties compared to cast ones with 
the same composition and density; for instance, the preferred orientation of the crystal grains of 
the metal (texture), which is characteristic for cast equivalents, has a smaller adverse effect. The 
size and shape of the structural elements of sintered materials are easier to control, and even more 
importantly, it is possible to produce such types of mutual arrangement and shape of grains that are 
unattainable for cast metal. 

Due to these structural peculiarities, sintered metals are more heat-resistant, better tolerate the 
effects of cyclic fluctuations in temperature and stress, as well as nuclear radiation, which is crucial 
for the materials used in novel devices. 

Spark Plasma Sintering/Field Assisted Sintering Technology (SPS/FAST) is an effective method 
for obtaining defect-free blanks from powder materials, combining pressing with an intense electrical 
discharge, allowing to obtain compact materials in a very short time. Recently, there has been an in-
crease in the number of studies on spark plasma sintering (see, for example, [11 – 13]). The essence 
of this method for consolidating powder materials is that substances are heated by electric current 
pulses passing through it. This way, the temperature and sintering time are greatly reduced compared 
to conventional high-temperature sintering and hot pressing. 

The difficulties with simulating the given class of problems are due to different sintering mecha-
nisms (plasticity, creep, thermal migration, etc.). In addition, the sintering process consists of mul-
tiple pronounced stages: neck growth, formation and subsequent shrinkage of closed pores. Moreo-
ver, fields of different nature interact in this case: electrical, thermal, chemical and mechanical. The 
nontrivial dependence of electrical and mechanical constants on the temperature of the material can 
cause problems with the convergence of the solution during simulation. This convergence also strong-
ly depends on the parameters of the contact, namely the thermal and electrical conductivity of the 
zone of contacting elements. Finite element modeling (FEM) is a valuable tool for gaining a better 
understanding of the process. FEM was mainly used previously to study macroscopic temperature 
gradients in samples during a fast process [14 – 16] but recently more and more works [4, 5] consider 
FEM of particle deformation, as well as microscopic distribution of current and temperature upon 
particle contact as the simplest representative volume of powder. 

It was established in [5] that using elastic and viscoelastic models of the sintered material in sim-
ulating such processes does not yield a good correlation with experimental data. In this case, the best 
accuracy was obtained by simultaneously taking into account both viscous and plastic effects.

The goal of this study consisted in analyzing the potential offered by FEM of spark plasma sinter-
ing by comparing the results with experimental data. 
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To solve this problem, it was necessary to analyze the influence of a number of key factors and, first 
of all, creep, on the diameter of the interparticle neck formed in the process of the studied technology.

Experimental setup and mathematical model

The experiments carried out at the Dresden 
University of Technology (Germany) [4, 5] in-
volved balls made of commercially pure nickel 
1 mm in diameter. To remove oxides from nick-
el spheres, the balls were placed in a citric acid 
solution for several hours and rinsed with distilled 
water and ethanol before they were inserted into 
the setup. An experimental setup was developed 
and built specifically to study the initial stages of 
contact formation under spark plasma sintering. 
The diagram is shown in Fig. 1.

Copper punches 1 1 mm in a diameter are lo-
cated at the top and bottom of the setup. Thick-
walled glass tube 2 with a 1 mm internal diameter 
is attached to the lower punch to prevent balls 3 
from falling out. Two nickel balls are placed be-
tween the fitting punches. A mechanical load 

(Pressure) is applied to the upper punch using a 1 kg weight providing an axial compressive force of 
12.5 MPa in the cross section of the copper punches, and, accordingly, in the equatorial section of the 
balls. An electrode containing two series-connected electrolytic capacitors 4 is attached to the upper 
punch. The second electrodes of the capacitor are connected to the lower punch via a current rectifier 
that serves as a switch controlled by a microcontroller. The capacitors were charged to a voltage from 
1 to 8 V (the value depended on the experimental conditions).

Mathematical model

We consider a related thermoelectromechanical axisymmetric problem for analyzing the deforma-
tions, emerging stresses, as well as the evolution of the temperature field and contact resistance. Elas-
tic, plastic and viscous parameters of the material are used for simulating the mechanical component 
of the problem. Given that there are no reliable data for nickel plasticity curves at high temperatures, 
a plasticity model with linear hardening was used to simulate plastic deformations. The von Mises 
condition was considered as a condition for the onset of plasticity, due to the isotropy of the material. 
The heat balance equation taking into account the Fourier law was used for non-stationary processes 
accompanying the changes in the thermal field. 

The complete system of equations for a coupled thermoelectromechanical initial boundary-value 
problem has the following form for the given conditions:

Fig. 1. Schematic of experimental setup: 
copper punches 1, thick-walled glass tube 2,  

nickel balls 3, electrolytic capacitors 4 
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where λ is the thermal conductivity, T is the temperature, Tref is the initial temperature, εP is the plas-
tic deformation tensor, εс is the deformation creep, ρ is the density, C is the specific heat, qv is the 
volumetric heat transfer, φ is the scalar electric potential, σ is the electrical conductivity tensor, εp the 
dielectric permittivity tensor of the medium, fv is the volumetric force vector, u is the displacement 
vector, 4C is the stiffness tensor, α is the tensor of linear thermal expansion coefficients. 

Volume forces and inertial terms are absent from the equilibrium equation of system (1) in the 
given problem statement. The values of elastic, thermal and electrical constants of the material de-
pending on temperature are given in Table 1 for nickel and copper (taken from [4, 5]); the dimensions 
of the given constants correspond to a certain system of units: millimeters, gigagrams, seconds (mm, 
Gg, s). Table 1 also lists the values of the yield stress σy and the plastic modulus H

0
 corresponding to 

the model of plasticity with linear hardening. The data presented indicate that the characteristics of 
materials are considerably dependent on temperature. In SPS, a current passing through the material 
causes it to heat up, leading to a change in the material constants, for example, resistivity. A change in 
the latter in turn leads to a change in the current and density of the heat released in the given section. 
This chain reflects how the material constants are related to the temperature field, and how, in turn, 
the temperature field depends on these constants.

Norton's law based on the similarity hypothesis was used to account for creep. In general, Norton's 
law is written as

where ∆H is the creep activation energy; R is the Boltzmann constant; t is the time; T is the temper-
ature; σ is the stress; n and A are the power and linear creep indicators; S is the stress tensor deviator.

The values of the creep constants were taken from monograph [17]: 
A = 80.4 MPa–4.6/s, n = 4.6, ∆H = 284 kJ for nickel; 
A = 2.45 MPa–4.8/s, n = 4.8, ∆H = 197 kJ for copper.
Since the problem is symmetric with respect to the contact plane of the balls, it seems reasonable 

to consider only the upper part of the structure in the FE simulation (see Fig. 1); it is shown in a hori-
zontal position in Fig. 2, a,b. The FE model is shown in Fig. 2,a. It contains 1524 elements and 4491 
nodes. The model was constructed in the ANSYS FEA package using PLANE 223 type elements in a 
thermoelectromechanical setting.

The contact between the balls in this symmetric statement is modeled as the contact between the 
upper ball and an absolutely rigid plane. Since boundary conditions in the given problem should be 
imposed taking into account the experimental procedure, they should be mechanical, electrical and 
thermal in nature. The mechanical component should reflect the restricted displacements and the 
fact that pressure is applied to the upper copper punch. A restriction on displacement of the contact 
surface was imposed in the symmetric problem statement. The electrical component accounted for 
the potential difference applied to the electrodes of the test setup. The function of the potential over 
time was taken to be equal to half the voltage between the capacitor plates changing over time. An 
exponential curve was combined with its piecewise-linear point approximation for the FE simulation 
(Fig. 2,c).

The following boundary conditions were imposed on the free surface of the ball and the punch: 
zero normal stress and electric current (σn = 0, Jn = 0), thermal radiation by the Stefan – Boltzmann 
law (the ball material was assumed to be a blackbody with the emissivity ε = 1)                   
Restrictions on the radial components of displacement, electric current and heat flux were imposed 
on the boundary of axial symmetry: un = 0, Jn = 0, qn = 0. The boundary conditions of zero displace-
ment, potential and heat flux were imposed on the contact boundary of the balls: un = 0, φ = 0, qn = 0.  

(2)1    exp ,n
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Table  1
Values of elastic, thermal and electrical constants  

of nickel and copper depending on temperature [4, 5]

T, K
(0С)

300
(27)

500
(227)

700
(427)

900
(627)

1100
(827)

1400
(1127)

1728
(1455)

Values for nickel
ρ,

Gg/mm3 8.90e–12 8.82e–12 8.74e–12 8.65e–12 8.55e–12 8.40e–12 8.10e–12

Cp,
J/(Gg·K) 4.44e+8 5.24e+8 5.24e+8 5.43e+8 5.77e+8 6.09e+8 6.25e+8

λ,
W/(mm∙K) 0.0904 0.0721 0.0609 0.0662 0.0735 0.0767 0.0785

ρe, Ω·mm 7.37e–5 18.0e–5 32.0e–5 38.7e–5 44.5e–5 52.4e–5 59.0e–5

α, 1/K 13e–6 14e–6 15e–6 16.5e–6 17e–6 19e–6 13e–6
E, GPa 218 199 195 192 171 141 –

ν 0.28 0.28 0.28 0.30 0.31 0.34 –

σy, MPa 185 180 140 80 50 – –

H0, MPa 1800 1400 1100 1000 750 – –

Values for copper
ρ,

Gg/mm3 8.93e–12 8.63e–12 8.73e–12 8.62e–12 8.51e–12 8.39e–12 7.96e–12

Cp,
J/(Gg·K) 3.85e+8 4.08e+8 4.25e+8 4.41e+8 4.64e+8 5.07e+8 5.14e+8

λ,
W/(mm∙K) 0.402 0.385 0.370 0.355 0.338 0.322 0.184

ρe, Ω·mm 1.73e–5 3.09e–5 4.51e–5 6.04e–5 7.72e–5 9.59e–5 23.4e–5

α, 1/K 16e–6 18e–6 19e–6 20e–6 24e–6 29e–6 –
E, GPa 130 115 103 89.7 76.8 63.7 –

ν 0.35 0.35 0.35 0.36 0.38 0.40 –

σy, MPa 220 190 100 40 – – –

H0, MPa 500 400 200 200 – – –

Notations: T is the temperature, ρ is the density, Cp is the heat capacity at constant pressure, λ is the thermal 
conductivity, ρe is the resistivity, α is the thermal expansion coefficient, E is Young's modulus, ν is Poisson's 
ratio, σy is the yield stress, H

0
 is the plastic modulus.

The following boundary conditions were imposed on the upper boundary of the punch: pressure ver-
sus time σn = p(t), potential versus time φ = V(t)/2 and initial temperature T = T

0
. The general form 

of the boundary conditions is shown in Fig. 2,b. 
The penalty function method was used. The following parameter values were given: 
normal contact stiffness factor equal to 1.0;
penetration tolerance factor equal to 0.1;
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thermal contact conductivity equal to 1 kW/K;
electrical contact conductivity equal to 1 MS.

Computational results and discussion

A series of simulations by the finite element method was performed to assess the influence of the 
yield parameters on the results of SPS. Virtual experiments differed by the initial charge of the capac-
itor and, accordingly, the dependence of the passing current on time. We selected three cases of initial 
voltage on the capacitor before the start of the SPS process were chosen: 2, 3, and 5 V. The input data 
for the mathematical model was the dependence of the voltage in the setup on time, recorded in a real 
experiment. The creep parameters were varied in addition to the change in the initial voltage on the 
capacitor plates, namely, its power exponent n and its activation energy ∆H. 

We only analyzed the results obtained for the first 10 ms of the computational experiment, since 
the main changes in the thermal and electric fields were basically finished by the end of this time in-
terval, and the process was observed to reach steady behavior.

The problem was solved in two thermoelectromechanical statements to assess the effect of creep on 
the temperature of the interparticle neck during sintering: without creep and taking it into account. 
The results obtained in [4] were used for verification, where the FE model was considered in a ther-
moelectric statement without mechanical deformations taken into account. The radius of the neck 

Fig. 2. Schematic representation of FE model  
of spark plasma sintering for copper punch (purple) and nickel ball (blue): 

a corresponds to partition of objects into finite elements, b illustrates the boundary conditions  
of the problem statement, c is the graph of the electric potential applied to the upper boundary of the punch
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contact was set in this model according to the experimental results and did not change throughout the 
entire simulation.

The graphs below are given for the dependence of the temperature of the neck material on time 
during sintering for three experiments differing in the initial voltage on the capacitor plates: 2, 3, and  
5 V (Fig. 3). Apparently, accounting for creep at an initial voltage of 2 V does not affect the tempera-
ture change.

In addition, we compared the diameters of the sintering neck for the computational cases with and 
without accounting for the creep of its material, with different initial voltages on the capacitor plates 
(Table 2). The maximum diameter of the contact between spherical particles was taken as the neck 
diameter in the mathematical model.

Analyzing the data in Table 2, we can conclude that accounting for the creep at high initial voltages 
on the capacitor plates (3 and 5 V) makes it possible to refine the neck diameter and approach the 
experimental data, while the magnitude of the creep practically does not affect the growth of the neck 
at low temperatures.

The effect of creep at a high temperature provides a large area of contact between the particles, 
and, therefore, the peak temperature is lower. This result is consistent with the dependences shown 
in Fig. 4.

Significant differences between the simulation results and experimental data can be explained by 
increasing influence of other factors governing the formation of the interparticle neck, for example, 
the phenomena of surface and grain-boundary diffusion, which can develop at high capacitor volt-

Fig. 3. Comparison of temperature evolution in the interparticle neck at initial voltages  
on capacitor plates equal to 2 V (a), 3 V (b) and 5 V (c), obtained in two thermoelectromechanical statements  

and compared with the thermoelectric statement (blue curves) [ 4]
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Fig. 4. Neck diameter depending on creep exponent n (a) and creep activation energy ∆H (b)

Table  2
Comparison of diameters of interparticle neck in spark plasma sintering,  

obtained experimentally and by the FEM method

Method
Neck diameter, µm Deviation, %

2 В
T = 258 K

3 В 5 В 2 В
T = 258 K

3 В 5 В
T = 267 K T = 267 K

Experiment 148 171 293 –
FEM in elastic statement 147 158 213 –0.7 –7.6 –27
FEM accounting for creep 147 164 227 –0.7 –4.1 –23

Notes. 1. Data are given for three values of the initial voltage on the capacitor plates and two values of temperature. 
2. Deviations of the computed results from the experiment are shown.

ages, and, consequently, with greater heating. Unfortunately, such effects are not implemented yet in 
the ANSYS FEA package.

To assess the influence of necking mechanisms, we considered the dependence of plastic and 
creeping deformations on the voltage set on the capacitor plates (Fig. 5). Analysis of the dependences 
plotted confirms that plasticity is the main mechanism behind the formation of an interparticle neck 
at low capacitor voltages before discharge (which is equivalent to a lower current passing through the 
system), while the main factor at higher voltages is creep.

Because creep has a considerable influence on the processes occurring at high initial voltages V 
on the capacitor plates, we estimated the influence of the parameters of the Norton creep law on 
the obtained diameter of the sintering neck was estimated for a value V = 5 V. The following set of 
parameters of Norton's creep law was selected: 

the values n = 5 and 4 corresponding to deviations of +9 and –13% from the initial tabular value 
were taken for the creep exponent n, in addition to the tabular value n = 4.6 [17];

the values ∆H = 255.6 and 228.9 kJ corresponding to deviations of 10 and 20% from the initial 
tabular value were taken for the creep activation energy ∆H, in addition to the tabular value ∆H = 
= 284 kJ [17].

The dependences for neck diameter on the creep exponent n and creep activation energy ∆H are 
shown in Fig. 4. 

In addition to the above, we estimated the influence of the yield stress on the resulting neck size for 
the given tabular values of the creep parameters n = 4.6 and ∆H = 284 kJ [17]. The following values 
of the yield stress (in MPa) were taken: 160, 180, 200, 220 and 240. The resulting dependence of the 



55

Simulation of physicsal processes

Fig. 5. Levels of plastic and creeping deformations  
in the SPS interparticle neck depending on voltage on the capacitor plates

Fig. 6. Sintering neck diameter depending on yield stress of the ball material

sintering neck diameter on the yield stress is shown in Fig. 6. Evidently, the nature of the plotted de-
pendence is actually linear for the given parameter values.

It was found that a 9% increase in the exponent results in an increase in the neck diameter by 3%, 
while taking into account the contribution of creep deformations results in an increase in the neck 
diameter by 50%. At the same time, its decrease by 13% leads to a decrease in the neck diameter by 
3.1%. Furthermore, a decrease in the creep activation energy ∆H by 10% leads to an increase in the 
neck diameter by 5%, and taking into account the contribution of creep deformations to an increase 
in the neck diameter by 75%; a decrease in ∆H by 20% leads to an increase in the neck diameter by 
10%, and taking into account the contribution of creep deformations to an increase in the neck di-
ameter by 150%. In addition, a 20% increase in the yield stress results in a 3% decrease in the neck 
diameter. 

These dependences confirm our conclusions about the predominant contribution of creeping 
deformations to the SPS process, in comparison with the influence of plastic deformations.

Conclusion

Based on the results obtained, we can argue that the behavior of sintered particles can be described 
fairly satisfactorily for low voltages on capacitor plates during spark plasma sintering. However, if 
higher voltages are set, the given thermoelectromechanical concepts of microparticle sintering mech-
anisms turn out to be insufficient for reliably modeling this process.
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agreement between the simulated results for high-current sintering and the available experimental data.
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