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Spark-plasma sintering (SPS) is 
an emerging powder consolidating 
technique, which provides 
potentially revolutionary 
capabilities to the processing of 
materials into configurations 
previously unattainable. SPS 
consists essentially of the conjoint 
application of high temperature, 
high axial pressure and electric 
current assisted sintering.

BRIEF HISTORY OF SPARK-PLASMA SINTERING

1906 J. Lux, GB Patent No. 9020

1922 F. Sauerwald, Apparatus for direct resistance

heating to high temperatures under high pressure,

Zeitschrift fur Elektrochemie, 28, 181-183

1933 G.F. Taylor, Apparatus for making hard metal

compositions, US Patent N1,896,854

1955 F. V. Lenel, Resistance sintering under pressure,

Trans. AIME, 203, (1), 158-167

1962 K. Inoue, Electric-Discharge Sintering, US Patent

N3,241,956

1966 K. Inoue, Apparatus for Electrically Sintering

Discrete Bodies, US Patent N3,250,892

1970s Research on Spark Sintering and Electric-Spark

Sintering in USA and USSR, respectively

1980s Research on Plasma Activated Sintering in Japan

1990s SPS Machines are developed by Sodick Co. and

Sumitomo Coal Mining Co. Ltd., Japan

2000s Extensive experimentation throughout the world on

SPS of various material systems

SPS Schematics; low-mode: high DC pulsed 

current, low voltage

Spark-Plasma Sintering System (MPS) Dr. 

Sinter 515S at SDSU. Max Load 50kN, 

max current 1500 A

COMMERCIALLY AVAILABLE SPS DEVICES
• Metal Processing Systems, Inc. (MPS) - North

American representative of SPS Syntax, Inc., Japan.

• FCT (Fine Ceramics Technologies) Systeme GmbH,

Germany.

• Thermal Technology LLC, USA.

• ELTec Co., South Korea.

• Resistance Sintering

• Electric-Discharge 

Sintering

• Field-Assisted Sintering

• Electric Spark Sintering

• Electroconsolidation

• Discharge Powder

Compaction

• Plasma Activated 

Sintering

• Electric Pulse Sintering

• Pulse Electric Current 

Sintering 

SPS APPROACHES AND MODIFICATIONS

SPS-processed  

(SDSU) TaC powder 

specimen: 99% 

dense; maximum 

temperature 2300°C;

maximum pressure 

50 MPa;

SPS time – 8 min

Consolidated pure 

bulk carbon nano-

tubes (SDSU);  

1700°C under a 

pressure of 50 MPa, 

10 min, 

approximately 80% 

final relative density 



SPS PUBLICATION STATISTICS

Web of Science

 Overwhelming majority of ~ 3000 refereed publications on SPS describe empirical 

trial-and-error attempts to consolidate various powder material systems.

 About 80 publications include theoretical studies. In our publications*, sintering

constitutive equations are expanded to include the contribution of SPS-specific

factors.
* E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials, Scripta

Mater., 55, 1175-1178 (2006)

E. Olevsky, S. Kandukuri, and L. Froyen, Consolidation enhancement in spark-plasma sintering: Impact of

high heating rates, J. App. Phys., 102, 114913-114924 (2007)

E. Olevsky and L. Froyen, Influence of thermal diffusion on spark-plasma sintering, J. Amer. Ceram. Soc., 92,

S122-132 (2009)

E. Grigoryev and E. Olevsky, Thermal Processes during high voltage electric discharge consolidation of

powder materials, Scripta Mater. , 66, 662-665 (2012)

Citations in Each Year

as of Summer 2010 as of Spring 2012

W. L. Voelker, Improvements in the Manufacture of Filaments of  Incandescing Electric 

Lamps and in Means applicable for use in such Manufacture, GB Patent 6149 (1899)



cleaner grain boundaries in sintered ceramic materials

a remarkable increase in superplasticity of ceramics

higher permittivity in ferroelectrics

improved magnetic properties

improved electrical properties

improved bonding quality

improved thermoelectric properties

reduced impurity segregation at grain boundaries

improved oxidation and corrosion resistance

improved optical transmission

SPS promotes:

SPS process: unique capabilities to densify

nanostructured ceramic, intermetallic and composite

materials in bulk form.



Backscattered SEM image of polished 

surface of the sintered sample. The gray-

white phase is the TiC, and the dark phase is 

the Al2O3 matrix.

SEM micrograph of fracture surface of the 

sintered sample

Microstructure of Al2O3–TiC nanocomposites fabricated by 

spark plasma sintering from high-energy ball milled reactants 

The relative density of the samples consolidated by SPS technique in vacuum at 1480 °C for 4 min

reached 99.2%. The final products exhibited very fine microstructure, and the grain sizes of Al2O3 and

TiC were about 400 nm and 200 nm, respectively, with a flexure strength of 944 ± 21 MPa, Vickers

hardness 21.0 ± 0.3 GPa, fracture toughness 3.87 ± 0.2 MPa m1/2, and electrical conductivity 1.2787 ×

105 S m−1.



FESEM morphology of the sintered bulk CNTs TEM observation of original nanotubes.

Bulk multi-walled carbon nanotube was prepared by spark plasma sintering at 1700 °C under a 

pressure of 50 MPa in vacuum. The density of the bulk sample reaches 72% of the theoretical 

density of the carbon nanotube, 2 g/cm3.

Synthesis of Bulk Carbon Nanotube Material



The fracture surface was investigated through spot analyses by energy dispersive 

spectroscopy. The results showed that TiC and SiC grains coexisted, but it is difficult to 

distinguish between TiC grains and SiC grains based on grain size or shape. The size of 

the SiC powders strongly affected the microstructure of final composites. With nanosized 

SiC, the microstructure is a typical micro-nano type, with nanosized SiC particles 

embedded in some titanium carbide grains. 

Rapid Reactive Synthesis and Sintering of Submicron TiC/SiC

Composites through Spark Plasma Sintering

W. Bradbury and E. Olevsky, Production of SiC–C composites by free-pressureless spark plasma sintering (FPSPS), 

Scripta Mater., 63, 77-80 (2011)

E. Khaleghi, Y.-S. Lin, E. Olevsky, and M. Meyers, Spark plasma sintering of tantalum carbide, Scripta Mater., 63, 577-

580 (2010)



A bulk nanocrystalline Al–5 at.% Fe alloy was synthesized by mechanical

alloying and spark plasma sintering. The alloy exhibited a very high

compressive yield strength of 1 GPa with a plastic strain of 0.3. The alloy

consists of coarse α-Al grains that form from powder boundaries and

nanocrystalline regions composed of α-Al and Al6Fe phases. The

combination of the coarse and nanoscale grains are considered to be the

reason for the large plastic strain in such a high-strength material.

A high-strength bulk nanocrystalline Al–Fe alloy processed 

by mechanical alloying and spark plasma sintering

spark plasma sintered Al–5 at.% Fe alloy.
SEM image of the alloy that was deformed to a 

strain of 0.08. This micrograph indicates the 

coarse α-Al grains were mainly deformed. 

E. Olevsky, S. Kandukuri, and L. Froyen, Consolidation enhancement in spark-plasma sintering: Impact of high heating rates, J. App. 

Phys., 102, 114913-114924 (2007)







H2 H2
H2

Representation of adsorption bed settling, based on observations by:

[Qin et. al, 2000, Collins et. al, 2007, and Ubago-Pérez et. al, 2006].

Adsorbent

ہ Activated Carbon from Biomass Sources

ہ Structural stability; prevent reduction of system efficiency

ہ Material Parameter Focus: Specific Surface Area



250 
µm

Optical micrograph of 40MPa SPS SiCNW-AC compostie

20 µm 5 µm

ہ Conventional SPS of SiCNW-AC Composite

ہ 50C/min to 1300C, 15min hold in vac.

ہ Structurally stable sample of thickness <250 µm

SPS-Synthesis of SiC-AC Compact

Fracture surface of disk shaped sample Nanowires in natural pore structure



Comparative Analysis of SSA Values

ہ Lack of SSA retention under pressure-assisted conditions

ہ Significant structural stability in both cases

ہ Additional SSA retention with SiC-AC composite

SSA data for the precursor material and the SPS 
consolidated SiC-AC compact



ہ Enhanced low pressure and porosity control

ہ Potential application to reactive SPS systems

ہ Significant tool for study of fundamental SPS mechanisms

Design and demonstration of a novel FPSPS 

method

15 and 10mm FPSPS dies with 
unsintered and sintered zirconia 

spacers respectively



As produced CNW structures ςmorphologies marked by arrowsPlatelet CNF structures ςinterstitial spacing marked by arrows 

Nanofiber and Nanowire Morphology3-D CNF Textured Structure

Fe and Mg content observed by 
analyzing the center of the 

nanowire structure.

Tailoring Nano-scale Synthesis Template Properties

Nanowire cluster characterization 
reveals presence of Mg, Ca, and K.

Biomass is carbon source for CNF growth, initiated by inherent metallic particles.

Synthesized during processing of AC biomass templates
Platelet CNF and CNW growth may increase specific surface area, 

interstitial spacing and preferential adsorption of hydrogen. 



W.L. Bradbury and E.A. Olevsky, Scripta Materialia, Production of SiC-C
compositesby free-pressurelessspark plasmasintering (FPSPS),63 [1] (July,
2010) 77-80.

ہ Silicon carbide nanowire network synthesis

ہ Si powder and Flax-AC ultrasonically-mixed ~1:1 wt. ratio in ethanol. 

ہ Heated ~25-100ºC/min to 1300-1600ºC in vac, held for 15 minutes.

FPSPS Processing of Biomass-Derived Silicon Carbide

Crystalline nature of the nanowire 
mesh, with stacking faultsOptical Characterization of Nanowire-mesh

200 nm



Nanoscale necking between 
monolithic AC-stalk materials

Stable 3-D 10mm SiC-
AC Sample

ہ Significant Structural Enhancement

ہ Production of stable porous compact

FPSPS Processing of Biomass-Derived Silicon Carbide

W.L. Bradbury and E.A. Olevsky, Scripta Materialia, Production of SiC-C
compositesby free-pressurelessspark plasmasintering (FPSPS),63 [1] (July,
2010) 77-80.



Comparative Analysis of SSA Values

ہ Improved SSA retention under pressure-less conditions

ہ Significant structural stability obtained

SSA data for the precursor material, SPS and FPSPS 
SiC-AC compacts



ہ Complex Composition

ہ Potential natural 

Impurity

Nano-peapod Morphology

Ca

Fe
C

Si
O Ni Ca

S

Periodic 
Impurities 

EDS of periodic inclusions in nanowire 
structure 



Catalyst inclusion, 100°Cmin-1

ہ Etching might develop internal porosity, 

increasing SSA.

Nano-peapod Morphology

200 nm500 nm

Alternate periodic arrangement 1600 °C



ہ High temperature polytype > 1600°C

ہ Natural Impurity similar to pea-pod

ہ Potential beneficial surface area

Nano-belt Morphology

Nano-belts and prismatic 
nanowires

Prismatic nano-wires, 1600°C

500 nm

1 µm
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Overwhelming majority of publications on SPS describe

empiric trial-and-error attempts to consolidate various powder

material systems.

The conducted theoretical studies are mostly reduced to the

modeling of temperature and electric current density

distributions. In practically all of the publications the role of

electrical field is narrowed down to the generation of Joule

heat, which thereby reduces the theoretical framework,

required for the description of shrinkage and grain growth, to

the existing constitutive models of powder consolidation.

Generic physically-based modeling concepts are currently in

strong demand to enable the understanding and control of the

thermal and “field effects” – a distinguishing set of factors

rendering different spark-plasma vs. conventional hot pressing

and sintering results.

MODELING OF SPS
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Courtesy S. Kandukuri & L. Froyen

Comparative study of SPS – HP of hypereutectic Al-Si-Fe-X powder



 electromigration  

(diffusion enhancement)

 electroplasticity 

(electron wind, 

magnetic depinning of 

dislocations)

 dielectric breakdown of 

oxide films at grain 

boundaries 

 ponderomotive forces

 “pinch effect”

 surface plasmons

Field Effects in SPS

 high heating rates 

 high local non-

uniformities of 

temperature distribution 

(local melting and 

sublimation)

 macroscopic 

temperature gradients

 thermal diffusion 

 thermal stresses

Thermal Effects in SPS

SPS: ENHANCEMENT OF MASS TRANSPORT



SPS: ENHANCEMENT OF MASS TRANSPORT

E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials,

Scripta Mater., 55, 1175-1178 (2006)

E. Olevsky, S. Kandukuri, and L. Froyen, Consolidation enhancement in spark-plasma sintering:

Impact of high heating rates, J. App. Phys., 102, 114913-114924 (2007)

E. Olevsky and L. Froyen, Influence of thermal diffusion on spark-plasma sintering, J. Amer.

Ceram. Soc., 92, S122-132 (2009)

 electromigration

(diffusion enhancement)

 electroplasticity

(electron wind, 

magnetic depinning of 

dislocations)

 dielectric breakdown of 

oxide films at grain 

boundaries 

 ponderomotive forces

 “pinch effect”

 surface plasmons

Field Effects in SPS

 high heating rates 

 high local non-

uniformities of 

temperature distribution 

(local melting and 

sublimation)

 macroscopic 

temperature gradients

 thermal diffusion 

 thermal stresses

Thermal Effects in SPS



Influence of High Heating Rates

E. Olevsky, S. Kandukuri, and L. Froyen, Consolidation 

enhancement in spark-plasma sintering: Impact of high 

heating rates, J. App. Phys. 102, 114913-114924 (2007)

For an aluminum alloy 

powder
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Influence of High Heating Rates
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Influence of High Heating Rates
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Influence of Thermal Diffusion

J  is the vacancy flux, D is the coefficient of 

diffusion, vC  is the vacancy concentration, 

vCÐ  is the vacancy concentration gradient, 

*Q  is the heat of vacancy transport, TÐ  is the 

temperature gradient. 

*

v v

Q T
J D C C

kT T

å õÐ
=- Ð +æ ö

ç ÷

E. Olevsky and L. Froyen, Influence of thermal diffusion on spark-plasma sintering, J. Amer. Ceram. Soc. 92, S122-132 (2009) 



Influence of Thermal Diffusion
 Ludwig-Soret effect of thermal diffusion causes concentration gradients in

initially homogeneous two-component systems subjected to a temperature

gradient.

J. Chipman, The Soret effect, Journalof theAmericanChemicalSociety, 48, 2577-2589 (1926)

 For the case of atomic and vacancy diffusion in crystalline solids, this effect

was studied by a number of authors including it’s theoretical interpretation by

Shewmon and Schottky.

P. Shewmon, Thermal diffusion of vacancies in zinc, Journalof ChemicalPhysics, 29, (5), 1032-1036 (1958)

G. Schottky, A theory of thermal diffusion based on lattice dynamics of a linear chain, PhysicaStatusSolidi, 8, (1),

357 (1965)

 For the electric-current assisted sintering, the effect of thermal diffusion was

analyzed by Kornyushin and co-workers. Later, for rapid densification, the role

of temperature gradients was studied by Searcy and by Young and McPherson.

Y. V. Kornyushin, Influence of external magnetic and electric-fields on sintering, structure and properties, Journalof

MaterialsScience, 15, (3), 799-801 (1980)

A. W. Searcy, Theory for sintering in temperature-gradients - role of long-range mass-transport, Journal of the

AmericanCeramicSociety, 70, (3), C61-C62 (1987)

R. M. Young and R. McPherson, Temperature-gradient-driven diffusion in rapid-rate sintering, Journal of the

AmericanCeramicSociety, 72, (6), 1080 (1989)

 Johnson argued against thermal diffusion significance in microwave sintering

D. L. Johnson, Microwave-heating of grain-boundaries in ceramics, Journalof theAmericanCeramicSociety, 74, (4),

849-850 (1991)

 We demonstrate a possible significance of thermal diffusion for SPS
E. Olevsky and L. Froyen, Influence of thermal diffusion on spark-plasma sintering, J. Amer. Ceram. Soc. 92, S122-

132 (2009)



Influence of Thermal Diffusion
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Porosity kinetics during SPS of aluminum

powder. Comparison of the developed model

taking into account the impact of thermal

diffusion with experimental data of Xie et al.,

Effect of interface behavior between particles on

properties of pure al powder compacts by spark

plasma sintering, MaterialsTransactions, 42, (9),

1846-1849 (2001)

Porosity kinetics during SPS of alumina powder.

Comparison of the developed model taking into

account the impact of thermal diffusion with

experimental data of Shen et al., Spark plasma

sintering of alumina, J. Amer. Ceram. Soc., 85, (8),

1921 (2002)
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Influence of Thermal Diffusion

 The intensity of thermal diffusion increases for

higher pulse frequencies.

 The thermal diffusion promotes components’

(atoms and vacancies) separation. At early stages

of sintering, this should lead to the growth of

inter-particle necks, which corresponds to the

enhancement of sintering. At the final stages of

sintering, however, the pores may serve as

vacancy sinks under thermal diffusion

conditions, which impedes sintering.

 It is possible that the increased pulse frequencies

enhancesinteringat theearly stagesof SPS and

hinder sintering at the late stages of SPS

process.

 In some experimental studies the pulse frequency

was found to have a limited impact on SPS

results - its contributions at early and late stages

of SPS could offset each other.

TJ D T
T

k
=- Ð

E. Olevsky and L. Froyen, Influence of thermal diffusion on spark-plasma sintering, J. Amer. Ceram. Soc. 92, S122-132 (2009) 



Major Components of Densification-Contributing Mass Transfer 

During SPS (model including electromigration):

 
EC Cs s= +J E

d d d
Ð

Nernst-Einstein equation 

grain-boundary diffusion power-law creep

driving sources

externally applied load
sintering stress

electromigration
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a is the surface tension, xs  - effective (far-field) external stress in the x-
direction 

G a c= =is the grain size, p p pr a c= = is the pore radius. 

• M. Scherge, C.L. Bauer, and W.W. Mullins, Acta

Met. Mater., 43 (9), 3525-3538 (1995):

electromigration stress of 23MPa along grain

boundaries under an electric field of 500 V/m (in a 1-

thick film) and up to GPa range stresses for grain

structures with closed surface junctions

• M.R. Gungor and D. Maroudas, Int. J. Fracture, 109

(1), 47-68 (2001): electromigration stress of

140MPa in a 1 -thick film under the field of about 425

V/m

• Q.F. Duan and Y.L. Shen, J. Appl. Phys. 87 (8),

4039-4041 (2000): electromigration stress of

450MPa along fast-diffusion length of 15 under 650

V/m

• Z. Suo, Q. Ma, and W.K. Meyer, MRS Symposium

Proceedings, 6p. (2000): electromigration stress in 0.5

-thick Al film under 300 V/m field should reach the

level of 1.5GPa
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G  is the grain size; pr is the pore radius; A and m are power-law creep frequency 

factor and power-law creep exponent, respectively; gbD  is the coefficient of the 

grain boundary diffusion, gbd  is the grain boundary thickness, k  is the Boltzman’s 

constant, T  is the absolute temperature; W is the atomic volume, *Z  is the 

valence of a migrating ion, and qe  is the electron charge (the product *

qZ e  is 

called “the effective charge”); U  and l  are the electric potential and the 

characteristic length along the electric field; a is the surface tension; xs  - 

effective (far-field) external stress in the x-direction; q is porosity. 

E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials, Scripta Mater.55, 1175-1178 (2006)

shrinkage due to grain-boundary diffusion

shrinkage due to dislocation creep

Constitutive Model of Spark-Plasma Sintering



Densification map for aluminum powder, 

T=673K, =28.3MPa 

Contribution of different factors to shrinkage under SPS

E. Olevsky and L. Froyen, Constitutive modeling of spark-

plasma sintering of conductive materials, Scripta 

Mater.55, 1175-1178 (2006)
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The average particle size is 55mm. The applied field is accepted to be of 

500
V

m
 (Joule heat generation balance –based estimation), the pressure is 

constant and equal to 23.5 MPa. 

Shrinkage kinetics during SPS of aluminum powder:

comparison with experiments

Pressure 10 MPa

Field 250 V/m

10 MPa

250 V/m

E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials, Scripta Mater.55, 1175-1178 (2006)



Electroplasticity Phenomena: 

Impact on mass transport during SPS

Following Conrad (H. Conrad, Electroplasticity in metals and ceramics, Mat. Sci. Eng.

A, 287, 276-287 (2000)):

The current may have the effect of decreasing the activation energy for dislocation

creep, increasing the pre-exponential term, providing an electron wind force, or all

of the above. The electron wind force may be computed by considering scattering from

atoms lying along the dislocations. For extensive plastic deformation cases (with high

dislocation density involved), the result of that calculation is:

1

3
ew F

e

j
F bP

q
=

Few is the force imposed by “electron wind”, b - 

Burgers vector, PF is the Fermi momentum, j is 

the electric current density, qe is the electron 

charge 

Following Molotskii (M.I. Molotskii, Theoretical basis for electro- and

magnetoplasticity, Mat. Sci.EngA, 287, 248-258 (2000)):

The combined effect of decreasing the activation energy for dislocation creep and

increasing the pre-exponential term is the result of the magnetic field induced by the

electric current acting on the spin-dependent dislocation depinning from

paramagnetic obstacles. The effective stress in this case can be modified as:

( )
2

0

1
( ) ( )

1

ep W W
j j

s s=
+

( )ep Ws is the effective stress counting for 

electroplasticity contribution, j0 is the 

characteristic current density corresponding to 

the minimum current level triggering 

electroplasticity events 



Local Temperature Gradients
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Coupled electro-thermo-mechanical FEM calculations 

Olevsky E.A. (1998), Theory of sintering: from discrete to continuum. Review, Mater. Sci. & Eng. R: Reports, 40-100



Coupled electro-thermo-mechanical FEM calculations 

electrical current density                            temperature                                        porosity

SPS of an Alumina Specimen



FCT DIE-PUNCH SETUP: TEMPERATURE DISTRIBUTION



SPS  SCALABILITY (SIZE DEPENDENCE)

Alumina Disk-Shape Specimens (Same Aspect Ratio):

experimental calibration 

temperature evolution relative density evolution

15 mm 40 mm 48 mm 56 mm 

Sample Height [mm] 3 7.9 9.5 11.1

Radius [mm] 7.5 20 24 28

Die Height [mm] 30 80 96 111.4

Radius [mm] 15 40 47.85 55.7

Punch Height [mm] 15 40 47.8 56

Insert Height [mm] 3.8 10 12 13.9

External Spacers Height [mm] 8 20 20 20

Radius [mm] 30 80 80 80

Transition Height [mm] 30 80 95.7 111.4

Radius 1 [mm] 7.5 20 23.9 27.85

Radius 2 [mm] 30 80 95.7 111.4

voltage evolution

Alumina powder, -325 mesh, 99.99 % pure from Cerac Inc. (now 

Materion Advanced Chemicals Inc.) Initial average grain size: 0.38 µm



SPS  SCALABILITY (SIZE DEPENDENCE)
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SPS  SCALABILITY (SIZE DEPENDENCE)

Alumina 

powder, -325 

mesh, 99.99 

% pure from 

Cerac Inc. 

(now 

Materion 

Advanced 

Chemicals 

Inc.) Initial 

average 

grain size: 

0.38 µm



Geometries of (left-to-right): 2 Disks, 3 Disks and 4 Disks Configurations 

The Problem Overheating of SPS Tooling



The Problem Overheating of SPS Tooling
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ВЫВОДЫ

 Продемонстрирован потенциал спарк-плазменного

спекания для получения материалов с уникальными

свойствами.

 Предложен системный подход к разработке

определяющих моделей СПС: рассмотрено влияние

скоростей нагрева, термо-диффузии и электромиграции

 Разработан 3-х мерный конечно-элементный пакет для

моделирования СПС с учетом связанных явлений

механической, тепловой и электрической природы.

 Рассмотрены проблемы масштабируемости и

локального перегрева в процессах СПС.

 Дальнещие усилия должны быть направлены на

систематическое изучение влияния факторов тепловой и

нетепловой природы на процессы СПС и на создание в

итоге обшей теории спарк-плазменного спекания.



ВОПРОСЫ ?


