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FUNDAMENTALS OF SPARK PLASMA SINTERING:
INTRODUCTION
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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)

W. Li, E. A. Olevsky, J. McKittrick, A. L. Maximenko, and R. M. German, Densification mechanisms of spark
plasma sintering: multi-step pressure dilatometry, J. Mater. Sci., 47, 1-11 (2012)



High Vs. Low Mode Field-Assisted Techniques
* Field-Assisted Powder Consolidation

- —
— High-Voltage Techniques Low-Voltage Techniques =

Moscow Engineering Physics University San Diego State University

High-Voltage Electric Discharge Compaction Spark-Plasma Sintering
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*

SPS promotes:

»cleaner grain boundaries in sintered ceramic materials
»a remarkable increase in superplasticity of ceramics
»higher permittivity in ferroelectrics

»Improved magnetic properties

»Iimproved electrical properties

»Iimproved bonding quality

»Iimproved thermoelectric properties

»reduced impurity segregation at grain boundaries
»Iimproved oxidation and corrosion resistance
»Iimproved optical transmission

SPS process unigue capabilitiesto densify
nanostructuredramicintermetall@ndcomposite
materials bulkform



Microstructure of TaC specimens fabricated by spark plasma

* sintering

SPS-processed _ e .
SDSU) TaC - iy
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E. Khaleghi, Y.-S. Lin, E. Olevsky, and M. Meyers, Spark plasma sintering of tantalum carbide, Scripta
Mater., 63, 577-580 (2010)



A high-strength bulk nanocrystalline Al Fe alloy processed
* by mechanical alloying and spark plasma sintering
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SEM image of the alioy that was deformed toa
strain of 0.08. This micrograph indicates the
c o a r-Al graintlwere mainly deformed.

A bulk nanocrystalline AlT5 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 U-Al grains that form from powder boundaries and
nanocrystalline regions composed of UAIl and AlFe 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.

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)



Graphene-induced strengthening in spark plasma
*ﬁmtered tantalum carbldel nanotube comp03|te

and TaC|SC

High-magnification SEM micrographs
of TaCi SC fracture surface revealing:
(a) transformed graphene platelets with
straight edges; (b) graphene platelets
sandwiched at TaC grain boundaries; (c)
pulledout graphene platelet forming a
strong interface with the TaC matrix

The SPS was carried out in an argon atmosphere at 1850 C and 100 MPa

Debrupa Lahiri, Evan Khaleghi, Srinivasa Rao Bakshi, Wei Li, Eugene A. Olevsky, and Arvind Agarwal, Graphene-
induced strengthening in spark plasma sintered tantalum carbidei nanotube composite, Scripta Materialia 68 (2013)
2851 288



/SEM OF FRACTURE SURFACES: HUMAN DENTIN

“Micro-channels

= \




;‘E SPARK-PLASMA SINTERING OF HAP POWDER

“ Hydroxyapatite(Ca,,(PO,);(OH),), 0.5m
% Melting point: 1670°C, density: 3.14g/cm?
% The main component in human bones and teeth

SPS 1200C, 50MPa, 5min 6?
( - o



SEM IMAGES OF MICRO CHANNEL STRUCTURE AFTER FPSPS
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The channel diameters decrease with the increase of the initial slurry concentration

Y.-S. Lin, M. A. Meyers, and E. A. Olevsky, Microchannelled hydroxyapatite components by sequential freeze drying and
free pressureless spark plasma sintering, Adv App. Ceram, 111, 269-274 (2012)



SPS-FPSPS PROCESSING SEQUENCE

Complex shape HAp-based dental
implant prototype produced by SPS-
FPSPS sequence

Y.-S. Lin, M. A. Meyers, and E. A. Olevsky, Microchannelled hydroxyapatite components by sequential freeze drying and
free pressureless spark plasma sintering, Adv App. Ceram, 111, 269-274 (2012)



Activated Carbon from Biomass Sources
*. Structural stability; prevent reduction of system efficiency
Material Parameter Focus: Specific Surface Area

Adsorbent H,

H, H,
|l ol I =l || I

I
Representatlon of adsorptlon bed settllrhyased on observations by:

[Qin et. al, 2000, Collins et. al, 2007, and UbRgcez et. al, 2006].




SPSSynthesis of SKBAC Compact

Conventional SPS of SICNW-AC Composite
n 50C/min to 1300C, 15min hold in vac.
n Structurally stable sample of thickness <250 pm
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Fracture surface of dISk shaped sample Nanowires in natural pore structure
Optical mlcrograph of 40MPa SPS SieANW\ompostie



Comparative Analysis of SSA Values

» Lack of SSA retention under pressure-assisted conditions
n Significant structural stability in both cases
n Additional SSA retention with SIC-AC composite

AC Precursor SPS of SiC-AC 40MPa,
1300C, 50C/min

SSA data for the precursor material and the SPS
consolidated SKA.C compact



Design and demonstration of a novel FPSPS

* method

n Enhanced low pressure and porosity control
n Potential application to reactive SPS systems
n Significant tool for study of fundamental SPS mechanisms
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15 and 10mm FPSPS dies with
unsintered and sintered zirconia
spacers respectively



Tailoring Nanascale Synthesis Template Properties
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W. Bradbury and E. Olevsky, Synthesis of carbide nano-structures on monolithic agricultural-waste biomass-activated carbon
templates, Int. J. App. Ceram Techn, 8 [4] 9471 952 (2011)



FRSPS Processing of Biomdssrived Silicon Carbide

» Significant Structural Enhancement
n Production of stable porous compact

b7y AC Stalk

Nanoscale necking between Stable 2D 10mm SiC
monolithic AGstalk materials ~ AC Sample

W.L Bradbury and EA. Olevsky, Scripta Materialia, Production of SIiCC
composites by free-pressurelessspark plasma sintering (FPSPS)63 [1]
(July,2010 77-80.



* Comparative Analysis of SSA Values

mproved SSA retention under pressure-less conditions
n Significant structural stability obtained

AC Precursor FPSPS of SICNW-AC OMPa, SPS of SICNW-AC 40MPa,
1300C, 50C/min 1300C, 50C/min

SSA data for the precursor material, SPS and FPSPS
SIGCAC compacts



High-Voltage Electric Discharge Consolidation:
;'é Manufacturing of Pressing Tools with High Wear Resistance

WC-Co layer

Cemented carbide - € =

Steel substrate w

interface WC-Co { steel arrows indicate the
contact surface




High-Voltage Electric Discharge Consolidation: Structure
Inhomogeneity and Control

Steel{ 6 [ 5,
J= 296 2R/ IO [

Specimen WC, axial cross-section:

Specimen WC, diameter 9 d3d3
J= 90 2CP¢ 200 [dP0O J= 90 2CP¢A3B)PO

E. Grigoryev and E. Olevsky, Thermal Processes during high voltage electric discharge consolidation of powder
materials, Scripta Mater. , 66, 662-665 (2012)



*x Flash Sintering Experimentation

Pt Electroo

Performed by Rishi

Raj etal . Heat via Tube
Yitria stabilized 5

Zirconia powder
Vertical Tube Furnace 5

Dog bone specimen | Tube Fur
Pt Electrodes

Shrinkage recorded
via CCD camera
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Flash Sintering Results

u Sintering rate depends on

applied electric field

u Sintering rate becomes
unstable ~40V/cm

v Small particle contacts
necessary for flash
sintering to occur

FLASH SINTERING

Constant Heating Rate
10°Cimin
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Source: Flash Sintering of Nanograin Zirconia in 05 s at

850°C, Rishi Raj et. al., J. Am. Ceram. Soc., 93 [11] 35561
3559 (2010)



SPS: ENHANCEMENT OIF MASS TRANSPORT

* | |
Thermal Effects in SPS Field Effectsin SPS

» high local non-

uniformities of > electroplasticity
temperature distribution (electron wind,
(local melting and magnetic depinning of
sublimation) dislocations)
» macroscopic > dielectric breakdown of
temperature gradients oxide films at grain
boundaries

» thermal stresses ponderomotive forces
Api nch eff e

surface plasmons

Y YV V
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FUNDAMENTALS OF SPARK PLASMA SINTERING:
INFLUENCE OF HIGH HEATING RATES



Micromechanical Model

where a is the surface tension, 7 is the dihedral angle, a and c

are the grain semi-axes; S x - effective (far-field) external stress in

the x-direction (compressive Sx

IS negative).

Parameter

%

is the

E. A. Olevsky, B. Kushnarev, A.
Maximenko, V. Tikare and M.
Braginsky, Modelling of
anisotropic sintering in crystalline
ceramics, PhilosophicalMagazine
85, (19), 2123-2146 (2005)

Jf,’b is the flux of matter in the direction of the

axis y caused by the grain boundary diffusion,
D, is the coefficient of the grain boundary,

diffusion, g, is the grain boundary thickness,
k T Boltzman constant; T T absolute




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. Phys102, 114913-114924 (2007)

+ -0

\pore tip approximated by an embedded elliptical pore

Du and Cocks

G is the porous materiald s gr ai n dx°
is the grain growth rate of the fully-dense material
with the grain size G,, G; is the initial grain size of

s aG, 0 134
&

G =Gt
Gogeg

Beck et al.

fd _ ~fd46.67310*T 355 19 *
G" =G"t

e 3
fd = . . _ i éG 6 ; .
G" is the current grain size of the fully-dense " . Go Go 6q1.34’ if T $33°K
- &d c

material; G, is the initial grain size of the fully

dense material; t is time, s; and T is temperature, K

For an aluminum alloy
powder



Influence of High Heating Rates

*

== 200C/min
== 100C/min
=== 50C/min
= 25C/min

= 10C/min
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For aluminum powder
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FUNDAMENTALS OF SPARK PLASMA SINTERING:
INFLUENCE OF THERMAL DIFFUSION



Influence of Thermal Diffusion

macroscopic temperature gradients  local temperature gradients

J is the vacancy flux, D is the coefficient of

diffusion, C, is the vacancy concentration,

is the vacancy concentration gradient,

Q' is the heat of vacancy transport, BT is the
temperature gradient.




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, Journal of the AmericanChemicalSociety 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 1 t tbesretical 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, Journal of
Materials Sciencel5, (3), 799-801 (1980)

A. W. Searcy, Theory for sintering in temperature-gradients - role of long-range mass-transport, Journal of the
AmerlcanCeramlcSOC|ety70 (3), C61-C62 (1987)
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Influence of Thermal Diffusion

- J is the vacancy flux, D is the coefficient of
Q 'DT diffusion, C, is the vacancy concentration,

Schottky: = .D; 6 — ’

DC, is the vacancy concentration gradient,

Q’ is the heat of vacancy transport, DT is the
temperature gradient.

H,, is the enthalpy of vacancy migration;

Young &
McPherson:

H, is the enthalpy of vacancy formation

C,(Hn- H,)

Kornyushin: & T

/; is the thermal conductivity; C is
heat capacity; t is time; and q is the
heat production per unit volume of the

material and per unit time, which in the
case of SPS can be represented as

q=/.E?, where /_ is the specific
electric conductivity, and E is the
electric field intensity

We re-define:

The driving force for
the vacancy migration:



Influence of Thermal Diffusion

/; is the thermal conductivity; C is

heat capacity; t is time; and q is the
heat production per unit volume of the
material and per unit time, which in the d Jow ad bD 5 Mé uT
case of SPS can be represented as égbx S« - = 9 7 a_g: E
q=/,E?, where /_ is the specific Z(G + rp) /T <T> C pt

electric conductivity, and E is the
electric field intensit

Cérvature driven + tr_lédiffusion driven
gbx gbx

g is porosity; G is the average grain size

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, Materials Transactions42, (9),
1846-1849 (2001

= Temperature
= Porosity - Model
A Porosity - Experiment

Temperature, C

141 211 281
Time, s

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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FUNDAMENTALS OF SPARK PLASMA SINTERING:
INFLUENCE OF ELECTROMIGRATION



Major Components of Densification-Contributing Mass Transfer
During SPS (model including electromigration):

grain-boundary diffusion power-law creep
. \—driving sources4
~ externally applied load i savi | electromigration

sintering stress
Nernst Einstein equatlon

J C.E £ Dbs

electnc
curl;ent

here W is the atomic volume, Z" is the valence of a migrating ion, and &, is

A M. Scherge,CL. Bauer, and WW. Mullins, Acta ¥Rt charge (the product Z'e i s cal l ed fAthe eff
Met. Mater, 43 (9), 35253538 (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

A M.R. Gungorand D. Maroudas,Int. J. Fracture, 109
(1), 47-68 (200D): electromigration stress of
140MPa in a 1 -thick film under the field of about 425
V/m

A Q.. Duan and Y.L. Shen, J. Appl. Phys 87 (8),
40394041 (2000: electromigration stress of
450MPa along fast-diffusion length of 15 under 650
V/m

ATl O NV EEWIE=TS 1o RYVA TGN V EWETR VSRS TSIl 2 i the surface tension, s« - effective (far-field) external stress in the x-
Proceedings6p. (2000: electromigration stress in 0.5  [s[if=Ysitle]g!
-thick Al film under 300 V/m field should reach the
level of 1.5GPa

G=a =cisthe grain size, r, =a, =is the pore radius.




;‘é Constitutive Model of Spark-Plasma Sintering

shrinkage due to grain-boundary diffusion

shrinkage due to dislocation creep

G Is the grain size; r is the pore radius; A and m are power-law creep frequenc

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

grain boundary diffusion, d, Is the grain boundary thickness, kI s t he
constant, T is the absolute temperature; W is the atomic volume, Z~ is the
valence of a migrating ion, and g, is the electron charge (the product Z*% IS

call ed nt he ef Ueand 1 \are the blextriog mot@ntial and the

characteristic length along the electric field; a is the surface tension; sy -
effective (far-field) external stress in the x-direction; g is porosity.

E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials, Scripta Mateb5, 1175-1178 (2006)



* Contribution of different factors to shrinkage under SPS

Grain Size: 2061
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external load

Porosity
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1.E-01 - surface tension
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Grain Size, m

1.E-10 . . . . .

0.00 010 020 0.30 040 050 0.60 N )
Densification map for aluminum powder,

Porosity T=673K, =28.3MPa

== shrinkage rate due to electromigration (electric current)
== shrinkage rate due to sintering stress (surface tension)
- shrinkage rate due to power-law creep (punch load) E. Olevsky and L. Froyen, Constitutive modeling of spark-

plasma sintering of conductive materials, Scripta

Mater55, 1175-1178 (2006)
Contribution of different factors to shrinkage rate of aluminum powder under SPS
U V —=
T 417 —, T=673°K, S x=28.3MPa
m




Shrinkage kinetics during SPS of aluminum powder:
* comparison with experiments

Pressure 10 MPa
Temperature

P arosity - Model 025
Porozity - Experment

.20 Field 250 V/im

10 MPa 015

Porosity

X
L
o

i)
Hd
ar
o
£
a»

-

010

e
e
.02

L L,

200 400 (S1H]N] allt 1000

Time, s

The average particle size is 55mm. The applied field is accepted to be of

\Y . . , : .
500— (Joule heat generation balance 1 based estimation), the pressure is
m

constant and equal to 23.5 MPa.

E. Olevsky and L. Froyen, Constitutive modeling of spark-plasma sintering of conductive materials, Scripta Mateb5, 1175-1178 (2006)
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FUNDAMENTALS OF SPARK PLASMA SINTERING:
LOCAL HEAT BALANCE



Total Electric Current Density in the contact between
two Aluminum particles under SPS conditions

FEM COMSOL™
software-based
solution:

Total Electric Current Density (A/m?)

the neck is 10° times smaller than the area of the particle diameter cross-section.

¢ Avratio of neck radius to particle radius of 1/1000 was used for the analysis. This means that the area of

s A voltage drop of about 0.4 V across a specimen 4 mm high for an electric field of 100 V/m. When

considering two particles with a 1 mm radius - a voltage drop from the center of the top particle to the

center of the bottom particle is of 2x10-4 V.
% An average current density of about 3x10” A/m? in the center cross-section of the particle.



Applied Voltage and Initial Heat-Up in the contact
*between two Aluminum particles under SPS conditions

FEM COMSOL™ software-based
solution:

elecrtic potential at Top Center (Aluminum Tum Part) apc = _lemperature at Neck Center (Aluminum 1um Part)

S w
r“J ad
(=
[t ] Lh

:.J:.
o 3
[a k]
-
k]
=
= .
=1
-
[
L k]
[+ N
=

0.005 0,01 0,015 0.02 0.025 0,03
Time (s)

Applied Voltage 12:2 ms (30 ms)

The stability of the temperature gradient in the inter-particle contact area is related

to the on and off pulse frequency, which controls the local and, in turn, the
macroscopic heating rate.



Local Temperature Gradients

Fritting and Channe“ng: Current Density for 55"A-Spot" Model
alumina reduction and 10E+08
creation of aluminum 1.0E+06
conductipwoeé s

1.0E+04

1.0E+02
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1.0E-02

Current Density (A/m"2)

1.0E-04

1.0E-06 T T T
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Arc Length (m)

Conductivity of Alumina layer with Aluminum Particles - "A-Spots" .
Y y P Current Density for 60 "A-Spot" Model

1.0E+12 A
1.0E+10 A
1.0E+08 A
1.0E+06 A
1.0E+04 A
1.0E+02 A
1.0E+00 A
1.0E-02 1

Effective Conductivity, 1/(Ohmxm)
Current Density (A/m”2)

1.0E-04 A

1.0E-06 T
0.0E+00 5.0E-08 1.0E-07 1.5E-07 2.0E-07

40 60 80 100 120 140 160
Arc Length (m)
Number of Included Particles - "A-Spots" (r=2nm)




Fritting and channeling: alumina reduction and creation of
aluminum cos@dgotsobve NA

h - the specimen’s height, m
(determines  the  average
voltage per particle)

TK
—h=0.005

h=0.01
—h=0.015

T - the average temperature of |
the inter-particle contact area 50 100
(the temperature in the center particle diameter, em
of the particle is 1000K)

DF - the difference between
the shrinkage rates determined
by the difference in
temperatures in the particle
center and the inter-particle
contact area

particle diameter, em
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FUNDAMENTALS OF SPARK PLASMA SINTERING:
MACROSCOPIC MODELING



G)(t:lpled electro-thermo-mechanical FEM calculations

_ -EI-QS o -DV) — O Conductive DC

Heat Transfer

/ Cp ILIT 'D Qk 'DT) Sel "DV‘ by Conduction
i

e .
. — S—(Vv)é é. / M StressStrain
W @& 1 : Analysis

Densification

Olevsky E.A. (1998), Theory of sintering: from discrete to continuum. Review, Mater. Sci. & Eng. R: Report40-100



* Constitutive Modeling - material model

® Constitutive Equation

For Solid Material For Porous Material

1 - function of microstructur |. Diffusional creepn=1(m=1)

A - function of microstructure ) i i : i

D - diffusion coefficient a.Nabarro-Herring creep (grain lattice diffusion)
fg:sfe‘fl“:‘f’e‘;;‘:ea‘ modulus b.Coble creep (grain-boundary diffusion)

k - Boltzmann’s constant [1. Grain-boundary sliding creep n=2 (m=0.5).
I- zteml-’efamfe [11. Dislocation creep

O - »Slress o

1 - stress exponent (1/) a.Glide-controlled creep, n =3 (m=0.3)

m - strain-rate-sensitivity exponent b.Climb-controlled creep, n=4-5, (m =021 03)

IV — effective strain rate for porous matl. IV DiSperSion—Strengthened a”OyS n>8 (m <0 1)




* SEM Analysis: Morphology of Copper
Powder, (Left) 300X, (Right) 1600X

Copper Powder (Alfa Aesar, MA, USA)

» Spherical

» High Purity (99.9999%o)

» Particle Size -170 to + 400 Mesh (38-9 0 & m)



%mperature, Pressure and Densification Profiles
for 625°C MSPD Experiment
(20-50 MPa)
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Strain Rate Sensitivity Component m of
* MSPD Experiments at Different
Temperatures (20-50 MPa)
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Coupled electro-thermo-mechanical FEM calculations

SPS of an Alumina Specimen

temperature porosity




FCT DIE-PUNCH SETUP: TEMPERATURE DISTRIBUTION

Upper Spacer ——» S

Lower Spacer —>  [IEEEEED
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FUNDAMENTALS OF SPARK PLASMA SINTERING:
SCALABILITY



SPS SCALABILITY (SIZE DEPENDENCE)

* Alumina Disk-Shape Specimens (Same Aspect Ratio):
Alumina powder, -325 mesh, 99.99 % pure from Cerac Inc. (now

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

0000000000000 | i5mm | 40mm [ 48mm | 56 mm |
Sample

_mm
___
insert  [Height[mm] | 38 | 10 | 12 | 139
-__
[Radiusfmm] | 30 | 8 | 80 | 80

Transition Height[mm] | 30 | 8 | 957 | 1114

Radius 2 [mm 30 80 95.7 111.4

experimental calibration

Relative Density

o'
o
[0)
=
3
=
[
=
Q
Q
5
[t

Applied Voltage [V]
L o — [N w ~ o [+

Experiment —a—
Simulation ——

0 200 400 600 800 1000 1200 1400 1600
Time [s]

voltage evolution

Experiment —a—
Calibration —e—

[ 0.6
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Time [s] Time [s]

temperature evolution  relative density evolution

E.A. Olevsky, W.L. Bradbury, C.D. Haines, D.G. Martin, and D. Kapoor, Fundamental Aspects of Spark Plasma Sintering: I. Experimental Analysis of
Scalability, J. Amer. Ceram. Sq®5, 2406-2413 (2012)



SPS SCALABILITY (SIZE DEPENDENCE)

Porosity Gradient
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SPS SCALABILITY (SIZE DEPENDENCE)

100C/min 10/0 200C/min 10/0 300C/min 10/0 100C/min 12/2

S T N ) ‘
31827 37 o\ Gt

Corner

Center |

Alumina
powder, -325
mesh, 99.99
% pure from |
Cerac Inc. Corner /&
(now :
Materion
Advanced
Chemicals
Inc.) Initial
average
grain size:
0.38 pm 56mm Samples

E.A. Olevsky, W.L. Bradbury, C.D. Haines, D.G. Martin, and D. Kapoor, Fundamental Aspects of Spark Plasma Sintering: I. Experimental Analysis of
Scalability, J. Amer. Ceram. Sq®5, 2406-2413 (2012)



*

FUNDAMENTALS OF SPARK PLASMA SINTERING:
OVERHEATING OF TOOLING



* The Problem Overheating of SPS Tooling

Geometries of (tefright): 2 Disks, 3 Disks and 4 Disks Configuratic



* The Problem Overheating of SPS Tooling

Time=0 Slice: Temperature (K)

500

¥ 300




QUESTIONS ?



