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SPSTechnology was originally born in Japan

o
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Right : Dr. K.Ino (é/’f‘i.r-ét SPS Inventor/president of JAPAX)
Left : Mr. K.Okazaki (The first president of JAPAX INC.)

«»= Kanagawa Science Park (KSP)
i- and ex. JAPAX INC building at left

The1 st Gene’ra_ fon SPS

Lockheed Co.(USA) bought the patentin 1968



- Japan

Russia

EDM invented in Russia by Dr. Lazarenko

(U.S.SR)

EDM also invented in Japan by Dr. K. Inoue

2 Electrical

Discharge Machine

( Electrospark Machining )

Spark Sintering

ECM

ECDM

Spark Forming

ECG

ECB

C

SPS :
Spark Pla

Dr. B.R. Lazarenko & Dr. N. |. Lazarenko

of U.S.S.R. In 1943

Founder of EDM Technology




n Progress of SPS Technology

% Customized SPS" Systems
Nano, Porous,Thin film
Reaction, Synthesis
Composite .
Ultra-Vacuum 5*-generation
SPS Chemistry NTER LANL
Kinetic Window
Electro-migration

d
c
)
S
g

o
]
>
[

(@]

Research &

e _ 2nd-gameration
Rapid High-density Plasma Activated
Homogeneity Sintering (PAS)
Fine micro-structure e IR

Low temperature
Amorphous




Number of Presentations

NIS

Increasing Use of SPS Technology
In Japan
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AAdvanced CeramizéddeEdHamodmoo k
American Ceramics Society, Published in 2013, Chapter 11.2.37A SP S0

SPSJob-shopcenterin Japan (left/3MN right/ 200KN) (i300mm large Al,0, SPSedcompact(Relativedensity: 98%)
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Figure 3. Increasing use of the SPS machines in the world
SPS units produced & installed19902010



First'European
Spark Plasma Sintering
Workshop 2001

Max-Planck-Institut fiir
Chemische Physik fester Stoffe

Veranstalter / Organizers

Max-Planck-Institut far
Chemische Physik fester Stoffe, Dresden

Sumitomo Coal Mining Company Ltd., Japan

Fraunhofer Institut fir
Angewandte Materialforschung, Dresden

Friday, 19.10.2001

10.30

10.45

12.00

13.00

13.15

13.30

14.00

14.30

15.00

15.30

16.45

Y. Grin, MPI CP1{S, Dresden
Welcome ’

M. Tokita, Sumitomo
Development of Advanced SPS-
Systems for Industrial Application

Lunch

S. Morikawa, Sumitomo
General Aspects

M. Sonoda, Sumitomo
Introduction of SPS-System for
Research Applications

M. Nygren, University of Stockholm
SPS-Processing of Ceramics,
Composites, Laminated and
Functionally Graded Materials

O Max Planck
Institute,

Dresden, Germany

J. S. Kim, University of Ulsan, Korea
SPS for New Materials Development
in Korea und Japan

J. Schmidt, MPI CPfS, Dresden
Synthesis of Intermetallic
Compounds by SPS

Coffee Break

Demonstration of the Spark
Plasma Sintering System SPS-515S

Final Statements

2001



International
Workshop on Spark
Plasma Sintering

P APENM 2008
International Congress Center
Dresden, Germany

23 9§ 25 January, 2008

CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE



PacRim7 held in Shanghai, China 11-14 Nov. 2007

SPS session o0Spark Plasma Sintering Sy

Organize d & Sponsored by

Endorsed by

E@Qﬁ%? Abstract Book

Shanghai, China
Shanghai International Convention Center




20 10 -2012 Pulse Energizing Processes(_ SPS)
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SERVOMETALFORUM
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U 2010 July SPS BOOK
28 Papers /8 Chapters
Total 8 343 Pages
Authors e 28
Publisher:[TIC Inc .

U 2011 Autumn 0 2012 Winter
SERVO METAL FORUM SERVO METALRORUM

Annual Symposium ASPS FOR

201 /November 16 in Sendai, Tohoku University

2012/ June STAC-6 Int. Sympo (Yokohama)

SPS Special Session
2012 / October PM2012 Int. Congress (Yokohama)

Materials Integration (TIC Inc.

SPS Special Session 2010, July/Aug/Oct/Nov SPS Special Edition
2012/ Decemt&P SO FORUM of Japand, Tohoku University
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Versatile Process & Large Number
of Potential Applications

A Sintering

A Sinter-Bonding & Joining
A Surface Treatment

A Synthesis NanoPhase

Materials

Functionally Gradeo ThermGE_Iectric
Materials (FGMS) Materials

Advanced Ceramic

Bio-Materials

and others



Suitable materials for SPS processing

Materials for SPS processing

Fe, Cu, Al, Au, Ag, l} Virtually any metals possil

Cr, Mo, Sn, Ti, W, B

AlLOs, Mulite, Zr@Q, MgO, SiQ, TiO,, HfG,

SiC, BC, TaC, TiC, WC, ZrC, VC

SisNg, TaN, TiN, AIN, ZrN, VN

TiB,, HfB,, LaBs, ZrB,, VB,

LiF, Cak, Mgk

SisN4+Ni, AJOs+Ni, ZrQ+Ni

ALOs+TiC, SUS+ZrQ ALO;+SUS

SUS+WC/Co, BN+Fe, WC+Co+Fe

TiAl, MoS}, SkZrs, NiAl

NbCo, NbAI, LaBaCuSQSnpCo; 7

Organic materials (polyimide, etc.), compositematerial

Pure Nano SiC 80n m X0nm)
R.D : 99.4%
mHV : 2380

DH; (=11 t._ =H®

SPARK P »M:,;.

oved production and processing eﬁicwncy
Transparent ceramics



Classification of Spark Plasma Systems (Processes)
Four Different Processing Cateqories can be covered by SPS technigues

— (TRapid sintering

[1] — (2XGrain boundary controlled sintering
(control of micro fine structures)

= Sintering = Spark Plasma Sintering ——— (@Temperature gradient sintering
—— (@)SPS-pseudo HIP sintering

— (5)SPS-SHS sintering

—— (B)SPS-magnetic field sintering

[m] — (TSPS sinter-bonding
SPS [~ @SPS gradicnt bonding
Spark Plasma Systems Sinter-Bonding = Spark Plasma ——t—— (3SPS solid bonding
(Processes) Sinter-Joining Sinter-Bonding & Joining {Solid phase Diffusion Bonding)

—— (@)SPS film Laminated bonding)

[Im]

— (IModification of plasma spray coated layer
Surface treatment | = Spark Plasma —— (@Hardening of thin surfane layer
{coating) Surface treatment — (@Porous layer surface treatment

[IV] (T'Consolidation of polyimide resin powder
(Z)Solubilization of insoluble mono-alkyl polysilane
— Synthesis = BSpark Plasma Synthesis (3'Growth of single crystals

(@)Synthesis of eutectic materials




Recent Demands for SPS form Industries

High Value Added Products
Multi -use, Small-Medium scale Production

Fully Automated Machine Systems

Higher Reliability & Safety
Higher Functionality

3-D Near -Net/Net shape Forminqg

More Complex Shape Product +—__ =

Highly Dense materials

Highly Homogeneous materials

High Reproducibility ( Repeatability )
<

Finer & Smaller Sized Products — | Larger Sized Products

Thinner materials
Finer micro structural materlals
Composite materials

Thicker materials

Single Crystal materials

General Purpose Sintered Products

Hybrid materials
Porous materials

Manual type Simple &
Low cost machine systems

Nano-crystalline materials

General purpose Mass, Large scale Production
EX) 10 K 30 K(70K~100K) pieces/month




SPS system configuration

Upper
punch electrode

~ SPS sintering press
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Basic mechanism of neck formation by spark plasma

When a spark discharge occurs in a gap or at the contact point between the particles of a material, a
local high temperature-state (discharge column) of several to ten thousands of degrees centigrade is
generated momentarily. This causes evaporation and melting on the surface of powder particles in

the SPS process, and fAneckso are formed around
Pressure Pressure
Powder particie (A) u >
h e - . Anode ///
\'-‘_—T’- Molten layer /o4 & )
;o Vaporzation layer | + 8 Y&\
& .~ Bectron: L 5.9 Discharge column
v S ._’1 Spark plasma 9.“’.
(m;' 60 CO“. (spark plasma)
s o . el
\36s® | Vaporization layer. | 2@ L)
& e / Molten layer to 8 8
Cathode < Cat &
Powder particle (B) PP ﬁn
i > (W) Vaporization and ing actions
“)::“otfo?r'dmmfg“ (1) Generaion of spark plasma omrp L :ﬂ::;g
g
Part.cle surtace
" diffussion bonding Pressure
“;’,'&.‘,;':.qk
%"ﬂ\f%
< RN

<
', Particle migration (displacement) Generation of spark impact pressure
/ and plastic deformation

Thermal dffusion
fiald diffusion layer

Nech{molten sectisn) — ¢

(V) Neck formation by spark plasma Pressure
(V) Generation of spark impact pressure, sputtering of vaporized/moben particles



Does Spark Discharge Occur in Powder Particles?
Does Spark Plasma Occur during SPS Energizing?

Atomized cast iron SiC Fiber

—_—
20kV xS5.000 Sem 922633

Normal Sintering
(in Vacuum)

Collateral Evidence Examplesof SPS Effects e A )




Concept of SPS technology development
=0Trinityofsystemo

Hardware, Software and Powder Materials

PROCESSING
(SOFTWARE)

SYSTEM
(HARDWARE)

POWDER
MATERIALS



Basic R & D Process using SPS

(1Examination @Arranging dies and materials

Y

of test contents for SPS sintering test
4th5'|t';G_E_____YE; - r[[]| f Mechanical
=== : nvestigation of Mechanica
' NO SPS test ' 1st STAGE and/or Electrical properties
| SPS test .
: T ' (Strength, Hardness, Density,
: NO SR >, l Toughness, Porosity and others)
' 3rd STAGE YES | (@Analysi - |
' ' ysIS [I] Investigation of Chemical
: :
X SPS test E and Evaluation Composition and Microstructure
. Nno 1 o (with SEM, TEM, Optical microscope,
" YES \ EPM. EDX and others)
(DExamination of 22{;88-{35?E ©2nd STAGE
Practicality ~ SPS test
Assessment . :|>< N-times
- Applicability for ©Completion
Experimental use Examination of
*Productability for Durability and
Industrial use NO YES Diusr,?it:ul:?gﬁn ®Analysis and Evaluation
behavior (Sinterability)
@ = | . ..
Discussion _—" [ I]+[@]+[I]Investigation of Durability,

Homogeneity, Size and Shape Effects



Example of NanoAI203 by SPS

2 Sinterability and Phase transformation :
Powder materials used

S T _ 2-Al203 Average particle size
4.0 prem— | 7_2:283 Ggsec 37nm(Nanotek,Inc.
o [| & T7ALY, S0sech 4 A1203 particle size 0.5¢
g 3.5 1" ¥ ~Al,0, 600sec §  5ymitomo Chemicals co.Ltd)
RS —w— a-ALO, (0.5um) | U-AI203 particle size 0.2¢
> i 60sec § Taimei Kasei Co.,Ltd)
g 3.0 - 4 |—— @-Al,0, (0.2um) SPS apparatus SPS511S,SPS2040
8 60sec | (Sumitomo Coal Mining Co.,Ltd.)
L s r r 1 v 1 ’ T ’ T a a a
120013001400150016001700 1800 | l Lo \ A a a

Change of density as a function of temperature
under 49MPa

Temperature (K) “ . 3
- 5 l

SPS Conditions Sintering Tem@B73X- 177X
Holding time 0- 600sec.

SPS pressure 49MPa, v 4 1173K
Pa Vacuum R.D98% o ﬂ Y 5
Theoretical Densityn -ALO; 3.6%/cm3 | > A =

U 3.98 U 3.65 d3.58 AL o 8o 1o

Intensity (a.u.)
™ ™
% Q
-<
~<
}
l
> O
E {
N
} )
P

. o5 ,U -ALO, were densified more than R.D98% at 26 (degree)

1773K. -Ab0; phase change to Uphaseat 1473K XRD pat t eAl Ogprepdred & 1173 1473K
under 49 MPa



Pressure Effects in SPS

Density (g/cm®)

Intensity (a.u.)

3.6- 1 X L Ll L 1 L 1 ) |
. - o -
3.54| Density / E
34| decreased due ]
. % (@]
4] U 2-phase -
33| change tca y
3.24| a n d-phése .
3.1 \/ o
3.0 ]
20] e 690 MPa 1
'] \. a i
2.8 E
1 L 1 L) 1 . 1 ] Ll v T T T T
850 900 950 1000 1050 1100 1150 1200
Temperature (K)
Change of density as a function of
temperature at 690MPa
20 40 60 80

26 (degree)

MPa Vs MPa Phase and Grain Growth Behavior

nm
1773K,49MPa
y-Al203
(37nm)

!--Al203

a-Al203
(0.2um)

a-Al203
(0.5um)

SEM micrograph of -Al,O4
a n d-AlfO; (0.21 mQ.5i m)
prepared at 1773K under

49 MPa for 60s.

FE-SEM micrograph of /-
Al,O; prepared at 973~1173K
under 690 MPa

XRD patterns of

1 -Al ,O4 prepared
a973 1173Kunder
690 MPa




Density '® '
R.D 3 98% _
} _0 %0 - <Heating up rate>
& SPS100K/min
g ] HP70K/min
g —O— SPS
70 AP -
60 . . : . .

1800 1900 2000 2100 2200 2300 2400

Sintering temperature[K]
Dependence of Vickers hardness on the sintering
temperature in the SPS - and HP -consolidated SiCs

[ Bending strength
800 -

~ SPS
[o]
o
= 600 -
=
W
c
L
7]
w 400 -1
g HP
=
D
m
200 H —0O— SPS —
—A— HP

0 T T T T T
1800 1900 2000 2100 2200 2300 2400

Sintering temperature[K]
Dependence of bending strength on the sintering
temperature in the SPS - and HP -consolidated SiCs

Vickers hardness [GPa]

30 ———

Hardness Starting powder

A-SiC:average particle size
0.28] m

5%U-AlL,0;: 0. 221 m
3 Yb0;0. 41 m
SPS apparatus

SPS MK-IV

Sumitomo coal Mining
Co.,Ltd

Hot press
Fuji Denpa Ltd.)

1 SPS )

20 A -

—O— SPS
—— HP

0 T T T T T
1800 1900 2000 2100 2200 2300 2400

Sintering temperature[K]

Dependence of relative density on the sintering
temperature in the SPS - and HP -consolidated SiCs

Fracture toughness and Bending Strength

T O SPS H H e
E 41 o 2123K SPS sintering condition
g — v Pressure MPa
{ oo /] keepingtime min.
9] /
g 3.6 N 7
L% é,/’o

callms N 2023K

A
3.2 T T : .

500 550 600 650 700
Bending strength [MPa]

750

Relation between fracture toughness and bending
strength in the SPS - and HP -consolidated SiCs



SPS/ 2073K 30MPa HP 227X 30MPa
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8 [ 3 -
o R SiC sintered by HP
> "
g | sic(sps) i i b
C .
— i ot
JLL—A—* ‘T-—jL A JL\J g /\‘/ ! ‘.\
£ ; Y SiC sintered by SPS
e 8 5 rd :
{F = z M .
= = ) = 1
:'(9) N 8 Q = é Disordered 3C-SiC . E
3 = O o £ 2 \
i F° s 8, ¢ AN
i s ! 3 N ]
SiC(raw powder) I fi i 8 Ma’ ' '\‘ ! SiC powder(UF)
L : \"" . " R
L—J ! ¢3C-SiC
1 Y 1 1
20 30 40 50 60 70 80
750 800 850
2 theta (degree) Wave number [cm-']
_ _ Raman scattering spectra obtained from
XRD patterns obtained from raw powder, SPS - and HP - SiCs

raw powder, SPS- and HP -consolidated SiCs

From XRD and Raman scattering analysis, it is suggested that disordered cubic structuf@ ¢ype) of SiC
can be preserved in the SPS consolidation, and the scarce detection of;XBO,, phase suggests the existence of
oxide additives in amorphoutike state.



applied voltage @and constant 25°C

thermal and
electrical
isolations

contact

constant
temperature

L ANNAN
on outside

surface

resistance

6(°C)

+8.018=401
+7.558e+01
+7.098e+01
+6.638e+01
+6._178e+01
+5.71%9e+01
+5_Z5%e+01
+4 7932401
+4 _33%e+01
+3.879e+01
13.420e+01
+Z 9602401
+z _500e+01

S
| (T (ST [ M S O U Y (!

=

| | IR

horizontal

resistance

vertical contact

6(°C)

+1.0E5le+03
+9_968e+02
+2_4Z6e+02
+5.883e+02
+5.340e+02
+7.798e+02
+7.Z55e+02
+5.713e+02
+5.170e+0Z
+5.6258e+02
+5.085e+02
+4_543e+02
+4 _000e+02
+2.500e+01

B

i

By Prof. Munir etal. Of California University

6(°C)

+1.528e+03
+1.403e+03
+1.278e+03
+1.153e+03
+1.027e403
+9_.019=+402
+7.767e+0E
+5.514e+0Z
+5.261le+0E
+4 008102
- +2.756et02
- +1.503e+02
- +2_500e+01



SPS Technology Topics
Especially from overseas SPS researchers

One of the distinctive phenomenon, of SPS.is
There is an obvious difference in powder particle size 1-CRDOnm and under 50nm (260nm).
Rapid grain growth occurs in a few dozen degrees of sintering temperature difference.
Stockholm Univ. /Prof. MNygren ( NJS/Dr.M.Tokita)
Actual temp. difference in sintering temp. measurement seems significant, but not so practic

Max Plank Institut /Dr. Y. Grin

Stockholm Univ. /Prof Nygren, ( NJS/Dr.M.Tokita)
SPS is recognized as &eaction Synthesis (Sintering)

CNRS/Dr.J.Galy Univ. of Burgundy / Prof. F. Bernard

Univ. of CaliforniaDavis / Prof. Z.A.Munir

Max Plank Institut /Dr. Y. Grin, ( NJS/Dr.M.Tokita)

Stockholm Univ. /Prof. MNygren

Continuous researches on differences between AC/DC and also relation between
Heating Rate, Densification, Grain Growth and Pulse Energizing Effect.
Univ. of CaliforniaDavis, Wuhan Univ. of Technology

Univ. of Burgundy
Stockholm Univ. etc. ( NJS/Dr.M.Tokita)

SPS is most effective Sintering & Synthesis Method for Nano/Nandomposite Materials.
Shanghai Institute of / Prof. L. Chen

TsingHuaUniv. etc. ( NJS/IDr.M.Tokita)
Many other researchers from every country



Wave Form of Thyristor -type SPS Pulse Generator (patented)
< developed, manufactured and measured by Sumitomo/SPSS since 1989 >

ON-Time setting: 1 (3.3ms) ON-Time setting: 99(326.7ms)  ON-Time setting: 12(39.6ms)
OFF-Time setting: 9 (29.7ms)  OFF-Time setting: 1 (3.3ms) OFF-Time setting: 2 (6.6ms)

hop
| ||

U N BT

Wave Form of Inverter -type SPS Pulse Generator

(developed, manufactured and measured by Sumitomo/SPSS in  1996-98)
IGBT/PWM Control system

ON-time: 10ms ON-time: 90ms

OFF-time: 10ms S M e
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Different type of SPS machine systems Developed in Japar

Multi Head System

Rotary- type System
Shuttle- type System

ASPSACORFRED 7 - #1154
TFE X L 2 SPSRA T AL T
2 ¢ -~ a

Full Automatic SPS System
(Tunnel-type)




SPS JOBSHOP in Japan
T T T - Balichctipe- STIERE

3 MN
30,000A

</”




Example of Large -sized Product in Materials Industry

Disk -shape 300-350mm in diameter of
metallic sputtering target fabricated by SPS

Comparison of sintering time
between SPS and HP/HIP methods

O Time

O FP NDW A OO N 0 O

]

SPS HP/HIP

AsPS Sintering Temperature: 1373 1473K  Other examples) CrBz, CrB, SiC, SiOz, Ta20s, ITO
A Relative Density: 99 100% BaTiOs, PbTiOs, TiN, TiAl, Ti-Al-Si
Mg2Si, Ru, RuCo, NiCr, Ti-Ta



Example of Batch Production Method in Tools Industr vy
WC/Co Diamond Cutting Blade by SPS

Sintering
Powder Material
(or Green body)

l

1 Multi Layers:

n=5 20
Outer Diameter | 0 100/150mm ___ B | | Possible
Inner Diameter 1 u 40/60mm__
Thickness 1 0.35/0.4mm__ ‘
SPS sintering temp. ! 1473 _1523K ___
Sintering Pressure 140 _50MPa Graphite
Relative Density | 99 100% Spacer
Young Modules 1500 580GPa__|
Flatness !-< 20e m



Three sets of Batchtype Large sized SPS manufacturing systems
working at the same companydo

. 20 hours / day by 2 shifts
24 hours / day by 3 shifts

® Max. Sintering Pressure : 1000-2000KN
Max. DC Pulse Current : 15,000-20,000A

Nol. Installed in 2003

No2. Installedin 2004

No3. Installed in 2005



FGM by SPSsystem

Hybrid System - Tunnel-type Automatic SPS
Manufacturing systems

5-Chamber system Developed & Installed in2001

| Vacuum Exhaus| | SPS Sinterif |  Cooling-ZAir Introduction |

[_Pre-Heating |




100x70x10 Large WC/Co cemented carbide hard alloy(monolithic)

Mixer

1 Mixing and _ | Solvent recycler
Agglomerating / Dryer
Agglomerator

) o — Powder filling unit

SPS sintering
— SPS systems

‘ Products

g Sintered compact Inspection
handling & Inspection ] Brpmaas
Inspection

100mm 70mm 10mm Large -size WC/Co cemented carbide hard -alloy
compacts automatically -fabricated by the SINTER -EXPERT system

Typical mechanical properties of WC/Co tungsten carbide hard alloys sintered by SPS

Transverse Fracture
Product | €O Content| Grain Size |  Denstty Hardness | Rupture Toughness
Cord Name Strength
(Wt%) ( e m) (glcnd) (mHV) (Kg/mn) (Ko

TC10 <4 <05 15 2150 270 6.5
O SPS sintered compact
Vickers hardness TC20 <6 <0.5 14.8 2050 300 7.3
distribution behavior

M78 0 <0.2 15.4 2600 150 5




Comparison of the SPS sintered Fine WC/Co hard alloy
and other commercial products by conventional method

| M78

1 94

a» | 93
<» |
S @@ =
:
89
100 150 200 250 300 350 400 450
Transverse Rupture Strength (Kgf/m#)

VdH




Nano-WC :Examples of Aspheric Glass Lens Molds




Binderless Pure-WC Oxidation Resistance

Comparing weightlosSs changes of strface area per speciens

after. 7000 <10hrs heating-in atmospheric furnace

0.090
0.085
0.080
0.075
0.070
0.065
0.060
0.055F
0.050
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SPSed pure-wc A company B company

Super Hard Alloy Materials



Full-Tunnel type SPS Production System
SPS JOB-SHOP company using Production-type SPS Systems in Hokkaido

Pure-WC SPS sintered compact
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(JAPAN : OHTA SEIKI Co.,Ltd )
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Largest in the World

Semi- Tunnel type SPS Production System

Max.pressure:
tonf MN)
Max. pulse current
: A

-Chamber system
Pre-heating stage
SPS sintering stage

Cooling stage

Invertor Pulse Generator

( $400mm:Max. 85MPa) JAPAN/ SINER LAND INC.  Box type Chamber/Auto Feeding System



Semi-Tunnel type SPS Production System

World s Largest SPS System 00 tonf(_ MN ) / 40,000A
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JAPAN/SINER LAND INC.
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Large size Production -type SPS System

2 Max. Pressure 3~ 10 MN (300~1,000 tonf
2 Max. Pulse Current Out -put 20,000 40,000A

| Features|l BTN (L

e Flexible system s R ;

e Additional Multi - chamber system is available '“ ’
for an automated production with a special conveyer.

e The latest hardware

"H Specially designed ON - OFF DC Pulse Generator
for High efficiency and Energy - saving ~

"H Newly developed JPX Touch Panel operation screens

"H High cooling performance
e Safety and reliable long - run operation
e Easy maintenance

O 300 ALO,

(RD:98%)
JPX-300G- MN
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2 OneBox AHIN ONAC Servo Motor System

Medium size LABOX SPS System LABOX™ M-series

Model LABOX -1575 LABOX Touch Panel System and Vacuum Chamber
150 KN/ 5000 10000 A)



