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BASIC PROPERTIES

Reactions with Non-metals

C
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Se
F
F+O
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>800 °C
>700 °C
>600 °C
>400 °C
>400 °C
>480 °C
>RT

>RT

>250 °C
>450 °C
>550 °C
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Stable isotopes W182, 183, 184, 186, (180)

Density

19.3 g/cm3

Crystal structure body centered cubic (bcc)
Super conductor T; =15 mK

W,C, WC

WP,
WAS,

WO, (sublim. at 800 °C)

WS,

WSe2 (exothermic)
WF, (volatile)

WOF,

WCl, (WOCI,, WO,Cl,)

WBrg 5.4
W6|12

Karlsruher Institut fur Technologie

Reactions with Acids/Alkalis

Reagent 20 °C 100 °C
HF none none

HNO, slight attack oxidation
H,SO, none slight attack
HCI none slight attack
H,PO, none slight attack
H,O, none dissolution
NH,OH none none

KOH none none
NaOH none none
HCI+HNO,; oxidation dissolution
HF+HNO, dissolution dissolution
KOH+H,O, slight attack dissolution

M. Rieth: Tungsten - Properties, possible and
impossible application
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BASIC PROPERTIES ﬂ(“
Reactions with Compounds

H,O >RT WO, (OH) , (volatile)
NH, >600 °C >3.5wt.% N =2 fcc W,N, y-W3N,
HF <600 °C only little corrosion
>600 °C volatile WFg
HCI <700 °C stable

H,S >350 °C WS, + 2H,

SO, 300 °C WO; + S,

CO 80-200 °C  tungsten hexacarbonyl
>1000 °C  W,C + CO, (bulk tungsten)

SiO, >2000 °C  slight oxidation

SiIC  >1100-1900 °C WC and WSi

Al,Oq <1900 °C  compatible in vacuum

BeO <2000 °C  compatible in vacuum

MgO <1500 °C  compatible in vacuum

Z2rO, <1600 °C  compatible in vacuum

Glass <1400°C  stable
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“REASONABLE” ALLOYING ELEMENTS FOR W ﬂ("

Al Y La

w.
. Cr Mn Fe Co Ni Cu

.
MW2 e <2/0
.

Insoluble _ Line Compounds § Solid Solution

Be Mg B
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TUNGSTEN MATERIALS ﬂ(“
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Pure Tungsten

Grain Stabilized Tungsten .Heavy Metals*“ Alloys
».ODS Tungsten* (Two Phases) (Solid Solution)
| * W-Ni-Fe (e,g. Densimet, * W-Re (<26%)
* Inermet) - only commercial alloy
: ) * W-Cu
Potassium Oxides & < Functional Applications  * W-V
- : * W-Ta
Doping Carbides : s
* W-Ti
WVM, WVIMW, * La,0, (e.g. WL10, WL15, WL20) « W-Nb
AKS, ete, * Ce0,(e.g, WC20) > Even more brittle as
= Bulb Wire ° ThOZ (e.g. WTZO) pure tungsten ]
<> Weld Electrodes

. Y,0,,2r0,, TiC, HFC, etc,

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PRODUCTION ROUTES

Karlsruher Institut fur Technologie

%)H

~*» Blending
* Pressing
* Sintering
* Hot Forming

This is so far the
only large-scale
production route
which could handle

+ Mass Production

+ Nearly Finished
s Produeis

+ Homogenous

500 tons of W (or Microstructure
more) needed for

power plant [-) S. Antusch, KIT ]
applications. - J. Opschoor, ECN

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and

impossible application

PN
PLANSEE

-« Ball Milling
- Encapsulat’ &

. HIP/Hot ©°
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\_Fomir &

>
+ Ne- {° Aure
 Im 6 S
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\~§ roduetion Reute

OQ
[—) H. Kirushita, IMR ]
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COMMERCIAL PRODUCTION ROUTE ﬂ(IT
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W

E

O, powder

powder
reduction

pressing
sintering

| %
R13573_012 x100

sintered W part
(fracture surface)

PLANSEE

, thermomechanical treatment
\'(\\\ (deformation & annealing to adjust properties)

@ : .h A
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COMMERCIAL PRODUCTION ROUTE ﬂ(“'
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COMMERCIAL SEMI-FINISHED W PRODUCTS ﬂ(l'l'

Rolling Plates

Forglng Round Blanks lRoIIinngwaging Rods

=)
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MICROSTRUCTURE OF “HEAVY METALS” AT
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DENSIMET D180, W-3.5Ni-1.5Fe | Col\d fractt_;re surface

- 7 % 3

[ s%AccV Spot Magn Det WD —— 50um
75 25.0KkV 8.0 500x  SE 10.1 W-Fe-Ni

- —‘Z , g

'..f.~ v B N A / o)
. JAccV Spot Magn Det WD I—J'

M30.0kV 4.0 500x SE 10.1 D180 - D1
LA R "y - - — > ¢

4 L

<

DENSIMET D180

Density 18 g/cm3
Young’s mod. 380 GPa
Therm. Cond. 83 W/mK
Therm. Exp. 5.5x10%/K
ferromagnetic

30.0kv 4.0 1000x SE 17.7 Probe 151
s G WS T IR
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POWDER INJECTION MOLDING ﬂ(IT
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20
18 4
16 -
14 4

12

torque [Nm]
©

o N & O
T

Kneader

0:0 0:'10 o:‘zo o:'30 o:lto o:;o 1;0 Feedstock

kneading time [h:min]

Powder + Bihder

charpy impact
test specimen

tensile tes
specimen
-—d
O
dis

divertor part ,tile* gear wheel :

sleeve

’ e Injection molding
debinding; pre-sintering + HIP of green parts

Green parts (dark)
Finished parts (bright)
- S. Antusch, IAM-WPT, 2011
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POWDER INJECTION MOLDING ﬂ(IT

Karlsruher Institut fur Technologie

Materialherstellung: _
Mechanisches Legieren (Dotieren) Thermische Prozessfuhrung:

- 2 h/ n-Hexan / ZrO, Kugeln/Becher - Vor-Sintern (1800 °C, 2 h, H,) +
- HIP Prozess (2100 °C, 2500 bar, 3 h, Ar)

. 3 e .
. 4 ® v }
S | : : |
\ L 3
> : » <

J . i “.

WS LS | L&
¢ ‘s e
RPN | o 0 - Lo

SEM Mikrostruktur (Bruchflache) und Schliffbild fir W-2La,0;, die Pfeile zeigen La,O5-Partikel

Material-Eigenschaften:

Vickers-Harte: 586HV0.1
Dichte: 96.5 — 97.2 % TD - S. Antusch, IAM-WPT, 2011
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POWDER INJECTION MOLDING ﬂ(IT

Karlsruher Institut fur Technologie

Materialherstellung:
Mechanisches Legieren (Dotieren)
- 2 h/ n-Hexan / ZrO, Kugeln/Becher

W+W-2La,0, / W+W-2Y,0,/ W+W-1TiC...

Thermische Prozessfuhrung:
- Vor-Sintern (1800 °C, 2 h, H,) +
- HIP Prozess (2100 °C, 2500 bar, 3h, Ar)

28R % \ Fam #° LEL 0PN

B R ot ’.f'(».}‘;' ~ TRl
0 3 e Y AT

“,
-

T Tl

a5
.6

Rot: W

SEM Mikrostruktur (Bruchflache) SEM Mikrostruktur (Schliff) und AES-Map W+W-2La,05  schwarz: La,0,
W+W-2La,0, = FlUgezone: frei von Rissen und Spalten

= Materialverbund erfolgreich \/ - S. Antusch, IAM-WPT, 2011
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PRODUCTION

Country/Continent | Production (tonne W) Country/Continent | Production (tonne W)

China
Russia
Bolivia
Vietnam
Austria
Portugal
Africa

67,000
2.800
1,200
1,150
1.000

800
800

Peru
Canada
Thailand
Brazil
Spain
Mongolia
Other

400
250
250
250
200
200

SKIT
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W

Chinese character

Source: ITIA for fungsten

90,000
80,000
70,000
60,000
50,000

40,000

tonnes W Content

30,000
20,000

10,000

Tungsten Production and Demand

e
b

g
D

ITIA

7N

2001 2002 2003 2004 2005 2006

Production

2007 2008 2009

Demand

2010 INTERNATIONAL
TUNGSTEN INDUSTRY

ASSOCIATION
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RESERVES SKIT
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Tungsten Reserves

{3 million tonnes, W content)

B China
B canada

B South America

Others z USGS

science for a changing world

U.S. Geological
Survey
Source: USGS
INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PRICING AT
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Metal Bulletin Quotations (Annual Average)*

300
—— — = \
250 —— wolframite / =% !
~4= APT (Europe) / \.
200 -
3 \—&— APT (USA)
= - >
3 150 - FeW (Rotterdam)
B |
2
& 100
7]
ma

0 . T q ; I Y ! Y i T .
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Years
* A metric ton unit (mtw) is 10 kg INTERNATIONAL
« A memc ton unit of tungsten trioxide (WO,) TUNGSTEN INDUSTRY
contains 7.93 kg of tungsten ASSOCIATION
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APPLICATIONS AT
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Primary Uses

)99

China Europe Japan
‘ B Cemented Carbide
" B Mill Products

W Steels/Alloys
B Others

Russia USA

Estimated global consumption 2010: Total 71,000t W (virgin demand), 95,000t W consumption (including scrap)

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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APPLICATIONS

Cemented Carbides

INR, 8.12.2011

M. Rieth: Tungsten - Properties, possible and
impossible application
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Coated inserts indicating the
manifold geometries which exist
to different cutting operations
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APPLICATIONS

Steel & Superalloys

EXHAUST

Hot Section

COMBUSTION

COMPRESSION
Combustion Chambers

Cold Section
Design of a typical gas turbine jet engine. Turbine blades are made of tungsten-containing superalloys

INTAKE

Air Inlet/

INR, 8.12.2011

SKIT
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Typical Compositions of Selected High Speed Steels (%)

Grade C Cr Mo W v Co
TA1 0.75 - - 18.0 11 -
M-2 0.95 42 5.0 6.0 2.0 -
M-7 1.00 3.8 8.7 16 20 -
M-42 1.10 3.8 9.5 1.5 1.2 6.0

M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
impossible application



APPLICATIONS ﬂ("
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Heavy Metal

41.85 MM 125.18 MM
(‘IGElN) r(493|N)

=T ) ——— 7\

185.80 MM _-_.]\2 ’

N
(6,53 IN) t
547.38 MM (21.55 IN)

d ailerons in modern aeroplanes (indicated by the arrows); the weights are made of tungsten
up to 850kg of counterweights are used in a Boeing 747

Y
Spee-D-Mark”

Polymer-tungsten sheet with a
density of 11g/cm?®. It is used as

of “green” ammunition for waterfowl and game hunting = @ substitute for lead.

24
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APPLICATIONS ﬂ(IT

Lamp Industry ' .
=

-

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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APPLICATIONS ﬂ(IT

Tungsten rod electrodeé@re used
for inert gas welding

ungsten IS used In X-ray tubes for medical investigations

LR Gl I CRIC R lgilisly  Tungsten is among the most important components in modern Integrated Circuitry

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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APPLICATIONS ﬂ("

= Chemsty :ss »
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FRACTURE BEHAVIOUR/DUCTILITY/BRITTLENESS ﬂ(IT
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Inter-granular

70um 1

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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DUCTILISATION ﬂ(IT

Known Strategies
1. Nanostructuring m—————) Small quantities only!

2. Composites messss—————)> Not yet availlable!

3. Alloying

S Ta — ®

E v — (@)

g Np| — — @

UBJ W + Mo E—)> ®

] — ?
E Re — @ $
Z ] —©) $$

Conclusion: For large-scale applications we have to live with the intrinsic
brittleness of tungsten materials!

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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MICROSTRUCTURE AND RELATED PROPERTIES ﬂ(IT

| _«lar fracture, .y ductile fracture,
e zaced by oxide particles ! «nproved by deformation !

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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Impact on Toughness ST
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- W Rod T v T y T v T J T J 1 ] L_llJ

A LT -

W Plate /\ O

B1 O LT | 1 2

{ | W Round Blank &

.. 84| O L& {1 &

< O LT @

5 6l | O SL | la,

2 <

w4 {4 =2

PLATE ] <

5 - ROUND |

I BLANK | ©
oA S |

— : —
300 400 500 600 700 800 900 1000 1100 1200
Test Temperature (°C)
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Delamination Fracture

SKIT
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.

elamination = ductile

N & TR »
~

Test Temperature
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Effect of ODS particles in W ST

Karlsruher Institut fur Technologie

WL10Rod, @7mm o | Rods: Metallography ‘
v

M. Rieth: Tungsten - Properties, possible Institute for Applied Materials (IAM-AWP)
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Effect of ODS particles in W ﬂ("

12 3 ' | | =" ductile fracture
1 |Rod Materials |
M3 © wW,6.9mm
104+ ¥ W, 20 mm
93| W WL10,6.9 mm
~ gi| @ WL10,20 mm
= e
o2 7; delamination
Q 6 -
S .
> °7
2 41
g 5
5 .
23
1 ]
0-

| 1 ] ! 1 Ll ] ! | ! 1 Ll Ll I Ll Ll Ll Ll Ll ! Ll |
600 700 800 900 1000 1100
Test Temperature, °C
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Problem of Microstructure Orientation ﬂ("

M. Rieth: Tungsten - Properties, possible nstitute for Applied Materials (IAM-AWP)
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STRUCTURAL TUNGSTEN MATERIALS SUMMARY ﬂ("

So far, the best suitable tungsten materials for structural applications
(divertor or other large scale components) are

Thin Plates, Thickness <4 mm

Produced by Sintering (Hydrogen
Atmosphere) and Cross-Rolling

Pure Tungsten (maybe small amounts
of grain stabilizers, like La,05)

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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TUNGSTEN AND ITS USE AS ARMOR MATERIAL ﬂ(IT

ut fur Technologie

The life time of a power plant divertor is TWO years — hopefully!

- High operating temperatures (peaks>1800°C)
—> Microstructural stability, aging, ...
- Thermo-shocks, cyclic loading, fatigue, ...

- Sputtering, cracking/fracturing
—> Surface interactions and modifications
- Microstructural changes

- 30 dpa (in W) until end of service
- Transmutation effects (Re, Os)
- Swelling (order of magnitude: 3% for pure W)

15 dpa/year (|n W)

QUESTION: What can we do about this? How can we improve ARMOR materials?
ANSWER: There is not much we can do now! We have to live with most properties
and effects. A final assessment would require real in-service conditions.

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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HIGH HEAT FLUX EFFECTS AT

Electron Beam

| Annealed RT,13GWm2 | 7

ST

| 200°C, 0.66 GW/m? |
T IS (e i Pure He, 10 MW/m2,
GG A Thax = 2100°C - sub-surface changes beyond

,)’ﬁ : \‘\%;\ r' / v 4 | ‘ particle penetration depth

‘ HV ‘det mode | mag @E| WD ‘ HFW

0.00kV|TLD| SE |8000x|4.2 mm [16.0 pm W-30 He loaded, IPP, MF

- H. Maier, H. Greuner, M. Rasinski,

|

200K as received &mm |1"""—| 30 kv annealed = 25mm IWL| Ch_ LlnsmEIEI’, IPP
- G. Pintsuk, J. Linke, et al., FZJ
INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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FINGER DESIGN, JET COOLING ﬂ("

Divertor target plates
with modular thermal
shield

Divertor 9-Finger
Cassette Module

- P. Norajitra, T. Ihli et al., 2003-2009

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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42



FINGER DESIGN, JET COOLING ﬂ("

43

H

AT=100 K

<

§ Steel

r=7.5 mm
—_—

INR, 8.12.2011

e ol High heat flux: >10 MW/m?
ol Small Size, Thin Walls

L Large Numbers: ~500 000
B Joints between W and Steel

He and W temperature limited by steel
Ferritic ODS -2 750°C ???

Eurofer ODS, 9Cr ODS - 650°C
Eurofer 97, F82H - 550°C

M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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W-alloy thimble
We-alloy rin

S He Inlet Manifold ——

~—— He Outlet Manifold = <«

X.R. Wang, S. Malang, M.S. Tillack & ARIES Team, 2008-2011

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PLATE DESIGN (ARIES), JET COOLING ST
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Front Plate

Slot-j¢
Cartridge

Hexagonal Tile

Thimble

ultiple-jet

Outlet Cartridge

Manifold
Side Plate

Back Plate

X.R. Wang, S. Malang, M.S. Tillack & ARIES Team, 2008-2011

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PLATE DESIGN, FOAM PROMOTER ﬂ(IT
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Foam . Heated
____Surface

- Mo, Nb, SiC Foam:
D. Youchison et al., SNL,2011

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PLATE DESIGN (ARIES), JET COOLING ﬂ("

LI Tl High heat flux: ~15 MW/m?
s o Small Size, Thin Walls
e, P “Double Containment”

Plate

Steel
cartridg

Large Numbers ~300 000

He 10 MPa
r-10 mm

WECEUE N Many/Long Struct. W-W Joints

(multiple jet cartridges)
Ferritic ODS - 750°C ??7?
Eurofer ODS, 9Cr ODS - 650°C

. ———mHetemperature limited by steel

< ~20 cm g

Eurofer 97, F82H = 550°C

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
impossible application
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PIPE/MONOBLOCK DESIGN, JET COOLING ﬂ(IT
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cartridge cap

pipe bend excentric hull cartridge lamellar monoblocks
Eurofer

Eurofer Eurofer Eurofer W plate, e.g. 0.3 mm

pipe bend
Eurofer ODS

mixing tap
Eurofer

-——l——--—l

]
- J. Reiser et al., KIT, 2010-2011 10 mm
INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PIPE/MONOBLOCK DESIGN, JET COOLING ﬂ("

Simple Design
“Small Number of Parts”

Inexpensive

Low Temperatures for W
Low Performance

ERET TS

Speculative Pipe Material

He temperature limited by steel
Eurofer ODS - 650°C (upper)

Eurofer 97 - 350°C (lower)

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
impossible application
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FABRICATION

P. Norajitra, J. Reiser, S. Baumgartner et al., KIT

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and
impossible application
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FABRICATION ﬂ(IT

< ~20 cm s

Drilling Holes in

High Temperature Plate = 10 mm Plate
Pressure-Forging -> standard
- to be developed

e

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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JOINING =2 BRAZING ﬂ("

Karlsruher Institut fur Technologie

IMPORTANT: We have to consider joints for STRUCTURAL applications!!!
Joining W tiles to W timbles is NOT considered as structural application!

Brazing Material for W-W Joints

Brazingremperaturermustne>>900=1 200 CHopeEratingtemp

Brazingrtemperattrermustner<ds00=C = GErain growin

EOMation oI vt ercomMpPoUnNUS CannotveETol erated

Brazing Material for W-Steel Joints

o2
ﬁ
D
N,
—
e
-
>
h
:
kl’
ﬁ
b
H
( ©

<00 “C —~ Cirzlig) ¢jravir) (in) sise))

BIANYREN !

""'i
(.1.’
-
F\ )
L
=
—
(U
ﬁ

LSt 98 >>880-750 “C (o) orziiinie) £l o))

FONAU OO ENCOMPOUNESICAN N OIENOI ETlEW!
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BRAZING W2W ﬂ("

v/
Pe Mo Al Y Jla

‘
AIA An Pd pg g

Pt Al
W Insoluble _ W Rich Line Compounds
Solid Solution T, > 1800° T < 1400°

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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BRAZING MATERIALS, W>W AT

Karlsruher Institut fur Technologie
° =
1670°C | I

Difficult, o ?

1520°C Y leflcult, B )0°C: alpha-Y + Y,0,
<21 AN° (RIS e e e
1850°C R BT 5) | % intermetallic Zrw
Zr VY e %B?r!:tg‘e'g?mt S -talllc ZrW2 2
1550°¢ Pdl Expensive, ... ? -
900°TANMEBINTEQRIMNE U, W 272
770§ Pt Very expensive, ... ?

. <1700°C: p phase Fe,W 7= 'N),
1540°C Fe <1000°C: Laves pk

XS
N <1700°C: 30\0‘ wve(Co,W),
Co e 6‘\’(\,\3 unase Co,W

1450°C Ni ~. peritectoid intermetallics N|
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BRAZING W= STEEL ﬂ("
LW

Pe Mo !ﬂ Al Y La
nn Cr Mn Co MNi Cu
Mvvz ‘

= Ul VM o o
MW, /] V V'

it Ft Au
W Insoluble _ W Rich Line Compounds
Solid Solution T, > 1200° T <900°

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
impossible application




BRAZING MATERIALS, W-> STEEL ﬂ(IT

Karlsruher Institut fur Technologie

920°C | a
1080°c  Cu
960°C Ag
1060°C AU

-'-";i
A

= P. Norajitra, 2009

CONCLUSION: Copper has to be used as sealing rather than

as a braze material !!!

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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ENVIRONMENT =2 OXIDATION
WO, yellow, T,=1470°C, 7200 kg/ms3, volatile in vacuum

S Severe Oxidation
T>1200-1300°C
)
Fladl|
E 5
= i
% 15:-
£
g 10 -
!
R ,. :
® 5 {
T -
i |
o L. gle®l _
1000 1500 2500 200a 3500

Temperature (K)

Karlsruher Institut fur Technologie

CONCLUSION

For tungsten operating at 50
atm. He coolant, at 0.1 ppm
oxygen, the upper
temperature is estimated at

1200-1300°C.

- N.M. Ghoniem, 1998

INR, 8.12.2011

M. Rieth: Tungsten - Properties, possible and
impossible application

Institute for Applied Materials (IAM-AWP)



IRRADIATION EFFECTS =2 SWELLING

Karlsruher Institut fur Technologie

_ o 790°C
i 1.6 4600C- 570°C . Molybdenum EBR-II
5\. - 650°C @ Tungsten
§ 10l 650°C E. >1MeV
< . 1 x 1022 n/cm?
g’ 1o0bF-------F--—=--3A------ ] 1080°C
= L 240°C E. > 0.1 MeV
g 08 ® 790°C 1.6 x 1022 n/cm?
& _ o 940°C
%’ 04 o70 Cf - 29 dpa in Mo
: * L W
= ' asooe / Max. Swe!’lmg in W aft?‘r > 9.6 dpa in W
> 10 dpa: >1% @ 600-900°C
L 1 - | ]
0.2 0.3 0.4 05 T, /T,
- F. Lee, J. Matolich, J. Moteff, JNM 62 (1976) 115-117
INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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s vaien ol o adener cadnimd

IRRADIATION EFFECTS = RECOVERY
- L.K. Keys, J. Moteff, INM 34 (1970) 260-280
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Derivative of Resistivity Recovery

SKIT

Karlsruher Institut fur Technologie

complete recovery

1h, T>1200-1300°C
_'.n__ vic v
~.5 x10%! n/cm?2
.1 x 10%° n/cm?2
.3 x 10*° n/cm?

4.5 x 1017 n/cm?

|
|
|

!

.5}
__hour annealing
/
o -—
- I | | 1 | 1 ]
O 200 400 400 S00 1000 1200 1400 1400 1800 3000
Annealing Temperature, °C
| l l l l |
0.1 0.2 0.3 0.4 0.5 0.6
Annealing Temperature, T/T,,
M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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IRRADIATION EFFECTS =2 EMBRITTLEMENT ﬂ(IT

Institut fur Technologie

EUROFER: In-service irradiation EUROFER: Recovery of 65 dpa

61

embrittlement after ~10 dpa iIrradiation embrittlement

A0 ] 101

180 J

160 1 g O o
140 - 1 s

120 - . R B

100 ' ] g @

80 1 W 44

60 1 8

40 e ] E 2-

2 /—g ]

0- 3 0-
-20 ! T v T v I - T - T T T T T T
250 300 350 400 450 -100 0 100 200 300
Irradiation Temperature (°C) Test Temperature (°C)
Possible Recovery Temp.
Possible Operating T,ec > 550°C
Temperature T,, > 350°C
- E. Gaganidze et al., KIT
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IRRADIATION EFFECTS =2 EMBRITTLEMENT ﬂ(IT

Karlsruher Institut fur Technologie

. In-service irradiation . Recovery of ~2 dpa

embrittlement after 10-20 dpa stage IV irradiation hardening

62

200_ T T T B II
180 s 2 J!
‘ > i
163-‘ - ﬁ 1.0p ”
140 A T s
. l
120 - . o > I A 4 9
100 X o | \ ©
] 7 i 1 ©
80 - R o | - O
. ] o5 |
i : o & ¥ P ,j ~N
| _ - ./ -
20 - 3 E ) s
0 4 . (5] o QQ’%-
-20 ‘ - . ; . . . . . . a L I | I I 1 1 1 I
=] 200 400 400 800 1000 1200 1400 1400 1800 2000
Irradiation Temperature (°C) - Annealing Temperature, °C
Possible Operating Temp.
o o
Top > 800°C ... 1000°C
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MATERIALS / DESIGN WINDOW =2 FINGER Q(IT

64

INR, 8.12.2011

®W Oxidation

OK

Swelling ~3%
Embrittlement

?
OK

Grain Growth

2 (ODS)

Swelling ~5% =2 |?
Embrittlement ->
Brazing (Cu) =2 OK(...)
Embrittlement 2 OK

~lcco Strength,... 2> ?(0DS)

M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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MATERIALS / DESIGN WINDOW =2 FINGER Q(IT

W H @W Oxidation
. Swelling ~3%
< VYL F mbrittlement

Grain Growth

9]¢
?
OK
ODS

800°C Swelling ~5% =2 |?
Embrittlement - jJ OK
@ Brazing (Cu) =2 OK(...)
Embrittlement 2 OK
~lcel Strength,... =2 0ODS 7??
INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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MATERIALS / DESIGN WINDOW =2 FINGER Q(IT

OK
OK (?)
OK
OK

Swelling <3%
Embrittlement
Grain Growth

Swelling <2%
Embrittlement

OK (...)

Embrittlement OK
o Strength, ... OK

Brazing (Cu)

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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MATERIALS / DESIGN WINDOW =2 PLATE ﬂ(IT

Oxidation - | OK
Swelling ~3% =

Embrittlement - | OK
Grain Growth =

Brazing W->W - Pd, Pt 2??

Swelling ~5% =>
Embrittlement = jJ OK

Steel Embrittlement 2> OK

@ Strength, ... =2 0ODS ?2?7?

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
impossible application
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MATERIALS / DESIGN WINDOW =2 PLATE ﬂ(IT

Oxidation -
Swelling ~3% =

Embrittlement ->
Grain Growth =

Brazing W->W - Pd, Pt 2??

Swelling ~5% =>
Embrittlement ->

Steel Embrittlement 2> OK

@ Strength, ... =2 ?(0DS)

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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MATERIALS / DESIGN WINDOW =2 PIPE ﬂ(IT

Eurofer ODS

Eurofer e

"B Oxidation -
Swelling ~4% -
Embrittlement -2

Grain Growth =

-
9
9

Brazing (Cu)

Embrittlement
Steel Strength, ...

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
69 impossible application



SKIT

Karlsruher Institut fur Technologie

70

INR, 8.12.2011

M. Rieth: Tungsten - Properties, possible and
impossible application

Institute for Applied Materials (IAM-AWP)



SUMMARY ﬂ("

=> Thin plates (<4 mm) of pure W (including small amounts _gf grain
stabilizers, if necessary) are the most suitable Sgids

joints, but needs additional strengthening by desing !

-> Suitable structural W-W joints are not yet
demonstrated and characterized ! 2> Pt, Pd, ...?

- W irradiation data needed for design (determinatio~
lowest possible operating temperature) !!!

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PATH FORWARD =2 TUNGSTEN ALTERNATIVES ﬂ(IT
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W Laminate Material

.. 2 J. Reiser, KIT, 2010-2011

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PATH FORWARD = TUNGSTEN ALTERNATIVES ﬂ(“

12

Energy in [J]

W-Cu Laminate

INR, 8.12.2011

200 400 600 800 1000

Temperature in [°C] _
- J. Reiser, KIT, 2010-2011

M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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PATH FORWARD = TUNGSTEN ALTERNATIVES ﬂ(“

12
0 VJ-Cu Laminate
= g
=
> 6
>
ClC)
L] 4
, W plate (4 mmm)
recrystallized
0 o
0 200 400 600 800 1000

Temperature in [°C] _
- J. Reiser, KIT, 2010-2011
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PATH FORWARD =2 TUNGSTEN ALTERNATIVES ﬂ(IT

12
0 VJ-Cu Laminate
= g
=
> 6
>
ClC)
L] 4
. X W plate (4 mm)
'TD’OVQ recrystallized
0 | | | .P’ent »
0 200 400 600 800 1000

Temperature in [°C] _
- J. Reiser, KIT, 2010-2011
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PATH FORWARD = TUNGSTEN ALTERNATIVES ﬂ(IT

INR, 8.12.2011

W-Cu
Laminate

- J. Reiser, KIT, 2010-2011
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THE ULTIMATE DIVERTOR =2 GENERIC DESIGN ﬂ(IT

INR, 8.12.2011 M. Rieth: Tungsten - Properties, possible and Institute for Applied Materials (IAM-AWP)
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