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1. Introduction
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Tokamak magnetic constraints ITER system | Plasma acts on the first wall and the strainer
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Basic conditions as first wall W materials :

W alloys are the main high-Z candidate for strainers and the first wall plasma materials in Tokamak:

» thermal conductivity; » high toughness at low temperature;
» high melting point; » high stability and strength at high temperature.
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Actual limitations of current W alloys fabricated by solid-solid or solid-liquid doping

Pure W: Larger initial grain size, low-temperature and high recrystallization embrittlement;

Oxide particle (La,0O, Y,04, ThO,) strengthening W alloy:
La,0,/Y,0, will aggregate above 1700 C, resulting in the low thermodynamic stability; ThO, has
radioactive potential.

Ti, V, Ta, Re microalloying W alloys:
The supergrains prepared by alloying are metastable, and these fine grain structures are easy to
recrystallization at high temperature;

Carbon particles strengthening W alloy:
Uneven particle distribution, larger oxide particles, introducing impurities by ball-milling process
and then reducing the boundary strength.

4 Objectives by innovative liquid-liquid doping

1. Nanosized oxide particles (< 500 nm) uniformly distributed within W grains;

2. Lower ductile-brittle transition temperature and higher recrystallization temperature (> 1400 C).

\_ 3. Theoretical approaches for the numerical modelling of particle strengthened W alloy

J
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2. Mechanism of liquid-liquid doping processes

Existing forms and reaction mechanisms of polytungstate ions [1]

(HWp04) +6H +32H,0=12(H;W0; 2H;0) HWO,2H0  Tungstic acid

HW,0,,*
Paratungstate pH 56 Reversible reaction equations Reaction products ~ Common names
pH>9 \
3-
l pH>6 —

0. SN e p——— HiWeOx™
I pH 2.5 ATV pH=25~4 HWi0g +H=HWp0x +H,0 N Metatungstate
1712 W -
Tungstate Metatungstate SEE

pH=1~25
H<l \ HW,0,; HW1,0x™+2H,0+0H =2(H:W0)* HWO™  Pseudo-AMT
A
pH<1

Metatungstate

H,W,,0,,* pH <1 (H:W0,)"+20H = (HW 0 +2H0 (HWOp)" Paratungstate
Tungstic acid
(HW:0y ) +3H,0+TOH=6(HW O, +H +7T0H =6W0. +
) Wo,* Tungstate ion
[1] F. N. Xiao, J. Alloy Compd. 774 (2019) 210-221 TH+70H
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Liquid-liquid doping techniques for preparing Zr(Y)O, doped W powders

/ + o il - \
o ([, =~ 7 g I
Hydrothermal method sy 'l
Hydrothermal reaction: 170 ‘C % - ﬁ@ o \%/ - @
Duration: 12 hours k L—&r /

Azeotropic distillation method —

Bath Temp.: 100 C 1 - Water bath

2 - Thermometer
3 - Digital stirring
4 - Beaker

Dispersant: Alcohol + n-butyl alcohol

Sol-gel method —
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Morphologies of precursors synthesized by three doping processes

Precursors’ morphologies:
(a) Microsphere;

(b) Loose;

(c) Angularity;

(d) Sheet.

Sol-gl method | Azeotropic distillation method ¢ “/f)
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Formation mechanism of doped precursor powders

[ 1. Synthetization analysis of h-HATB powder by hydrothermal method
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Experimental observation of the synthetization of h-HATB
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Formation mechanism of doped precursor powders

[2. Synthetization analysis of precursor powder by azeotropic method |
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Dispersing process

1. Alcohol removing water;
2. n-bulty covering particles;

3. Oranic chain replacing hydroxly.
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Morphologies of W- Zr(Y)O, powders reduced at 900 C for 2 h

Preserving the precursor

StepS hydrothermal One-step hydrothermal method morphologies;
(c)

More uniformed — size
and highly dispersed
powders in Fig. b
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3. Microstructure and properties of Z(Y)O, strengthened W alloy

Description of innovative liquid — liquid doping process with optimal parameters

Precursor powders

Hydrothermal

reaction _ Adding Ni, Fe
by MA
W-Ni-Fe -Zr(Y)O, allo
ZI’(NO3)2 ( ) 2 y
HIP \
1400°C 2h | 180 MPa . \! \\\
AMT : -
Pressin ~N =
— e e\
Y(N0) N \
” 250 MPa N/ AN
Green compacts .
Original solution W-Ni-Fe -Zr(Y)O, powder

lonic reaction mechanisms: 1. 27p4*+ W,,0,,% = 8WO, |+ 2Zr(WO,),|

2. (HW,,0,0)% + 6H* + 32H,0 = 12(H, W0, 2H,0)
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Microstructure of the advanced material

(2) *. Doped powder

o

a1
T

02100 206 300 400 >550)
Zr(Y)O, Particle size/ nm

Microstructure characterization

1. Highly dispersed doped powders, shown in Fig. (a);
2. 90% of particles distributed within W grains, shown in Fig. (b) and (e);

&

~N

3. 85% of Zr(Y)O, particles are less than 300 nm in size, shown in Fig. (d). )

boundaries

A .1..0.’
/,/ z-po11) IR
/

W-Ni-Fe-Zr(Y)O, alloy

F. N. Xiao et al., J. Alloy Compd. 774 (2019) 210-221
P
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Comparison with state-of-the-art review

Agglomerated

r

] Al,Os:particles o : f' \
y ot ; EAA) References

(@) Present work;

(b) C.J.Wang, J. Refract. Met. Hard Mater. 84 (2020) 105082;
(c) Y. Shen, J. Nucl. Mater. 455 (2014) 234-241;

\(d) M.A. Yar, J. Nucl. Mater. 412 (2011) 227-232. )

\

Main characteristic of the advanced W alloys

1. The oxide particle are smallest;
2. More oxide particles distributed within W grains;
3. The distribution of oxide particles are more uniform,
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Comparison of microstructure and properties of ODS-W alloys

Doping process Intering Alloy W grain size  Oxide size Relative density Microhardness  Refs.
Process

SPS W-6v0l% 1,0, 3.64 um >1.0 um 94.96 % 347.39 HV [35]

L-L SPS W-2.5%Zr0, 4.65 pm 2.5 um 99.6 % 480 HV [36]

VD W-2.5%Zr0, 40-80 pm 1.5um 98.7 % - [37]

VD W-La,0, 50 pum 3 um - - [38]

L - Se* SPS W-0.9wt%La,0; - 2 um 94 % 406 HV [39]

SPS W-1.0%Y,0, 2.3 um Nanosize (Uneven) 92 % 423 HV [40]

HIP W-1%La,0, - >5 um 90.6 % - [41]

S-S HIP W-Ti-0.5%Y,0,  2-5pum >1.5 pm - - [42]

SPS W-5%HfO, 11.6 pm >5 um 94.5 % 440 [43]

Novel process  HIP W-0.5%7Zr(Y)O, 4.67x05pm 0.25 =% 0.05 pm 96.7 + 0.2% 472 + 10 HV Present

Conclusion

1. Smallest particles size; 2. Medium properties.

© 2021 Metal Powder Industries Federation. All rights reserved. —MIM2021 A\
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‘Comparison with state-of-the-art review

W
—1Zr02

Nanosized Zr(Y)O, particles J | particles
_ PO e K References

globales .- . W (a) Present work;
% p_articfes

(b) W. M.R. Daoush Mater. Sci. Eng. A. 2016, 47(5): 2387-2395;
(c) K. H. Lee, J. Alloy. Compd. 2007, 434: 433-436;
d) K. Hu, Mater. Sci. Eng. A. 2015, 636: 452-458.

Presentfwork

Main characteristic of my prepared heavy W alloy

1.The oxide particle are smaller;
2. Most Zr(Y)O, distributed within W grains;
@. The distribution of oxide particles are more uniform)
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Comparison of microstructure and properties of ODS-heavy W alloys

Heavy W alloy Sintering RD Grain Particle Hardness Refs.

process size size
W-Ni-Fe-0.3PSZ 1480 ° C (1h) - 18 um 0.8 um - [49]
W-Ni-Fe-1Al,0, 98.3 % 36.8um  7um - [52]
W-Ni-Fe-xY,0, 1485° C(1h) 99.1% 195um  0.6-1.3um - [10]
W-Ni-ZrO, 1500° C (th) 93.5 % ~25 um 3—5um 333 HV [50] :
W-Ni-Fe-Co-Y,0, 1450° C(1h) 94.1% 12 um >0.6 um 425 HV 44| { Einer oarticles:
94W-4.56Ni-1.14Fe-Y,0, 1485° C(1h) 99.0 % 15 um 0.65 um - [531| 2. Larger grain size;
Previous W-ODS SPS/HIP <99.9 % <10 pm 1-5um 406 -480 HV [27]| 3. Limited grain refinement.
93W-4.9Ni-2.1Fe-Zr(Y)0, 1520° C (2.5h) 99.2 % 26 um 02-1um 402 HV [47]
WHA, 75 1400° C (2.5h) 992+ 01% 25+ 2um 02-1um 402+ 10HV Present

F. N. Xiao et al., J Alloy Compd. 2020, 843: 156059
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TEM analysis of HIP sintered W-Ni-Fe-ZrO, alloys

Zr(Y)O;

W phase v(Ni,Fe,W)

Conclusion

1. Cubic structure of Zr(Y)O,;
2. Well - bonded interface.

. DOphase
& - d=0.2964 nm
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Comparison of mechanical properties with state-of-the-art review

4
1600+ (a
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o
= 1400}
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+ 1200
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=
& 1000
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S i A W-Zr0,[7]
38 800 v W-zro, [8]
® W-ALO,[9]
600 1 1 1 1 1 1
0.0 05 10 15 20 25 30
Mass fraction of oxide particles / wt. %
p
< 1100 & (90-95)WHA
o (C) *[7] ® 94WHA-PSZ
S v 93WHA-Y,0
< 1000 - 895 MPa * S0WHAY,0,
:CE” o[l & 93WHA-ALO,
S A WHA, [7103[44] a[45] | A WHA,
ﬁ 900 |- A WHAq 5 [62]& v Eg A WHA 50
[5) 121651
2 Ig4
= [39] +[66]
% 800 |- )
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g 700 B 0[61] 0[39]
= 4[39] [67]¢
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35
= W-Zr(Y)O
S 30 (b) A W-Zro, [72]
— B v W-ZrO, [8]
.g i / 0.25 . W—AI2023 [9]
225}
2 A . W-Zr(Y)O, alloy in fig (a, b) D)
=20 / -
[ . R
:—; 1. High compressive strength;
L 15¢ . .. . .
= 2. High critical failure strain;
&)
o oo \3. Higher than published alloys. /
00 05 10 15 20 25 3.0
Mass fraction of oxide particles /wt. %
1600
gunl () o414 MPa
12001 ’ e o
£1000f e =
r. —— Present WHA, ., at 10° st o
S 800}« S 93W-Zr(Y)O0, alloy in fig (c, d)
= 7 - - 95W-1.0AL,0, at 10 s [45]
= 600y - 93W at 10° st [69]
2 T . . _
2 400l . —goW at 10° 51 [70] 1. Higher tensile strength;
o y .
£ 500l 2. Compressive strength.
81 \
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
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Mechanical properties of W-Zr(Y)O, alloy at high temperatures

Objective: Arrhenius model was used to identify the compressive behaviours of the W-Zr(Y)O, alloy.

Z = A [sinh(ao)]" 600 s 600
) @500 D500
InZ=InA+nln[sinh(ao)] £ |2
%00} 7 L 018" =400}
b7 1 o
- ; = — 0.0157|| 5
Iné=InA+nln [smh(ao)] . 17| Ba00|
(o 1000°C | 0l 1100 °C
AARE = —Z X 100% 280 01 02 03 04 05 06 oo =
Strain/% Stram/%
a=Ag+Ae+Ae? + A3s3 B A4£ +AseS +Ages  °% o
n = By + B, & + B,€? + B3&® + B,e* + Bse® + Bge® L5001 gsoo
o -~
InZ = Co + CIE < C2€2 + C3€3 + th‘ + CSES ¢ C6€6 5400 — 2400
0 - bt -
. e 0. 157" b —i
Z is Zener-Hollomon parameter; §3°° , - | . —ois®
. . e U 0187
f: 1S strafn, 200} 1300 °C| 200 1400 °C
S8 siain tate, . 0.0 0.2 0.4 06 00 02 04 06
A, nand a are material constants. Strain/% Strain/% )

Conclusion: The average relative error (AARE) = 3.6 % was calculated to investigate the high prediction accuracy.
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4. Numerical modelling of Zr(Y)O, particle strengthening W alloy

Methodology of numerical approach based on the compressive tests
Equivalent homogeneous distribution of particle—matrix interactions

1200

cc :

S [ ©,7898.46 :

>, 800} 5

3 :

= ; —— W-0.75%Zr(Y)O,

n o _

200l E=9793.557445 |
; AT e /v:°'°917 | 6,20.26007
SEM N.IA.G::.’;.IH kx WD: 10.44 mm i VEGA3 TESCAN 0 : : ! . ! :/ .
View field: §5.3 ym Det: SE 10 pm 0.0 0.1 0-2 0-3
Date(m/dly): 05/29/19 Performance in nanospace - S_tra| r-]/% - -
Microstructure of the reference Generated simulation model ~ Experimental characterization of constitutive
material (SEM observation). with equivalent representative Pehaviour of the particle strengthening W alloy
elementary volume (REV ize:
F. N. Xiao et al., J Alloy Compd. 2020, 843: 156059 y ( ) Sample size: 5 x 8 mm
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S, Mises  (a
(Avg: 75%)

+1.363e+03
+1.294e+03
+1.225e+03
+1.156e+03
+1.087e+03
+1.018e+03
+9.489%e+02
+8.798e+02
+8.108e+02
+7.417e+02

+6.727e+02
+6.036e+02
+5.345e+02

S, Mises
{Avg: 75%) (b)

+1.363e+03
+1.316e+03
+1.269e+03
+1.222e+03
+1.175e+03
+1.129e+03
+1.082e+03
+1.035e+03
+9.877e+02
+9.408e+02
+8.939%+02
+8.469%9e+02
+8.000e+02

Particle strengthening model No particle strengthening model as reference

With the particle, the stress distribution are complicated;
Without particles, the distribution are symmetrical.
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1400} (3)
1200 +
g 1000 |
S = mesh 0.05
) 800 e mesh0.4
g 600 A meshl.5
= —— Experimental data
400
200
0 1 1
0.0 0.1 0.2 0.3
Strain

Mises stress vs strain from 50 particle strengthening model

1400

1200

1000

800

600

Mises/MPa

400
200

(b)

A

B 20 particles
® 35 particles
A 50 particles

—— Experimental data
— Model without particle

0.1 0.2
Strain

-

1. Slight influence of mesh size;

2. High accuracy from particle strengthening model;
3. Higher prediction ability with smaller particles.

~
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Mises stress vs strain obtained from model with 0.4 mesh size
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Conclusions

1. Investigation of reaction mechanism and formation mechanism of doped W
precursor powders;

2. Development of an innovative liquid — liquid hydrothermal doping process;

3. Fabrication of W alloys having ZrO, particles (< 300 nm) within grains;

4. Fabrication of advanced W alloys with high strength and critical failure strain;

5. Numerical simulation with particle reinforced model.

AT
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Perspectives

1. Experimental characterization in tensile and bending tests at various
temperatures (100 ~ 1500 C);

2. Micro- and nano- scale numerical simulation with equivalent
representative elementary volume ;

3. Extension of the developed method for Y,0, La,0; and CeO,
strengthened W alloy.

4. Future application of these reinforced innovative material for different

powder forming processing.
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