TECHNOLOGIES

Mechanism analysis of liquid - liquid doping and
fabrication of high properties of W - Zr(Y)O, alloys

Fangnao Xiao 2 b ¢, Thierry Barriere 8, Gang Cheng P, Qiang Miao ¢

a FEMTO-ST Institute, CNRS/UFC/ENSMM/UTBM, Department of Applied Mechanics, Besancon, France
b INSA CVL, Univ. Tours, Univ. Orléans, LaMé, 3 rue de la Chocolaterie, Blois Cedex, France

¢ College of Material Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, China

>
(@)
| -
=
©
)
)
=
| -
)
o
=
O
al
)
e
e
@)
=
O
RS,
)
>
)
A

UNIVERSITe 2
FRANCHE-COMTé

\ MSTITUT RATIOMAL
@D w0 INSA L prLame

-@mto st PM2€ 20

SCIENCES & VIRTU@L CONGRESS

1&\

&

A

\"'I.rh



VIRTU@L CONGRESS

Introduction
Mechanism of liquid-liquid doping

Microstructure and properties of alloys

Conclusions and perspectives
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1. Introduction CURG
Innovative oxide particles strengthened W alloys PMZ&} 20

VIRTU@L CONGRESS

Traditional solid-solid / liquid doping processes

1. Uneven particle distribution, larger oxide particles;
2. Low-temperature and recrystallization embrittlement.

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

2. Low ductile-brittle transition temperature (< 150 °C) and high recrystallization
. temperature (> 1400 C). y 3
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2. Mechanism of liquid-liquid doping processes PM2€ 20
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Existence forms and reaction mechanisms of polytungstate ions

Reversible reaction equations Reaction products  Common names

HW,0,/
Paratungstate pH >6
y \ (HW 040 +6H *32H,0=12(H,W0, 2H,0) HWO:2HO  Tungstic acid
3

‘ pH>6 . . HiWiOg”
HyWiOp +H =HW0x +H,0 _ Metatungstate

."HW];C'EJ-

Wo,* pH &Y HW,,0,¢ pH=25~14

Tungstate Metatungstate N : Chad .

H=1-25 HW1,055 +2H,0+0H =2(H;W0y) (H:;W0n) Pseudo-AMT
pH<1 \ HW.0. 3

6 “i] T 3 - T - T e

pH<1 Metatungstate (H:W:0y)™+200'= (HW 0+ IH,0 (HWLO, ) Paratungstate

H,W,,0,,° (HWﬁf}ﬂ)5'+3HJCH}’GH:ﬁ(H'i'\-’G.;)‘+H++}'GH'=ﬁWG41'+

I V4 pH*i 1 WOk )
lmgsht acid . 4 Tungstate ion

TH+10H
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Liquid-liquid doping techniques for preparing Zr(Y)O, doped W powders EURO
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Hydrothermal method ) '

Hydrothermal reaction: 170 °C % - is o \ﬁ - @ li'_
)
Duration: 12 hours \\ ﬁ:ﬁ:l \ﬁ/

Azeotropic distillation method —

Bath Temp.: 100 C
Dispersant: Alcohol + n-butyl alcohol

Sol-gel method —

1 - Water bath

2 - Thermometer
3 - Digital stirring
4 - Beaker

5
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Morphologies of precursors synthesized by three different doping processes

Precursors’ morphologies:

(a) Microsphere;
\ (b) Loose;

(c) Angularity;

(d) Sheet.

Developing the Powder Metallurgy

Azeotropic distillation method
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Formation mechanism of doped precursor powders PMZ&" 20
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[ 1. Synthetization analysis of h-HATB powder by hydrothermal method ]

s S e
6% mucteotion - M - orienicd & SMMMMIMILLY <oi”

O - . ‘. ‘. ‘..‘ growth assembly

s o.ooo.n ko komy
X &o“'. i m
memb ered ringes hexagonal prism microsphere

° (H2W12040)6_ ¢ H" @ IQI_L{r ¢ WOS(Hzo) Octahedl’a
3000 (b) & M-WO,

* CGZr0,

3 & h(NH,), 3,WO;H,0
$2000
=
&
E 1000 . (b)
MK
0 ) . ~ (2)
0 2 40 0 80
Qrwo—Theta(degg

F. N. Xiao et al., J Alloy Compd. 843 (2020) 156059
Experimental observation of the synthetization of h-HATB 7
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Formation mechanism of doped precursor powders EURO
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[2. Synthetization analysis of precursor powder by azeotropic method}

Azeotrope

Water vapour
agent vapour %

Liquid
=

.

(a)
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Dispersing process
Omenic it 1. Alcohol removing water;
ganic
AN . .
® ® o . | 2. n-bulty covering particles;
Particle = H,O  Alcohol N-butyl alcohol Organic chain
Molecular chain i . : :
). Hydroxyl | IT g on o | 3. Oranic chain replacing hydroxly.
reteie g T
) / C\ ol H 0\ J o’ | [ ] [ H-c—Cccel g 5\}‘;{_‘._,/
;/o SR o 1 /H\‘___Jv‘ / o=v./._o/ }{ HHHH I|{ I|{ IL |L : Ho?\J ,
{\\—OD\H HL / B AN | o
= ! ! I H /
0 [ | H ° o HH H H \O-— E=o
H\/(J—}W/-—_-O"" HMC:P_\_:JIEO >t}:'>ﬁ0 }l\c_c_\ =O-“H“‘i3—i|—j‘_(|j é_é_HIf I—|I H H \;o-_.I_I/ 0/\J
A /--L-e{:: £on° Y i d NGOA T |H—c-&l:—43-----H/ i I
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F. N. Xiao et al., J Alloy Compd. 708 (2017) 202-212



Morphologies of W- Zr(Y)O, powders reduced after 900 °C for 2 h
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1. Preserving the precursor’
Step Hydrothermal method Composite hydrothermal method morphologies;
(c) (d) . .
2. More uniformed - size and
highly dispersed powders in
Fig. b

Developing the Powder Metallurgy

D 2 10 um o
Sol-gel method Azeotropic distillation method F. N. Xiao et al., J Alloy Compd. 843 (2020) 156059




3. Microstructure and properties of Z(Y)O, strengthened W alloy ro
Description of innovative liquid — liquid doping process with optimal parameterspMZ&}fzo
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Precursor powders

®
‘e
ey ® e -w
HO ‘9. @
Formation of doped W particles & ® &
O .0 ;.
H, reduction at 500 °C (1.5h) +800°C 2 h
W -Zr(Y)O, powder
Hydrothermal
reaction < Adding Ni, Fe
@é& N by MA
W-Ni-Fe -Zr(Y)0, alloy ~ <° W
Zr(NO5), (Y)O alloy S
WV
HIP \
® 1400°C 2 h | 180 MPa - \ !
e @ AMT Pressin ~ Fe
.. —_ J ¥ 7 ..
Y(NO3)s _ N 2NN
250 MPa '

Green compacts .
Original solution W-Ni-Fe -Zr(Y)O, powder

lonic reaction mechanisms: 1. 2zr4*+ W_,0,,% = 8WO, |+ 2Zr(WO,),|
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Microstructure of the advanced material EURO
(a) Doped powder (b) / | ‘\ . M@ZL c;:g&c,%s(s)

Grain i
. boundaries \ ¢-Zr0;

"4. (110)

W-Zr(Y)O, alloy

220 (d)

=

-‘%15*

S

"%10-

el

g5

Z,

0<100 200 300 400 =550
71(Y)O, Particle size/ nm
Microstructure characterization W-Ni-Fe-Zr(Y)0, alloy

1. Highly dispersed doped powders, shown in Fig. (a);
2. 90% of particles distributed within W grains, shown in Fig. (b) and (e);
3. 85% of Zr(Y)O, particles are less than 300 nm in size, shown in Fig. (d)
F. N. Xiao et al., J. Alloy Compd. 774 (2019) 210-221
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Comparison with state-of-the-art review EURO

\
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Agglomerated
Al O particles

-

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

AN\

PM2€& 20

(@) 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.
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— Doping Sintering W grain Oxide Relative Microhardness
(V) Alloy _ _ _ Refs.
i process Process size (um)  size (um) density (%) /HV
)
> SPS W-6v0l% AlLO,  3.64 >1.0 0496  347.39 [35]
CIL) L-L gps W-2.5%Zr0, 4.65 2.5 99.6 480 [36]
e VD W-2.5%Zr0, 40-80 1.5 987 - [37]
; VD W-La,0, 50 3 - - [38]
O
SPS W-0.9wt%La,0; - 2 94 406 39
al L-S" o ]
L Nanosize _— _
SPS W-1.0%Y,0,4 2.3 92 423 [40] |1. Smallest particles size;
C (Uneven)
e i .
- HIP W-1%La,0, i >5 0.6 - [41] |2. Medium properties.
- S-S HIP W-Ti-0.5%Y,0, 2-5 >1.5 . . [42]
O SPS W-5%HfO, 11.6 >5 945 440 [43]
2 Novel
D) HIP W-0.5%Zr(Y)O, 467405 025+ 005 967402 472+ 10 Present .
> process
()] F. N. Xiao et al., J Alloy Compd. 843 (2020) 156059
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Comparison with state-of-the-art review EURO
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Nanosized Zr(Y)O, particles @ : o . particles
- -y ’ w . . Ni -. "L i N - .

dlobdles .~ W

- p__articfes

L=

e ’/.—- "'"'"""";h j-" : £
i Coarse ZrO, -

1
ll.? -.
5
L] . { .
. . N
]
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-Ni-Fe-Al>O3
Main characteristic of my prepared heavy W alloy ~
1. The oxide particle are smaller; Eg% Ccei‘jl”;WDork? 1 Mater. Sci. Eng. A. 2016, 47(5): 2367-2395
. . .y - . . IVI.R. Daous ater. oCI. eng. A. ) . - :
2.Most Zr(Y)O, distributed within W grains; (©) K. H. Lee, 3. Alloy. Compd. 2007, 434: 433-436
L 3. The distribution of oxide particles are more uniform. ~)\(d) K. Hu, Mater. Sci. Eng. A. 2015, 636: 452-458, 14




Comparison of microstructure and properties of ODS-heavy W alloys EURO
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Heavy W alloy Sintering RD/%  Grain Particle Hardness/ Refs.

process size/lum size/um  HV
W-Ni-Fe-0.3PSZ 1480 ° C (1h) - 18 0.8 - [49]
W-Ni-Fe-1AL,0, 98.3 36.8 7 - [52]
W-Ni-Fe-xY,0, 1485° C(1h)  99.1 19.5 0.6-1.3 - [10]
W-Ni-ZrO, 1500° C(lh) 935 ~25 3-5 333 [50]
W-Ni-Fe-Co-Y,0; 1450° C(1h) 941 12 >0.6 425 [441 /T
1. Finer particles;
94W-4.56Ni-1.14Fe-Y,0,  1485° C(l1h)  99.0 15 0.65 - [53]

2. Larger grain size;
Previous W-ODS SPS/HIP <99.9 <10 1-5 406 - 480 [27] o )
3. Limited grain

93W-4.9Ni-2.1Fe-Zr(Y)O, 1520° C(2.5h) 99.2 26 02-1 402 [47] ]
refinement.
WHA, /5 1400° C(2.5h) 99.2 +0.1 25 + 2 02-1 402 = 10 Present
F. N. Xiao et al., J Alloy Compd. 2020, 843: 156059 15
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TEM analysis of HIP sintered W-Ni-Fe-ZrO, alloys EURO
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Zr(Y)0; (111) *

(000)
c-Zr0, [-112]

W phase

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

e --'Z'A{Y}ﬂ: pluﬁe E D
i d='EI 2964 nm
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=3 Comparison of properties with state-of-the-art review EURO
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p— 1600 - (@ (b = W-Zr(Y)O,
< (a) \ NS (b) A W-ZrO, [7]
(q0] o - > 30l
+ = 1400 1590 MPa = / 0.25 v W-Zro, [8]
. = n
() P £l RSN \V-Zr(Y)O, alloy in fig (a, b)
o) (7p]
S 1200 o : )
2 bt = 1. High compressive strength;
o = 5ol
L ‘D S ) .. . .
QO @ 1000 = 2. High critical failure strain;
U o = W-Zr(Y)O, O 15}
= i A W-Zr0, [7] = 3. Higher than published alloys.
; S 800 v W-ZrO, [8] O ol \° g P ¥s.)
O e W-ALO, [9]
600 | X | X | X L X L X | ) 1 N 1 N 1 N 1 N 1 N 1 N
00 05 10 15 20 25 3.0 60 05 10 15 20 25 30
ol Mass fraction of oxide particles / wt. % Mass fraction of oxide particles /wt. %
()
1100 1600
e © (C) o Doaevn (d) 1425 MPa
+— = 895 MPY" T GawhAv.o,| L1400 ¢ .
= 1000 - *  90WHA-Y,0, = [ 2ckE
(@) 5 NG o samnao, | 00T LT ~-=. 93W-Zr(Y)O, alloy in fig (c, d
C S 900 A WHA, [7]03[44 a[45] | A WHA, 81000-_ A L —— - I‘( ) o allgy InTig (C, )
= [ A WHA, [e2le S A WHA 5 5 7, 51
O @ presl S gool 1/ present Wioso 81107 ¢ 1. Higher tensile strength;
Q. é 800 - [39][343[55] oL g .,!' — — 95W-1.0AL,0, at 10" s [45] - 1ig gtn;
2 f * [7] [67]~ = 600y - 93W at 10° s™ [69] 2. Compressive strength.
QD g 700t Ly s & 400 {j.' —-—90W at 10° s [70]
Q 1
> = - 4[39] [67]~ e 200 '
() = 600} 4163 S F
0N 1400 1450 1500 1550 1600 Yo oz o0z o8  os 1o

Sintering Temperature/°C True strain F. N. Xiao et al., J Alloy Compd. 2020, 824:153894 1/



Mechanical properties of W-Zr(Y)O, alloy at high temperatures gyro

>
O) A nﬁﬂfﬁr)
Objective: Arrhenius model was used to identify the compressive behaviours of the W-Zr(Y)O, alloy. |
> J P 2
O Z = A [sinh(ao)|? 600 — s 600
)
q) S00
- m i
> InZ=InA+ nln [sinh(ac)] < —
- @400} e 015"
. . @ -1
% Iné¢ =InA+nln[sinh(ac)] 5, | —
= 1N |(oe! - 0, _ 1000 °C
@) AARE = ﬁz - X 100% 2000 07 02 03 04 05 06
‘al : ¢ Strain/%
L a=Ag+A1e+ Are? + Age® + Ayet + Age® + Age® o
e n = By + By& + B,&? + B3e® + B,e* + Bse® + Bge® 500 gsoﬁ
+ h'lz=C0+CIE+C2£2+C3£3+C4£4+CS£5+C656 %4 ot ;4 ol
o P —= | 8%
- Z is Zener-Hollomon parameter; %m . Sy 5300 . :i:
Q. 8 fs Stra]‘n; 200} 1300 °C| 200} 1400 °C
O £ 1s strain rate; : n ; :
— . 0.0 0.2 ) 0.4 0.6 0.0 0.2 0.4 06
g) _ A, nand a are material constants. Strain/% Strain/%
)
o

Conclusion: The average relative error (AARE) = 3.6 % was calculated to investigate the good prediction accuracy.
18




Conclusions RO
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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 ZrQO, particles (< 300 nm) within grains;

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

strain.
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Perspectives
: PM2€ 20
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1. Tensile and bending tests at various temperatures (100 ~ 500 C);

2. Compressive tests at high temperatures (1000 ~ 1400 C);

3. Thermomechanical behaviour of the elaborated W alloys and numerical
modelling;

4. Extension of the developed method for Y,0O,, La,O, and CeO, strengthened

W alloy.
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Thank you for your
attention!
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