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- Selection of Alloying Elements

Q Low o satisfies Element | Othermal neutron (B) | k (W/m-K)
: [1] [2]
neutll’onlc Sn ~6.5 (1205n) <60 @ K |
requirements Zr ~6 (Z1) 21 O Prevent the spinodal decomposition in Cr-Fe
- Higher k indicates - _te ! ((52'(';‘?)) = Q Inhibit intermetallic formation in Cr-Al
ood heat transfer ik i ion i -
9 Al ~1.87 (ZA)) 232 O Avoid phase separation in Cr-Sn
Cr-Fe Cr-Al 'Cr-Sn
o migen CTTTTTTTT J: ----------- ' solid solution region
Scibjjy P solid solution region | ] estimated soof \ lid solut ¥
400 ! E miscibility solid solution region \
) B +JA+ __________ : / eue . | \\ """""""""""""""" .
Cr-7Fe | Cr-2Fe P, O\ R
5] : < 5 o | s e B e B B .
AN 100 S W Bl A Cr-3Sn Cr-0.5Sn
. N\ Cr-9.5Al Cr-2Al \ |
"Il spontaneous | o S,
I ph_asteh separation AlCr, _i “a, ey,
001 siplagitiedl ! Intermetallic ' Phase separation "'0"7‘.*.’%
i | ! | . Formation [ | and localized Sn I ”
Uy, | | melting |
-j_i‘&‘ 1] a1 92 93 T Voss pzicent o 96 a7 98 99 65'- J& 85 86 87 88 89 90 a1 Ma:szpercz;' C,M a5 96 a7 98 99 1coor j:_ii 95 95 B'Fuass percen cs:s 99 60'-
[1] N. Soppera, E. Dupont, M. Fleming “JANIS Book of neutron-induced cross-sections” OECD NEA Data Bank (2020). 6

[2] R. H. Perry, D. W. Green “Perry's chemical engineers' handbook” New York: McGraw-Hill (2008).



- g Diffusion bonding of Cr and Zry4

> Materials

Chemical Composition of different materials (wt.%)

Materials Cr Ni Mn Si Mo Fe Sn Zr
Cr 99.9 - - - - - - -
Zry-4 0.07~0.13 - - - - 0.18~0.24 1.2~1.7 Balance
> Methods

Sample Heat TEM/SEM
preparation treatment

1000 °C-4,8,16h
800 °C- 4,8,16h
s00°C_ | 750 °C- 4,8,16h
750C  §f = E=EmE=smsm===

10 2 0 0 0 0 0 50 % 100

(Zr)

1000°C

L—Zr region

83 C

0-Zr region *

Cr Atomic Percent Zirconium Zr



o Diffusion bonding of Cr and Zry4

v" The presence of a new layer in the
Cr-Zry4 interface region was
found under different diffusion
conditions.

750 °C

v’ The intermetallic  compound
Zr(Fe,Cr), produced by diffusion
was determined by compositional
analysis (EDS) and crystal

structure (SEAD).
L 4h B m 750°C _ — >« —
8h . ® 800°C | o a2 -BZr T-
16 h / A 1000 °C /7\12731( oZr
g / - 1 Result from
~ L 1
= - | 0Zr—PBZr?
O - B ~ v
2 z i 2 AN
g c £ ~<
N on ~
- Q 4 - -~ ~
s = 1 2.0 = ~._
S 6 S ~o
e I 1.97 i S~ _ 1073K /
= -
= I 1023K
A
1 1 1 L 1 L 1 1 1 1
750 800 1000
Temperature / °C log 6/m 101/ T/K

Intermetallic compound width Growth dynamics of Zr(Fe,Cr), layer The diffusion coefficient (D) of Cr in Zr(Fe,Cr), 8



Cr-coated Zry4 by laser ablation

x Focusing Lens

Plume

Cr Target

Rotating
Target Holder,

Zry Target

2107

oA
100 200

v 200 nm Zry4 By

Cr-coated Zry4 by laser ablation

Microstructure of Cr coating layer and substrate
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Scenario
Cr-alloy coating

Cr,0, IrCr,

Crreacts Laves

with steam phase

Steam Nuclear
fuel
A A\
doping elements doping effect

X@Cr-bulk bcc X@Cr2Ir
Stable solid solution Suppress
Enhance properties Laves phase

Thermodynamic stability, Solubility, Phase diagram




Result-1 X@IZr-Cr Destabilizing Laves Ph

Exploring proper doping element X@ZrCr,
at Cr-Zr interface to destabilize Laves phase

Lu et al. 2015 P

C14-ZrCr,

C15-ZrCr,

r\cse-zrcr,

%:C'Zr

A\

hep-Zr

0.1

0.2

0.3

0.4 0.5 0.6
Mole fraction ZR

Lu et al. 2015

0.7

0.8

0.9

1.0

Zr

Zr

IIsC ﬂTi E]

25
Mn
Manganess

Tc

Tochratin
o

Fe
Ru

Rtrarem

Re

Prarem

Bh

Bobvion
o

“Hf
'I_D::Nl!
Rf

Exploring proper allying elements to
stabilizing/suppressing a structure
via thermodynamic stability and

geometric stability. .
Formation energy

Formation volume

AESJ 2022F, Sep. 7-9, 2022



Results

- Explored stability of doping element X@Cr-Zr

Alloying Zn, Sn, or Mg may suppress formation of the
infermetallic Laves phases while controlling volume to
prevent cracking.

- Investigated element doping X@Cr-bcc to explore stable
dilute X-Cr solid solution

- Importance of investigate competition/combination effect
of doping elements for alloy design.

doping element diffusion trend in 2 interfaces

AESJ 2022F, Sep.17:9, 2022
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2 Raman, UV-Vis
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2.5kPa H,0 / Ar 2.5kPa H,0 / 20kPa 0,/ Ar
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9 4

A-EDC

Advanced Expansion Due to Compression Test

Load

. 2

Alumina rigid body

Metallic Inner pellets
Geometry of the inner
pellets

- 8 mm in diameter d;
- 8 mmin height;

Zircaloy-4
specimen

Alumina rigid body

Tested Specimens - ring-shaped
Zircaloy-4;

- height of 1 mm;

- 8.3 mm inner diameter dg;

- 9.5 mm outer diameter;

Load (KN)

35

30

25

20 +

Stress-strain derivation : 2
. ||
|P+r|ng o
¥

/
IP only .

F, /

Energy consumed for
deformation of the ring

1!5 I 210 I 215 I 3.0 3.5
Height Displacement (mm)

F,+F,

2 (hz—h1):E

_ (F1 + F2) - (hy — hy)
2V (g — &)

21



9 4

Issues:

» Softening of the Cu inner pallet at high temperatures, leads to hourglass-like g
« Max load is limited by the compressive strength of the Alumina plates;

Solutions:

« SUS 316L was used for inner pellet material instead of Cu;

» To soften the material annealing was performed;

AW Ring deformation

—
—
= AW + AW’ IP deformation

|
| Cul@373K

S e
=

=]

| I'nde_n'tati'__o'p

o

. depth' -

" Ry

30 um

Load

3

Alumina rigid body

Room temperature

Alumina rigid body

Zircaloy-4
specimen

Alumina rigid body

—

Increasing load until dp=dg

Alumina rigid body

|Heating

=)

Without
loading

High temperature

Load

Alumina rigid body

Alumina rigid body

Increasing load until ring fractures

Inner pellet: SUS 316L annealed at 1173K

8 mm height;

* 8 mm diameter;
Zircaloy-4 rings:

* 1 mm height;

8.3 mm inner diameter;

* 9.5 mm outer diameter;
Tested temperatures:

+ 573K;
* 673K
773K

Test performed in Ar atmosphere;

27




( Evaluation of hoop tensile properties in Zircaloy- 4 cladding at elevated temperatures
\.V

1200 - 1200 4
295K o 573K
1000- 1000 - Zircaloy-4 ring samples
= ©
é 800 - I/ QE; 800 - N\ 295K
e i »
é 600 | l § 600 |
175} (2]
g &
£ 4004 £ 400+
200 - 200 4 \
0 T T T T T T T T T 1 0 T T T 1
0.00 0.02 0.04 006 0.08 010 0.12 0.14 0.16 0.18 0.20 0.00 0.05 0.10 0.15 0.20
1200 4 Hoop Strain 1200 4 Hoop Strain
1100 673K 11004 773K
1000 4 1000 4 . .
0] s Multiple necking
© ®
S 800 S 800
= =
g 700 4 ‘ ~ E 700 4
£ 600 £ 6004
(7] n
o 500 Q500
[e) o
£ 400+ £ 400
300 300 . \ .
oo ] ; o0 N\ « Multiple necking observed in all tested samples;
100 100 * Necking becomes deeper with increasing
0 T T T T T T T T T T 1 0 T T T T T T T T T T 1 -
000 002 004 006 008 010 012 0.14 016 018 020 000 002 004 0.06 008 010 012 0.14 016 0.18 0.20 temperature,

Hoop Strain

Ml N I « Samples started oxidizing at temperature above

673 K 673K;
» Ductile fracture observed for each tested
temperature;
« Dimple size and depth increase with
temperature;

23
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1. experiment
P Maodel built in Abaqus

o Cr/Zry4 interface effect y
I . .

I Dﬁuglon Tensile test :
I bonding :
I

M e e e e e e e e e e e e e e o o o e e = = _,;

Tensile test
Diffusion bonding set-up: Stress evolution of Cr/Zrv4 bilaver. help explain the

experimental results of diffusion-bonded specimen.

800°C(or 1000°C), 4h
Vacuum

Cutting (EDM)

.5 Unit: mm h

4
As-bonded Cr/Zrv4 bilayers Tensile specimen of Cr/Zrv4 bilayers

24



C’ Fractography of Cr-Zry4 bilayer

800°C-bonded |

Tensile test at RT

delammatmn -
no Iargepealmg oﬁs Ly Teclng=ofts e il f

crack m fry4 near neckmg

Gr iayer]

no obvious delamina

400 - ri— Zry4 deformation stage —» -
Zryd UTS (262 MFa) :

* Two-stage fracture at RT, while no mechanical response at HT; m: RT
* Clean delamination without no large peeling-offs at RT, while no obvious delamination at HT;§m- /f-fTwﬁr‘-*\QOOC’C
1504 [7¥s im0 meay

* A strong adhesion is obtained for 800°C -bonded Cr/Zry4 bilayer. =]

0.00 0.05 0.10 0.15 0.20 0.25

strain 2 5
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e BHEREREIL (RIA)

GIXRD Grazing Incident X-ray Diffraction

FRER " Zr(CrFe), 72— NXfHD

Cu-Ka, o = 2 deg. , Step = 0.001 deg. Amorvhous
= Zr(CrFe),+180 keV He* -1 " . ’ . P
| Zr(Cry 4Fe)6), rystat @>s7s i)
I | 1 —
Iron-a

- GIXRD i - X-ray (Cu-K,)

w=2

y—- 4

B3R emmapeanEre
523 K

IR } E— ok, FEREE—I PR

Intensity (arb. unit)

RT (48 Iron-alL, Z{E%L)

. = — e AW Unirr. | . zr(Cr,Fe), 5D EFE—S
30 35 40 45 50 55 60
20 (deg.)




RSB TEMER R
RT 473 K

Zr(Cr,Fe), D B Sf 55+ IF Ad ﬁ’“ﬁ (RIA) ZHEER
RT&473 K : ZAA—JLEE D215 HA—TE—HDETH (Shallow),
523 K P RAEE DA (Lim/ T inEh L fERIEZHE) %73 (Deep) TORIARIHE S 2% 1.
573 K : RIAIXFERRS N AZLY
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Displacment damage (dpa)
(\®)

_ Zx(CrFe),
180 keV-He"

Shallow

Deep

O

O .

1 \"\-PJ 1

Amorphous

. R ERFE

g |

Y. Li et.al.
(400 ke VI-Fe+)

0

200

400

600 800

Temperature (K)

IIIIIIIIIIIIIIIJ

Directimpact model :D; = <58 =
k /\T¢ T

: Critical dose for amorphization

Dc

D, % extrapolated at 7=0 K
E, : Activation energy for the dynamic annealing of a cascade
T, : Critical temperature for amorphization

T : Irradiation temperature

k : Boltzmann constant.

3,2 ~099 Y maesamm

LibD#ERE E,<1eVERTEL DTS,
“HEH L+E{E TOtXTILERBATELL.
E_|[ZHERRIE R (LT,

Q : BPAIRILL LELNYA BT SMEERIE ?

Ref. [1]Liet.al., NIMB (2022)

[2] Weber et.al., NIMB (2000)
[3] Wang et.al., Phys. Rev. (2000)
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+ The defect distribution depth >> the Fe penetration depth > the irradiation damage depth.

» According to the defect distribution:

l. Front region
Il Low density defect region
[1l.  Defect distribution region

» Voids only formed in the irradiated region.

£
©
Q
ﬂ [
~
E g ¥ ;
e .
1 2 3 In depth (um
b > 4 >4 > pth (um)
Front region (FR) Low density defect region Defect diffusion region (DDR)
(LDDR)
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M1 RZX91 > JMER Irradiation: 2.8 MeV Fe2* @ 550=+2 °C to 3 dpa
C’ Sample preparation: FIB + Flash polishing
TEM observation

Over -focus

« The swelling was quantified based on the void size and density.
» |In general, the swelling matches the SRIM simulated irradiation doses distribution.
« The swelling rate close to the peak region is around 0.3%/dpa.

- Grain boundaries can act as an effective sink for point defects.

200 nm 200 nm

(@) & {12 (c) o4
N 3 -
5 {10 E B8] g
=y 4 i) Tos
E o =2 =
= g T e ek
LN = 23 2
n 3 1% & = | § =02
g & = g
= o
1 1 £ © Goat |
1 1 i 1 1 1 0.0¢ 1 1 1 I~ s 0 1 1 1 1 1 1
%.0 02 04 06 08 10 12 1.2 0.0 0.2 0.6 0.8 1.2 00 02 04 06 08 10 12 1.4
Irradiation depth (um) Irradiation depth (um) Irradiation depth (um)
e i B W Ay = T S N




BRST KB (Brfin)L—2) ODERER

* All the loops b=1/2 <111> and mostly are pure edge loops.

* The interstitial loop ratio increases with irradiation depth. (analyzed ~100 loops)

Region FR LDDR DDR
In depth (nm) 0-1000 1000-1300 1300-1600 2200-2400
I-loop ratio

Fe2*beam

fl"-w-

"*%?ﬁsﬁﬁ?ﬁ 2 Z ’5’ mﬁT:EODEE:?.‘;’\

200 nm

i — Implanted Fe
In depth (um) 1.0 1.3 2.4
ﬁﬁ— am
Front region (FR) Low density defect Defect diffusion region
region (LDDR) (DDR)
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