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Table 1 Physical properties of pure Zr"
Physical property Value
<862 °C hcp
Crystal structure
>862 °C bee
Melting point/°C 1852
Density/g-cm 6.5
Thermal conductivity/W-m'-°C' 22
Specific heat (RT)/J-kg'-°C" 285
Young’s modulus/MPa 9.9x10*
Coefficient of thermal expansion/°C"' 5.89x10°°
Thermal neutron absorption cross-section/m’ 0.18x107*
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Fig.1 Close-up view of laser welding setup'”
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Fig.2 Macrographs of weld bead: (a) overall view, (b) fusion zone,
(c) boundary of fusion zone and HAZ, (d) HAZ, and (e) base

metal'"!
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Fig.3 Zr-4 sheet held in place by fixture (a) and close-up view of

fiber laser welding setup (b)'*!
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PERE, /1S m R R ek, B R G X I A 2 2 4/ 2%
IR ok, PURLHEFE AT IA 628 MPa. JRERUREE N PE T+ A

e e e L -

2 mm

Kl4 Zr-45a T R EEk
Fig.4 Butt welded joint of Zr-4 alloys: typical appearance of the facade side (a) and backside (b); macrosections obtained at 15 mA (c),

16.5 mA (d), and 18 mA (e)*
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Fig.5 Close-up view of TIG welding setup
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6 (RGN T AL K-GTAW #5422 WL
Fig.6 Macrograph taken using polarized light illumination showing

cross-sectional view of K-GTAW weld made with

commercially pure Zr*!
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Cu,Ti,«Cu,Ti.AgZr F1 CuZr 55 IMCs, BIJJ 34 138 MPa.
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7 Zr-2/Ti-25Ni-15Nb/Ze-2 SR B O T 50
Fig.7 Microstructure of Zr-2/Ti-25Ni-15Nb/Zr-2 joint brazed at 900 °C for 600 s: (a) CBS image, (b) EBSD crystallographic identification,

and (c) element mappings of Nb, Ni, Ti, Zr™*"
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TEG & BURFIBE A F 2R (D BT8R (O
e E] J2E 0 T B HOR  BE AL 45 HoAd A RHE bR 2 5 8
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Fig.8 Schematic diagram of the diffusion bonding process®”
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Fig.9 Schematic diagram of the three stages of diffusion bonding process
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HEH AR (Zr R60702) , 16 B 1) K H235 5 2 750~900 C,
PRI 4] 24 40 min, 835 7728 6 MPa, 3153 i T 18400
5 X 5 5 2 Sk 17 58— A BURL (second phase particles
SPPs) 5 4% . B 1) 3 55 RN T 1 6 ThI RIS . 4l b S
Hf\Fe il Cr 55 & &0 % , HE L& KHE /- i i AE S
HAR TG BEVE AL, LLEE MUK Ze(Fe ,Cr, ), FITE I

Un-bonded
Q? regions

20 pm

Interface

[38]

Briho S5 BRI, 0B AR, S TH A A I AL
T, A K2 A RURLATT H Bl 5 R B 3 K, ok
AI DA I S A, S Ak T B SR A LB AT AR R A X, 3
se R AR T pAH B w2, ST A VB AR T AN g T
PHUX IR K. Bi 8 AWK A f il B B0% 4 Zr-Sn
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Fig.10 Microstructures of direct diffusion joints of Zr-4 alloy bonded at different temperatures (7 MPa/60 min): (a) 760 °C, (b) 780 °C,

(¢) 800 °C, and (d) 820 °C'*"
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Fig.11 Microstructure of the Zr-4/Nb/Zr-4 joints bonded at 820 °C for 30 min under 7 MPa: (a) interfacial microstructure, (b) elemental line scan

across the joints, and (c, d) diffusion layer™
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ODS 4 , FEHE1R FE 9 900~1050 °C , {435 I8 7] 4 5~60 min,
TR 7778 10 MPa, ST b A i W(Zr, Cu) ] 75 74 Rl gl ok
Cu gibKiL , e e 437 1 558 B W] 3K 430 MPa, Wi 2458 [ T [ £F
PHIE R, AR R A E A T 2R R E . 28
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Fig.12 Microstructure evolution (a—e) and shear strength (f) of the TC4/Zr/TC4 joints with the pure Zr interlayer at different bonding
temperatures: (a) 650 °C, (b) 700 °C, (c) 750 °C, (d) 800 °C, and (e) 850 °C"*”
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Sk ST Ak A BT Ze,Cr A a-Ze+Ze,Cr B Z T H8UZ , i
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Ni ANEE T Zr-4 & 4 V8 0 40 pm J5 F 28 Ti §6 4 o )
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REFREY BUER Zr-4 54 5 304L NS, SRR E
4 850~1000 C , LG ] 7y 30 min, #4714 6 MPa,
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FE AR BOE R Zr-2.5Nb & 4 5 3041 AEENT, 15
PR FE N 850~1050 “C , SRR I 18] 24 30 min, #2482 714
4 MPa, F1H 3 % | (Ni,Cr,Fe) \Ni,Nb. (Zr,Nb) &l 7 4 JZ 41
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1000 C R HEIR LR, S KB V)58 B2 84 MPa.

g FRTR B G a5 A R MO R T BUR ik
FE I Ta Al Ag. Cu- Ti M Ni 25 51 )2 i 1] )2, o2& Ag/Tis
Nb/Ni. Ni/Ta I Ni/Ti %5 % J= H1 /] )2, J& 4 20~500 pm,
RGBT 2 Sk ST A AR B A IMICs
VIR % SR FE AT B A P T (E2 4R A PR
W2 JZ e 2 G, 93 1 5 A ffE 14 IMCs 1 AR %, B
T PR R ZRIZ K R 22 57, B Sk M RE A B oot



* 568

W] B RS TR

555 %

333 AKBY #EiE

LIRSS S ORI TAER I, HEE R
NI ) 20 A AT IR, S B Sk v R R i
AT e B R P e T A R L 862 C) , 3K B}
P et RLREL K 5 AT 38 B BEAA PR RS2 40, 2 5 AR TR 3K,
DASEIAZR S S e & A 5e IR R I LR R o el FEAIR
b G AR, ST DU IR = SR e T 2 2 E AT AL
IR R, H TR RS & S BRI BRI
SMAT Al THP P A B2 00 A% 75325 , W7 S5 115 2 T ML AR AT
P& AR FRAS IS A RLR T, U S AR T AR R, B Ab B
BRI LB, N T BE, AN 52 4k & 41K
IR v R AT O Sk i R Y, A B R R 13
Fim o

TR ARF /L B Lu e NS, B &
TH R 2 B S R A s 2 45 5 55 7 2U7E 8 Ja 3R 1H ) &
—BEGeKE, NIRRT e b, SR T LB
JE Kb HE (SMAT) 2 — Bl i F R T 9K HoR , e BoAg
Tk D ) FH R W e AT v T A A ot R T AR AN [
IFi) FRY SRR T DT A8 2 T 30 & R 4 A B A0 oK RUBE , S
LRGSR IS SRR E L E L

a

— TC4 alloy

Peening balls

Podl 5>
Vbration stage

FeCr IMC, “F-34) dt i R ~F 25 nm, EBd L9 55 A PR i AR
SRR R AN L R v N TR R 0 AN A R R S,
FEURE FE RS e MBI L AT I8 K T 5 oy ek 18 55, oy
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Fig.13 Schematic diagrams of SMAT (a) and THP (b)***"!
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Fig.14 Microstructure evolution (a—f) and shear strength (g) of the TA2/Zr-4 joints with and without surface nanocrystallization at different
bonding temperatures: (a, b) 650 °C, (c, d) 700 °C, and (e, f) 750 °C""



2 W]

AR eSO IR S R *569 ¢

AL FREAR (THP) J2 55 4 —Fa] DAL & 54
B E BRI AR . T AN I R 00 A IR AR Ry
PECA, & @A R ) EATAE A AR IR, A
1] T 25 bR SR B A PR R . (R, Zwicker 55
NETLE 1959 FFE 4 AT R 4R & & B T 1 25 1k
F S PRI T AR A G P R0 T 2, R BE
(AL TG 2 3 5 S R A% 5 A B-Ti (AT B T 388 i 98
{HA2 B-Ti AH H ) S0 P e P 3 I S 2= PRI VB M BR AR
SHIBYEZ B E LA ER . Kerr™E 1985 442 Hh
CHAAE NIRRT EE TR IS IR TT T AR Ti-6A1-4V
BRI OUL A ZURD R A 1k RE TR 2 I, KA Sk IR & T
T8 PAC TR AN S AL B, 5 T2 B 2R P O 4 4 S 4
NGB ERORLIN , T LIRS R4 B A B AR 1, M Ak
Y ERIRI, 5 FE AN R VERRAIG

bS5 1 P A2 2 e S AR AR P 3R AT BE R N 1Y
T . A% THP H AR S 45 R S 808 A 80
ARV AT 38 A A AR S BRAROWE 2E 2 1R 4 A s LR
PEREFIEFECY, IR L T AR A & ARRIEA,
B, 7= Az B B sm LR RE I B 2, S m Rk
58 JEE RV E 2 1, 8 5 B Mk O, BSCE VA N T RS
4 Re W 7R BRI B ) BOFE B R BE T i P T
&, A FE R IR S G 400K THP BR B H T4 5
S FLH B I SO A O S AR 12,
I J82 B T H A AT SR R e A S S A ST
REAENON {5 d, Wang 55 AR F HA A B 205 1 Nb 96
1B R ) J2 9 BOE 32 TiAL & 4 F TiL,AINb & 4, 33k 1)
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Table 2 Different phases of hydrogenated zirconium"*!

Phase Chemical Hydrogen Crystal Space group

formula content/at% structure

a Zr 0-5.93 hep P63/mmc

p Zr 0-54.55 bee Im-3m
ZrH ., 65.71 fce Fm-3m

€ ZrH, 62.96 fet [4/mmm

ZrH, 50 fet P42/n
¢ ZrH, 333 Trigonal P3ml

1 " 1 " 1 L
200 400 600 800
Time/ps

15 FIHI 22180 1 0 SUAEAE FLER RS Zr-4 & 47 HUR-HESR RS2
Fig.15 Effect of THP on Zr-4 joints via MD simulations: (a) partially enlarged structures of the Zr/Zr and ZrH,/ZrH, interfaces and (b) mean

square displacement (MSD) of vertical direction of the Zr atoms in the Zr/Zr and ZrH,/ZrH, interfaces
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A Review: Status Quo and Prospect on Welding Techniques of Zr Alloys

Bai Yujie, Li Yuanxing, Zhu Zongtao, Chen Hui
(Key Laboratory of Advanced Technologies of Materials, Ministry of Education, School of Materials Science and Engineering,
Southwest Jiaotong University, Chengdu 610031, China)

Abstract: In recent years, clean nuclear energy has developed rapidly. Zr alloys are commonly used as fuel element cladding materials in water-
cooled nuclear reactions due to their good corrosion resistance and low neutron absorption cross-section. The nuclear fuel is usually sealed in a Zr
alloy envelope by welding, so its weld quality is particularly critical. The high heat input of traditional fusion welding leads to large deformation,
and the porosity and intermetallic compounds (IMCs) in the brazing process tend to damage the joint performance, and low-temperature diffusion
bonding of Zr alloys can avoid the above problems. Therefore, this paper analyzed the weldability of Zr and its alloys, reviewed the research status
of their welding technologies including fusion welding, brazing, and diffusion bonding, briefly introduced two kinds of pre-welding optimization
methods, namely surface mechanical attrition treatment (SMAT) and thermo-hydrogen processing (THP). Finally, it summarized and prospected
the applications in low-temperature diffusion bonding of Zr alloys.
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