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Research & Development History, Status and
Prospect of Zirconium Alloys

JIA Yujie, LIN Xiheng, ZOU Xiaowei, HAN Weizhong
(State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710016, China)

Abstract: Zirconium alloys, as an important strategic material, also widely known as “the first metal in the atomic-energy
age” , are widely used in nuclear reactors as key structural components because of their small thermal neutron capture cross-
section, excellent corrosion resistance and high-temperature mechanical properties. The fundamental research and industrial-
ization of zirconium alloy in China is later than that of the developed countries. As a result, our zirconium industries have
less variants of products, which attract broad attentions from the academic communities and industry sectors. In this review,
we retrospect the development history, application status and future trends of nuclear-related zirconium alloys, and empha-
size the importance of accelerating fundamental research and developing new zirconium alloys. The design and development
of advanced high-performance zirconium alloys are also briefly introduced, including medical-used zirconium alloys, corro-
sion-resistant zirconium alloys, high strength-high toughness zirconium alloys and zirconium-based amorphous alloys. With
the requirements of further upgrading of nuclear reactors and the diverse applications, the development of new zirconium al-
loys and the broadening of their applications are key points in future research & development of advanced zirconium alloys.

Key words : zirconium alloy; fuel cladding; strength-ductility; corrosion resistance; irradiation resistance
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Fig. 1  Zr reserves and production; (a) world Zr reserves' ', (b) analysis and forecast of China Zr induslryrz_
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Table 1 Composition of several typical nuclear Zr alloys!'*’
Chemical compositions/wt%
Alloy Country
Sn Nb Fe Cr Ni Cu
Zr-2 1.5 — 0.15 0.1 0.05 — USA
Ir-4 1.5 — 0.22 0.1 — — USA
E110 — 1.0 — — — — USSR
E125 — 2.5 — — — — Canada
Zr-2. 5Nb-0. 5Cu — 2.5 — — — 0.5 Canada
Zirlo 1.0 1.0 0.1 — — — USA
E635 1.20 1.0 0.4 — — — USSR
NI18(NZ2) 1.0 0.3 0.3 0.1 — — China
N36(NZ8) 1.0 1.0 0.3 — — — China
3 # Zr-1(USA) O Zr-2(China)
'.E ® Zr-2(USA) Q Zr-4(China)
O | mzrawsn # Zr-2.5Nb(China) b4 3* ¥
Q. | & E110(USSR) 3 N18/N36(China)
O | + zr-25Nb(Canada) & c7(china)
0. | = Excel(France) A inal
T e I
* E635(USSR)
+ M5(France) £
4 NDA(Japan) Q = *
 HANA(Korea) - o
# MDA(Japan) "
i : Domestic
®
1 1 1 1 1 1 1 1
1940 1950 1960 1970 1980 1990 2000 2010 2020 Development time

B2 ERsMEA LR T

Fig. 2 Research history of Zr alloys
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Table 2 The application of representative zirconium alloys in the

nuclear reactor!?'->%]

Designation of
g Reactor types Usage

zirconium alloy

BWR

Fuel cladding, spacers,

7r-2, 7r-4 boili at
e, A (boiling water fuel outer channel, et al.
reactor)
PWR Fuel cladding, guide tube,

Zr-4, Zirlo, duplex, grid spacers, plug,

(‘pressurized

M5, MDA, NDA fuel outer channel,
water reactor)
access port, et al.
12, Ind, CANDU f;reisuied?be s c(jilimdr‘la 'tub‘e s
7r-2. SNb uel cladding, garter springs,
plug, et al.
E110 VVER-440 | Fuel cladding,
VVER-1000 grid spacers
E110, E635 RBMK Fuel cladding, guide tube,

fuel outer channel, spacers
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Fig. 3 The research and development route of a new zirconium alloy[22

E RS A SR &N ABUR G . AR 8-S A% B R HE
FH Ze-4 54 . M5 B4 Zido 5404 HALRBEN
FE P RE S, Horb Zirlo A4 B9 AMEIR 1% 5 5 2 TR
R ES M =40 BARRSE 3, B A 0TI SZA R4
M CZ ZHNEEA NI A TE R, TR Kk
MO HEARS, BOHTE 2025 4522 5 58 1% 2 51 37 5 4%
B A TN ; N36 1ER“ £k —5 7 CF3 Bk
ORI E AT R, DRI R A 2 5
PLE B AT

1 [ AR H AR BKE S A [, 3R A% A
G R Ry T REAR A f o, B0 1 2 0F ol 9 A% A
S I D HE IR A S TR ST,

Final products Cold rolling

Intermittent/final annealing |
N\ |

Repeat several times

]

FEXPEE ML S A0 B 5 HE Y AN IR A M e = 1] 1Y
HLIRIR R AFFE AT A R 55
2.4 BAHMHMEFMIEAEREFEESESHNFE
WA SR I T T A SRR & &R A
RS A 0 Gk, STAER, ENAMERS & 4 A
THARLL KA A A AT T AR HUAS T BBk e
2.4.1 #4HewhIHRIER
A &N T — Bk H & 4 FiRm T2
TR, KRR A SRR BieiG . g M
XA, REL REMBELIER K, RLGEFIRSFERR,
MCHERS G AN T T 22 e sh s & A b i B2 7 1,
BT, &M% &k E RSB T I T Re S0 40 55 2 #%

Hot rolling/extruding

—— ¢ e

P4 Gt A PR B N TR 3 T 2 R e
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2.4.2 HBELLEWHRE L

Mg S &AM ETEBBEFLEZTTESE, &
Zr-Sn-Nb R & WA LB MAZF A £0ER, R
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P SRS VAR 30 ik 3 Al
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Table 3 New Zr alloys developed by different countries!®! 3/

Designation of

Chemical compositions/wt%

zirconium alloy Sn Nb o o other Country
OPT Zirlo 0.60~0.79 0.80~1.20 0.09~0.13 — — USA
X5A 0.50 0.30 0.35 0.25 — USA
Valloy — — 0.10 1.10~1.20 — USA
VB 1.00 — 0.50 1.00 — USA
\is - 100 - - 8:(0.10~0.35)x107 France
0:0.13~0.17
OPT M5 0.10~0.30 1.00 0.10~0.30 — — France
I — 1.80 — — — Japan
2 — 1.60 — 0.10 — Japan
13 — 2.50 — — — Japan
HANA-4 0.40 1.50 0.20 0.10 — Korea
HANA-6 — 1.10 — — Cu:0.05 Korea
N18(NZ2) 0.80~1.20 0.20~0.40 0.30~0.40 0.05~0. 10 — China
N36(NZ8) 0.80~1.20 0.90~1.10 0.10~0.40 — — China
Cu:0.01
7 — 0.10 — — S:0. 025 China
CZ-1 0.80 0.25 0.35 0.10 Cu:0.05 China
CZ-2 — 1.00 0.15 — Cu:0.01 China
Ge:0.05 or
SZA-4/6 0.50~0. 80 0.25~1.00 0.20~0.35 0~0.10 Cu:0.05 or China
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0 100 200 600

Annealing time (min)
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Fig. 5 Microstructures of Zr-1Nb alloy annealed at 580 °C for various time 37, (a) as-deformed, (b) 10 min, (c¢) 30 min, (d) 180 min; (e)

average grain size of the recrystallized Zr-1Nb specimens subjected to different rolling stain, annealing temperature and annealing time
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: (a) BAHRAZL, (b) 590 CLRHE 50 h, (c¢) 650 CRI 15 h,

(d) 800 °C{4i 40 min, (e) 900 °CA#i 10 min, (f) Zr-Nb —IC&AHE S Zr i

Fig. 6 Microstructure of Zr-Sn-Nb alloy after different temperature of heat preservation[%] : (a) as-received microstructure, (b) 590 C/
50 h, (c¢) 650 C/15 h, (d) 800 °C/40 min, (e) 900 C/10 min, (f) rich Zr zone of Zr-Nb binary alloy phase diagram
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X1 X2 X3 X4
Position ~ Number  Strain/% Q
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X4 4# 45 125
X5 5% 54 1.20
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Fig. 7 Variation of texture component in Zr cladding tube during cold rolling[”] : (a) deformation cone of Zr-Sn-Nb-Fe cladding, (b) tex-

ture components evolution with strain[®]
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Table 4 Composition and mechanical properties of some Zr-Ti alloys“O4J

Composition Treatment Microstructure Strength/MPa  Elasticity modulus/GPa  Hardness/HV
Zr-10Ti As-cast o 1738" 69 291
Zr-20Ti As-cast o'+8 1620° 76 287

As-cast o'+B 1437° 68 275

Furnace cooling atw 780" 130 447

Zr-30Ti Air cooling atBtw 1533" 98 345

Liquid nitrogen cooling a+B 2115" 95 340

Water quenching a+p 1626" 81 279

Zr-40Ti As-cast B 1258 78 278
As-cast o 900" — 240~290

Zr-50Ti

Homogenization a (B) — — 220

Porous Zr-40Ti As-sintered o 470° 15.7 —

Porous Zr-34. 4Ti-1. 6Nb As-sintered atB 32~46° 1.4~2 —

Porous Zr-34. 5Ti-5. 5Nb As-sintered atB 11° 0.3 —

Notes : b—bending strength ; c—compression strength ; t—tensile strength

3.1.2 7Zr-Nb 4%

&)@ Nb BA S AR EYE, fEEs TR aeis
AR Zr &8I R mILPUR I EE Ty, NI, Ze-Nb &
ar el LR AR R AUR RL . 7E Ze-ND R E
Zr-2. 5Nb E 4 (BRI, %) B2 AR A 8
Hatre, Haemn, HASHULIFIEREEE A
ASTM (American Society for Testing and Materials ) AR

Zr-2. 5Nb G & i EALS , APRIEE BRI Z:0, F
BT N 5 OXINIUM EL454x i B 98 )
P, [T e L S0P A o R TR R A O TR
WF, 7€ Ze-Nb AR RPHEEAE AN Ti, Ta 554 405155
MBI G 4 BAT R A Sk | sk | s R Ty
P TR T8 ok e AN AR A A 2R

4R 1A% ( magnetic resonance imaging, MRI) f&—
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Table 5 Compositions, microstructures, treatment processes and mechanical properties of high strength Zr aIons[(”' 125]

Composition Microstructures Treatment Tensile strength/MPa  Elongation/%

7r2. 5Nb a+B Hot compressing at 950 °C +air cooling 693 16

Zr2. 5Nb atf+w Rolling at room temperature+ air cooling at 850 °C for 30 min 810 29
710. 8B a+7ZrB, Hot rolling at 850 °C +air cooling 857 10.4
Zrl.0Be a+Be,Zr Hot rolling at 850 °C +quenching 892 7.1
Zr35Ti a Hot rolling at 620 °C +quenching 1063 7.0
Zrl.0Cr a+B+7ZrCr, Rolling at 870 °C and quenching+solution treatment at 900 °C for 1 h 1109 10.9

Zr40. 8Ti4. 4A12. 9V a+B Hot rolling at 850 “C +quenching 1246 11
Zrd5TiSAI3V a+B Hot forging at 930 °C and air cooling+annealing at 710 °C for 1 h 1301 9.5
Zr46Ti7Al a Hot rolling at 800 °C +air cooling 1564 10.1

ST E S ITE BRI I B 1 b B BE % 45 i 41 21
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AL, SARZAZ A5 3 Ak 25 # S Tt 2 AL 85 A 4
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Fig. 12 SEM images of microstructure morphology of three Zr alloys:
(a) Zr-24.2Ti-4.0A1-2. 6V alloy!'®) | (b) duplex-phase Zr

alloy[wo] , (¢) low magnification image of hierarchical 3D
nanolayered duplex-phase Zr alloy!'®? | (d) high magnification
of fig. 12c1'%!
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Table 6 Toughening methods and properties of Zr-based amor-

phous alloys!'*!~14]
Composition Toughening method S;r]\e/[ri;g;h Stl::l?:/if%

Zrgy sHE, (NbyCuy3Nij Al 5 Micro alloying 1516 2.6
Zry 5 Tij; gCuypy sNijgBey s Increase cooling rate 2000 2.6
Zrss Al gNisCuy 7xC particles 2060 4.5

ZrygCuyy ;AL Nb; 5 Precipitates 1810 7
ZrgsCuyy sFeyyAl, s Heat treatment 1736 7.1
Zry 6 Tiz; 4Nb;Cus gBeyg Precipitates 1500 9.6

Zrs5Cuys NigAl g Nbs Surface sandblasting 1789 12.9

7ZrssCusyy Al Nig W particles 1800 20
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