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Fig.1 Composition of three zirconium alloy sheets
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Fig.2 Stress-strain curves of three zirconium alloys at the temperature of 25 “C (a) and 315 °C (b)
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Fig.3 Tensile properties of three zirconium alloys at different

temperatures
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Table 1 Type and volume fraction (vol%o) of precipitated phase

in zirconium alloys at room temperature

Precipitated phase Zr-4 Nz-1 NZz-2
Zr(Cr,Fe), 0.154
(Zr,Nb)Cr; - 0.186
Zr(Ni,Fe,Cr) 0.563 0.558
Zry(Ni,Fe) - - 0.55
B-Nb - 0.126 0.394
ZrsFe 0.572 1.235 1.069
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Fig.4 SPT results of as-received specimens



1604 -

L E A e

53 3%

W T Zr-4 FINZ-2, X2 KA NZ-1 & AERE i i) 25 I
JEFERLN

AN PPFF R IR AT B R R R TR 5 1B - B R S
SRR AR (1 B - AR i 26 5 A R A 3 S,
HAFIEFR bR AT R BAE S L RATATH, S A
SEAT I /INEE SO R A B A P i % 4T
T, PR T LU SR I A R,

F

o, =2 (D
t
F

u=& (2)
tu_

A, oy NIEARIREE, Fy oy REST, tONIREERRE, o
NPURLIRSE, Fo IWPREAT i FIRBRALEE , o 1 B
SEERSE PSS 8

R Mao 25U H 1 B i 10 S IR AT (1) 7 425 B0
LEPE G TR RS il 5 B S R S iy BEEL AR 0ok A
X L FR) P26 8 Xt <A i R B 4 SR AT 04, e
fio 73 2 JE M 386 B0 R AR B, 45 S A RHE RE I B A
R T EFRAL I BN BT (5 B B AR
PERERI R BEAT T L. 45A 2.0 Hh S N 5 L A
R 45 R R AR N AT I AR S5 2, Tl T3
ARZRKKARX (1D . (2 P EMEH KK R a.
B HAABUEIE 2 s
2.3 SRS ENFEREFM

X G e AR T XRD WA AT 5 B
s H BT ARC AL BN O LT A (111, 455
PDF Ky ol J 3 A 2 N A A7 4 LR AN
ZrHyge (O-EMN) 5 HARTTFEARIC IR Zr hep 4K
(RIfT e

6 G B AR FE AT /D T I 10 5
Ko ME 6 HE 4 BRI, S B & eulhe 5 R
TEMIZR AR EAFETE ] B 22 7 B K 80 min B, Zr-4
5 NZ-1 BRI IE - 8r, HOIn a8 b A i
B w5, K NZ-1 &8RRI R X 35

FR2 SPTHRAHMESURMSHNAKBIE
Table 2 Parameter provided by SPT results and the specific

value of the derived coefficient

Parameter Zr-4 Nz-1 NZ-2
t/mm 0.150 0.125 0.158
Fy/N 16.9214 10.3186 16.1843
Fn/N 161.9533 205.2534 163.7155

Um/mm 0.5395 0.8966 0.4975
a 0.4880 0.6163 0.6509
0.2383 0.2790 0.2506

N W Zirconium 04-001-0119
® Zirconium hydride 01-085-7286
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Fig.5 XRD patterns of Zr alloys after hydrogen permeation
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Fig.6  SPT results of hydrogen-charged Zr alloys held for 80 min (a)
and 120 min (b)
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Fig.7 OM morphologies of hydride of zirconium alloy sheet samples after gaseous hydrogen permeation
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Table 3 Hydrogen contents in hydrogen-charged specimens held

for different durations

Hydrogen content Zr-4 NZ-1 NZ-2

fhydrides/VOI(yU

(hydrogenation for 80 min) 0.66 1.70 1.31
Thydrides/VOI%
(hydrogenation for 120 min) 1.32 1.81 1.85
Wy/ngg!
(hydrogenation for 80 min) 100 258 199
ol
W /ug e 200 275 282

(hydrogenation for 120 min)

Note: fryariges—volume fraction of hydrides, W, —parts per million by

mass of hydrogen

TR S ARYTEY, XS yT e nl Ve N AT RS 1 i B 1%
BN AT, Couet 2815 EIUIR 4070 H40 e P i) A1
BERr RAERZLN, FEH Nb AR AT bR
AT ND,Os,  FHAE A J AR 78 AL 2 W s
TR IR FONE, R Nb 7t 3 Al kb SR i o %
KRG AW SRR B RIEAMTT, RIFLE
PRI R IR RMA R ef, Fe A MERERI M 5 1 St
fn, FESHIM R AR G 1 T AR
KRG BOAT i, TR Nb [T, Fe 2 LA Zry(Ni,Fe)
TS — AR TR RAETE, Ni 2 E e, Bsy —
FHE ZrCr, BUELAZ SRR AL, h4h, A&IuR Fe
(30 R T JLAE a-Zr PR V2 5 42 580 ZrgFe AH S &
PR E RN, EXTERFA LT . B 55 U7 T i 52



* 1606 -

L E A e

53 3%

RN 2 R AR & AT N, S E0E i s
AR R,

PR 3 AR AEAE SAR B S AL B G R AR, A
I, R 2 PR o g MBUEA R THEE S S
AERISREE . M SPT W BIM a5 B3R s
JERERE LG, S AT H S Zr-4 FNZ-1 (0 8 R s,
H e AR g o B A S & R s N A AE
FEAE NZ-2 1) IREAT IR/, 1B Z I 8] A I8 K 1%/ bR
TR . EATTIEME 3 Pl & & I S RN
BIUk /N, AH 2Bl A5 5 S0 R) A A K H B — R )
5, WERA S S & B A ERN. BE
80 min ) NZ-1 5984 120 min 9 Zr-4. NZ-2 hE L)
MRS R HCAKERIRIEPAT TR 404, X5 SPT
AT -0 A i 2 b I AR S S B B R R R R I G AR
o MRAEE 4. B 6 TEMIZ IR AR T B HE T A%
B CPEXET R TBEARNSERAT AT RS R R
I SCHR T AN TEAR A B i T 2 stk o0 A O A 2 1)
MR ZE, R ST R 5] RS RGO REAE R
FEJ7 I EAERY R B KRB 4ER SO0
AR T AN B SR 8 LT A% A AR B,
X ) 7R o A 2R S0 9 i SN g s it AT R 22 ALY R
R,

HHUEFTHEN, KERIR S s & & RA T
T TR o X S S A 1 T B HL R A SR E R
MERRE 22 KR T s A B I S E SR 37 43
A, MORNHER 1 50 ) 2 48

3 & i

1) 2 Pl &4 NZ-1. NZ-2 (158 B 52 i F i )
Zr-4 RULE R, XL HT Sn xR0 O RCR B

2) FF 1) SEBR R S A T S (R AN 2R A =
ST R 2 A ) R IR T I E s AT,
P64 U Be LB AT AR 2R Y DL K B B, FAR SR I :
WINE) Fe SEAFR T LA ZrsFe IFEAFAE; NN Nb, 3%
Jn Cr &5, Laves # 1 Zr(Cr,Fe), #75 ~(Zr,Nb)Cr,, [A
WA p-Nb #H; £Fx Cr 15 Laves fHAHBLA
Zry(Ni,Fe)FITEAFAE; =M Nb LA B-Nb AT H o

) RIS A RS SPT MCHEL, e
TEE AR T HEEESMEA SR RE o p B
HE

4) WSS TE Z I T B AL RS 22 B AN
FoE B B PR R I G B fr 4R 2208 0, 5385 3@ A R
SER R EREE . B ST BOS B E LB
HEAT TR B RAE LA S A& B vE 5 DUBIE F38 RO A I R
IR, NS S AR E R DS

AAIARRFIR I A R R LSRR PR X — LR R L
FERIK,  [FIN A UAE FT e 7 RRHR R, Fe X TE
REMISZM &5 L Ay, B2 nAD Rl S R

SE

[1] Ghosal S K, Palit G C, De P K. Mineral Processing and Extractive
Metallurgy Review[J], 2001, 22(2): 519

[2] Zhang Yin(3k §T), Zhang Cheng(ik W), Yuan Gaihuan(i= £ jt)
et al. Rare Metal Materials and Engineering(## 4 J& #1 kl 5 T.
FE)[J], 2019, 48(8): 2507

[3] Bao Z, Li X, Zhang F et al. Rare Metal Materials and
Engineering[J], 2023, 52(2): 426

[4] Motta A T, Capolungo L, Chen L Q et al. Journal of Nuclear
Materials[J], 2019, 518: 440

[5] Simpson L A, Cann C D. Journal of Nuclear Materials[J], 1979,
87(2-3): 303

[6] Kim J S, Kim T H, Kook D H et al. Journal of Nuclear
Materials[J], 2015, 456: 235

[7] Huang J H, Huang S P, He C S. Scripta Metallurgica et
Materialia[J], 1993, 28(12): 1537

[8] Gill B J, Bailey J E, Cotterill P. Journal of the Less Common
Metals[J], 1975, 40(1): 129

References

[9] Daunys M, Dundulis R, Grybenas A et al. Nuclear Engineering
and Design[J], 2008, 238(10): 2536

[10] Puls M P. Metallurgical and Materials Transactions A[J], 1988,
19: 1507

[11] Hong S I, Lee K W. Journal of Nuclear Materials[J], 2005,
340: 203

[12] Yamauchi A, Ogata K. Journal of Nuclear Science and
Technology[J], 2020, 57(3): 301

[13] Daum R S, Majumdar S, Liu Y et al. Journal of Nuclear Science
and Technology[J], 2006, 43(9): 1054

[14] Nagase F, Sugiyama T, Fuketa T. Journal of Nuclear Science
and Technology[J], 2009, 46(6): 545

[15] Zhang Yuging(7k LK), Zhang Dongdong(ik 4 <), Kuang
Jie(£ 7) et al. Rare Metal Materials and Engineering (%5 4
JERELS T[], 2023, 52(2): 719

[16] Torres J, Gordon A P. Journal of Materials Science[J], 2021,
56: 10707

[17] Lee H M, Park J S, Chung | H et al. ASME 2013 Pressure
Vessels and Piping Conference[C]. New York: ASME, 2013:
V06BTO6A014

[18] Chen Xuehui([4:2%#%). Research on Hydrogen Embrittlement
Susceptibility of Hydrogenation Reactor Material by Small
Punch Test(/NHFFR I H AN IN U B85 3478 ) S G UK


http://www.rmme.ac.cn/rmme/article/html/E20220010
http://www.rmme.ac.cn/rmme/article/html/E20220010
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?journal_id=rmme&file_no=20141330&html_url=rmme/article/html/20141330

%56 3

BURENESS: E T/ AT IR ARV R 28 & SR B g PR fE

1607 -

PEWFFL)[D]. Shanghai: East China University of Science and
Technology, 2016

[19] Garck T E, Rodr guez C, Belzunce F J et al. Materials Science
& Engineering A[J], 2016, 664: 165

[20] Yang H L, Shen J J, Matsukawa Y et al. Journal of Nuclear
Science and Technology[J], 2015, 52(9): 1162

[21] Arunkumar S, Prakash R V. Transactions of the Indian Institute
of Metals[J], 2016, 69(6): 1245

[22] Guan Kaishu(z<#113), Wang Zhiwen(F £ 3), Xu Tong(#k %)
et al. Pressure Vessel Technology(JE 7125 #%)[J], 2010, 27(8): 40

[23] Vorlicek V, Exworthy L F, Flewitt P E J. Journal of Materials
Science[J], 1995, 30: 2936

[24] Garck T E, Rodr guez C, Belzunce F J et al. Journal of Alloys
and Compounds[J], 2014, 582: 708

[25] Mao X, Takahashi H. Journal of Nuclear Materials[J], 1987,

150: 42

[26] Chen B Q, Tian D R, Li D et al. Material Sciences[J], 2021,
11:911

[27] Stoll U, Slavinskaya N. Journal of Nuclear Science and
Technology[J], 2023, 60(5): 573

[28] Couet A, Motta A, Comstock R. Journal of Nuclear Materials[J],
2014, 451:1

[29] Murty K L, Charit I. Progress in Nuclear Energy[J], 2006,
48(4): 325

[30] Cox B, Wong Y M. Journal of Nuclear Materials[J], 1999,
270(1-2): 134

[31] Li Jianghua(Z=71.4E). A Study on the Hydride Precipitation
Mechanism and Fatigue Cracking in a Zr-Sn-Nb Alloy Cladding
Tube(Zr-Sn-Nb & 4 (1725 ST LI Fo 8 55 T 247
JNHEFT)[D]. Tianjin: Tianjin University, 2020

Evaluation of Tensile Properties of Hydrogen-Charged Zirconium Alloy Materials Based
on Small Punch Test Technique

Wei Yaxuan'?, Lv Shasha®, Li Zhengcao?, Wang Dingqu’
(1. Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China)
(2. Key Lab of Advanced Materials, School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China)
(3. Key Laboratory of Beam Technology, College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China)

Abstract: Zr-4 and other two new zirconium alloy materials were subjected to conventional tensile tests at room temperature and 315 °C. The
precipitation phase changes caused by composition differences were analyzed based on the calculation results. And the importance of precipitation
strengthening mechanism was proposed for the performance improvement of zirconium alloys. The mechanical properties of zirconium alloy were
tested for the first time by small punch test (SPT). The coefficient values related to the zirconium alloy material itself were determined in the
empirical formula between the conventional tensile test and the small punch test results. The feasibility of the small punch test for the evaluation of
the tensile properties of zirconium alloys was verified. Zr-4 and other two new zirconium alloys were hydrogen-charged at 400 °C by gaseous
hydrogen permeation, and their mechanical properties were tested by SPT. The results show that the hydrogen-charged Zr alloys have a special
phenomenon of “platform region” in the plastic instability stage of the load-displacement curve. The morphological characteristics of hydrides
were characterized by metallographic analysis and their contents were quantitatively estimated. It is speculated that the difference in the fracture
toughness between hydrides and matrix, the special long chain configuration of the hydride phase and its strong orientation have an important
correlation with this phenomenon.
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