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1 OE: AR AL RN HESEARL Zr-Sn-Nb-Fe  (N36) & & UTig i R~F (et FoRionAn, drimse Atk gem)
BUFB . AWFFAXTNI6 A ST T 450 CF 418 XA EIEXFE AL (equal channel double angular pressing, ECDAP) K
AFTEAN 580 C ORI 4~8 h i AL . SRR (OM). Hifi T RMEE (SEM) FUEN BB (TEMD X JiiEsH
FOI s, gy Sy AiiiAT 1 RAE. AR N AU IR (R T (ZeNb) Fe T AR 7T i, 4003 580 ‘C i 4~8 h I 2%
WS, BIAERENT I B TEEHRL T T35 RS B 76 mm 3415 88 mm. 438 YABFEREHT H FIDTEEARL T P35~ B 41 mm 38
£ 51 mm, HHBTH— 52 #E T TE 20~40 nm fJ(Zr,Nb),Fe Ao 2538 80U M 55 R BURE b S B B 2 AT RIERIG , 95 2ER)
BB R th T ARL T BOHT 3R B TEAZ 51, FFON B BIe R 1 RDE Y BOEIE, AT REDTIE MR T AN R AT o ASHIT
FUNIRTEN36 & G Lr o ML Re AR 1 J %

KHIA): Zr-Sn-Nb-Fe & 4r; SFBEXUELMAT: NASEH; JTiEH

FELRSES: TG146.4'14 SCHERARIRED: A MXEHS: 1002-185X(2025)10-2653-07
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Zr-Sn-Nb-Fe (N36) & < 1F y fix 5 2 (1) TRESS 41
Bz —, B Rrb 7 WO s 9 B v A il s K
A LA R AT FE R B e ) B e AR R, T
W2 T AR S S HE A A5 RL A . BRI K R
XPHERGTERESR 1 B i 2R,

KIBEAZ I (severe plastic deformation, SPD) & 4t
Y AN e TR i< 4 AN 4 & e B AT DA % B X2 R
A T B RS ) SPD J7 v, 5538 18 XU #f T
Z (equal channel double angular pressing, ECDAP) 7f %%
1% M $F I 1L Z (equal channel angular pressing, ECAP) [
Bfill BRI T AN W OR AR BT I AR T AR A T
PR AR RO NI B AR T o TR U 1 4% 48 ECAP
T EATAE 1 Sk i 23R 28 118 X A T2 A e M ol T 45 1)
FEOT R UR R SR A0 A8 45 A 18 R A S S TE XL
AP E AT 1A IR TBHUA T2 525, 70 i 1 i fE
ECDAP i 2 #2247 9. 5 ECAP A EL , ECDAP
B2 181957, 3F HAEM R Z 80T o 1 ek A% 2
fif o AHESTEZ T ECDAP H5 K J5 , iFE ff ki K/ 10 pm
WAL 1.77 pm, 525 M 403 MPa #2755 497 MPa.

B 5 Ak 3 BT DAA R i N36 A S Uty AT H 5 AT

ks B EA: 2024-10-11
HEWH: Hx AR F 54 (52475342,51975175,U23B20100)

FETHRPRH T AV EREATTR TV RE . RISCPRPY AU 5 < 1E
580 ‘CAB KAt RS TR — R AR Zr-
Nb-FetH, 53— Mgl A p-Zr: RZ BT FLR IO, B 56
S TIE AL H RS T 100 nm IR0 855 <5 iRfJBS et
PERERIRTT 2 2 A, AAAE B HT R BEAT A 7T LA
Hr AR B TEAZ AL B, TR LR ET Hh

AW FLIE X N36 7 T & AN [F i) ECDAP AZ T Al
I 20 A B S5, IR AR AN R A B 2% AR X N36 5 4
DUTE AT AT W BIFENE , 70 M A5 R TTTE AR 0/ 3R BHT HY
{52 B 2R AL EE , D e e i 20 E N36 B 5 <l 4 T2
SEALBL IR FE AT {45

2 % W

SEIS A RN Zr-Sn-Nb-Fe & 45, 54 (wt%) A Sn 1.0,
Nb 1.0,Fe 0.3,0 0.1, 4 N Zr. WIGHA LN 1 FioR,
ZA I A 2R A SEBEE N R 4G B kL, o 1 a
bn T ISP B EDESE, NI E IR AR o 2ILH A
KA.

B R GG FERIN T o8 R4 20 mmx20 mmx70 mm [f]
RFE. EURE E W] RZU200HF S5 R LT
N36 & & HURIRFR BT 2 108 Y S5 10 18 WU M B5 R, 57 %
5P RN R 345 40 1) A 450 °C A10.25 mm/s , AN % £ £

VBT 25 3, 20, 1973 44 1 4, 0%, G IR TSR R 5 TR, 28l A8 230009, E-mail: 1i_ping@ hfut.edu.cn
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Fig.1 Original microstructure of N36 alloy

FEX 1350 SR Ja XA TEARAE 3 3k 4T 580 "C IR 4.6
FI8 h LA I K AR B, FHIELE FE N 10 °C/min, #5177 20N
B o W IRRE AR T DT AR T X AT OWL A 2SR
fiE o & AH W52 B S % 3R HEAT 19088 L % L 2R J5 I HF:
HNO;:H,0=3:6:9 BEA7 J& 1, 75 8 AH &2 f Bt XTP-6A bt
BFERRE AT ILEE . SR Zeiss SIGMA-300 37 & 45
A6 L A R EURE B UTUE AR T 30 A EAT 20T, W
JE 15 kVe R H B 2408 (FEL TECNAI G2 S-
TWIN F20 B %of #4Ab 3 Ji5 R 10 067 55 o A FH DT GE AH 2
R AT AL, S0 A A5 FH PR RS 55 95 W 93% L BE+7%
AR, THE 25 C L HE N30 V.,

3 RS

3.1 EIXBLANIR
K 2 A ECDAP 2B 218 VR - 24 18] R N36 5 &
SRMALRMEHER . 5848 N85S M

BRI T RATBOR I A AR R iR % . AN B LA
BULTAPATIR LR, BIRE 2 (R 2S5 53, 75 & SRR 1
R A LR AR 20, B AR T8 O, B 2% 41
AR FE R B R, 4 T8 R TERE IR 5% 56 BE de /)N, — T IR T
FEFIR, HIRAFERR 2% 56 BE RS ek

o BR 5K B8 FE Y8 T B 4 PRI AR A% ST AR T AR, AR SR
Wi FE R, AL AR N R R 2% 5 T T AR BROK B 23 A R
X B VAR G 2 v A I8 B BELAS AR 3 3, AT
ERNETH A & 1R EH . A5 E i Image Pro
Plus X AN [6] ECDAP A2 JE 38 IR - 240 5[] R 1) 7 2 &
FEREAT T 8t il 3 FioR . ABTERE AR R R R K
THIGERE . HAWIEHE v B B BUOR, £ 2~7 pm Z A 5F
A5 G BB A AE — 0 B IR 5%, IF HAD BEARCGR I R
FERT 8 pm, —EIREH R EER N, FEEDT
2~4 pm, 1M 4 T8 RS TERE |2 )5 BEadk— P PR AIK, E 2
T 1~2 um.
3.2 1HTH

K] 4~ 6 AN [A] ECDAP A2 J2 38 UK - B 280 ]~ N36
A4 WAL SEM BB o B AU B IS N36 & &)
B3 B A a AEAN AR, FILEFE o B 7 2 o AHVEAS TR
J7 18~V B A AE BARSR 18], B BR 1R pAR U 51 50 o3 A AE
JZ o dh Al . R4 K 6 hE G4 AR SN R AR I
AR, UTTE AR BT H B /D> o 3% RO WIAGRE 305 A 1)
PR FIGR B D , T HETE MR T IR A 2, R DTE
ARLF TR AT 77 2 2 RE R . JF HAIMEFE NIL AL
FHOR I 546 B &g kL, H R ST N 5~8 pum, Wi 4a s . 4

2 NI ECDAP A2 JE 16 K- 250N 6] N N36 4 & e il I v
Fig.2 OM images of N36 zirconium alloy under different ECDAP deformation passes and aging time: (a) 580 °C/4 h-original sample, (b) 580 °C/4 h-
1 pass, (¢) 580 °C/4 h-4 passes, (d) 580 °C/8 h-original sample, (¢) 580 °C/8 h-1 pass, and (f) 580 °C/8 h-4 passes
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Fig.3 Lath width distributions after different ECDAP deformation passes -580 °C/8 h aging: (a) original sample, (b) 1 pass, and (c) 4 passes

i 20 TE) I8 21 8 h B AT DU B4R 2% B AHIZ T 40 i, P33 L
WAOEAGBANUEMH. XERNEGE TR STERES
THI B A 55 R A o PR b 7 9 5 3R AT 5 T e AR
TERZA K, i 4c fTs

— I RAB TR FELZ 580 °C IR B IS , VT vE AR kL T
T BV SK B b T AT, ELBE ORI B ) R, A 2% B AH
B R AE 8 Wi L& AR e B MIMR A& 4504, i & Sc
Fiose T4k, b ORI A TR 2K, v AR T BT HE it 1
Z RPN, X2 N ECDAP AL &4 h & H K%
(RS A8 AR , ST AR 3R A5 8 2 T A% A, I HLAL
FERNSR AL U R I B S T A W, PR e it T b
Ja MBS FE R AU R MY B AT REE £
R LR Bl FHE RS, YUIE A RL T BT H 5 s F2 (AT DL
K7, fEEE& N —ERER G, 420 [ g K 2
8 h, &Ptk F— H 2L MEHS . X 2R NY
B A LB R AR T AR, A5 J 34 4 i 1 A
1 5380, BT CATTE MR T KB o A SR A E T IR A AL
WA TT Moy Al FEB &R, & R 8l sl e i it
DR SURITRTY b A

ATE IR TLARFELE 580 CHE AL G , U AR T-Hr
HEE B2, 9F BRI RN &
(AR T B AR 2% B8 B2 S N A/ . T AR 2% LT AL R R
s ULE AL SETEAR 2% SR AL TEAZ , 3 3500T HE BT RERL

FRSTIN o 24 25 R UL B TR AR [RIB , AR T Bk, A
BT UiE MR T SR B A AT e S 5 6, 4
S TE) ZE K 42 8 h, 4 T8 VAR TR S5 A H 0 AR T 25 1
IARHE AR AR o XN = AR T a4 iR 5l
N 1 2 (P 7 B8 R I B, AT A6 0 2R A B 08 BB
TEAZ S ARG 2, BT DLYTTE FERL T 75 A A 3 o ] DA 2
PN ST IR EAL AT

8 N 4IBK-580 ‘C/4.8 h T N36 45 & 4 VT Ve #H
LTI . UUTE AR RL F AR S5 1 FHAb b e, tH7E B
i AT, R ST 2108 47 nm, TESE SRR AR T 2R
ZRAHARHT H UM R RSE . T 8ot R M e R
TE SR e RV A FE ARG, 433 R 0.001% £ 0.3%, A it
W 5 T BT sE AR 1~ X b AT EDS 23 il BAK I, 1%
X &H Zr Fe Nb 3F & &R, Kb Zr RS &N
79.74at% , Fe U & & & N 7.21at% , Nb JL & & &= N
13.6at% , #R 4 Nb/Fe yt & LU AE (29 2 2) HE Wl 7T 68 N (Zr,
Nb),Fe fH. [ CRIGET A 4E 4 22 8 h, B &l AT HE DT A
BT HE 2, HRN <) N 30~48 nm.  EE4UTIE A AL AR E
FCEB”, WHMATEDS AR s, aTLUR I, H
LR BEAFT 580 C/4 h (IPTIEM , Nb L& & =P &
I} 204 A [ SiE K 22 1% 189 0, o Nb/Fe 70 % FLABLAE 1.0 2 45 3
31, HEM 7] fE N Zr(Nb,Fe), #H . Zr(Nb,Fe), #H 5 (Zr,Nb),Fe
AT B A A R ok T R AR AR R A R, R AL

B4 T)4H N36 & < AN R RGN 8] 5 11 22 T ES0 SEM fE
Fig.4 SEM images of initial N36 zirconium alloy surface after different holding time: (a) 580 °C/4 h, (b) 580 °C/6 h, and (c) 580 °C/8 h
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Fig.5 SEM images of N36 zirconium alloy surface after 1 pass and different holding time: (a) 580 °C/4 h, (b) 580 °C/6 h, and (c) 580 °C/8 h
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Fig.6 SEM images of N36 zirconium alloy surface after 4 passes and different holding time: (a) 580 °C/4 h, (b) 580 °C/6 h, and (c) 580 °C/8 h
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Fig.7 Schematic diagrams of precipitation of precipitate phase particles in zirconium alloy before (b) and after (b) ECDAP deformation
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Fig.8 Precipitated phase particles of N36 zirconium alloy under 4 passes and different holding time: (a) 580 °C/4 h and (b) 580 °C/8 h
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Table 1 Content of precipitate phase particle element in samples

after 4 passes of deformation and aging at 580 °C for 8 h

(at%)
Precipitate phase
P . P Fe Nb Sn
particle
@® 76.04 14.43 10.35 0.18
@ 78.33 11.37 10.01 0.29
©) 73.43 15.84 10.68 0.06
@ 70.30 13.00 16.60 0.10
90k —=—580°C/4h
—e—580°C/6h
ot ——580°C/8h
g
E 70
£ 60}
E
2 50t
40+
Initial 1 pass 4 passes
Deformation Pass

K19 AN[E ECDAP AR 18 Yk -Hof Z00hS ) R i AR P35 R Geih
Fig.9 Statistical results of average particle size of precipitate phase

under different ECDAP deformation passes and aging time
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10 N7 ECDAP AT TE K -1 0] 1) R TS AR KL T4 70 2
Fig.10 Volume fraction of precipitate phase particles under different

ECDAP deformation passes and aging time

IYBUK . TE 580 C i 4~8 hish , MIAAFEUTIE A AT
U 0.1% 38 %8 0.24%, 1 T8 IR AL TEAE DT UE AH AR AR 5 4t
1.15% 34 28 1.73%: 4 38 R TEALDTIE AR FA 73 80 2.9%
W27 3.94%. BEAERITLE XSG N, RAA AR #dHiE ok,
mm LA R, AL T, AT BT A A &
W3 2, TR TTE AR AR BOZWTE > >. 1 IE R 1T
VERARAR S BORE R WIUEFE T 5 2 FHR /N, —TEIRBIE )
SRNAR G 438 O ELIRDS , Aok P A B AR A 4
ERARTERT , AR AR R AR 2R K

50 nm

11 N[ ECDAP ARG X -{R1R 8 h J& IS8 T30
Fig.11 Dislocation morphologies of samples with different ECDAP
deformation passes after holding for 8 h: (a) 1 pass, and (b) 4

passes

3.3 futERImIEE
AN ) B 43 R0 25 46 BRI E AF O N3 6 & 4 B MR RE AR AN )
ISEI , N T 3k — D B 50 A8 T B A50hT HA e AH FR Al 2N
GER, AT 9T B XS 4 38 ORI BORE SEAT T TEM
ML 34T . B 11 NASF ECDAP AZ FEIB -1 8 h K
N36 &4 AL, 1F & &4t N Uk # 5 , AHE AL
R HE S AR A BT R (R 4 TE IR T
FE AL H 5 BEAR IHOR T — 18 IR TEFE . 12 W ECDAP
47ER-580 "C/8 h i} 2 AbHE f5 N36 #5454 (1) TEM 41 21 %
Hio X B 12a A BIUTTE FERL T BEAT AT S AERE 20 A R0 RE 1S
GIHT 5 RIS 45 F A THT 0 7. 5 (Fee) 1R (Zr,Nb),Fe #H
AT I A L T DA S RISk B AH  BRSK F T
TR . 7E SR A R34 T DAL 5% 21 B 2 PR A 4 2
(E 120 R ik BT, IX UL 20 8 h HEARE & 4
PRI A T O o TR 2% ST A I BB R A BE IX ek, L
[X 35k B8 £ #5708 5 N 20~40 nm, 5 I 7T B8 A s 20 AR A A
HTTIEAT o A T 3k — 25 UE 52 0% X R 2 A it Ak 45
0 AT REIE A4, Ot R S E R 2 . XK
O H Zr Fe MINb 3P &0 H, N T g BARITvEAH
T, 0t @A BEAT AT S AERE T, W 12¢ B, iR AE A7
SHAERE RN IC 2 9] (£ 2) | H Iy o Ze(Nb, Fe), # -
LR I A ZE 4K 5 8 hiF, (Zr,Nb),Fe A Al Zr(Nb,Fe), #[7]
I AELE T 4 TR TEAE
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Fig.12 TEM analyses of the sample after 4 passes of deformation and aging at 580 °C for 8 h: (a) (Zr,Nb),Fe phase and SAED pattern, (b) TEM
image, and (c) Zr(Nb,Fe), phase and SAED pattern
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Table 2 Content of precipitate phase in Fig.12b (at%)

Precipitate phase
. Zr Fe Nb Sn
particle
D 55.22 19.45 2533
@ 4523 22.59 31.88 0
) 64.80 13.39 21.81
4 % i

1N36 £ 4 75 55 38 18 XU f 35 6 A8 T8 I B s 4k B
J&i 4 T8 IRAR TG RERR 5% 05 P B B R T WG HE o WA FE v
R R, E AT T 2~7 um, 3 H A BRI R E
KT8 pm, i 438 RALTEHRE Fr 12 )5 AR 31 5535 PRI, 2
EF T 1~2 um.

2)N36 & 4 1E 55 3 38 WU A1 55 AL T S ) 2504k 21
Ji WA ARS& BAE AR DUIEAH WS AR 2% STt ECDAP
ATCA Bl TR E R IR 43 A M i S 8200 A 5 A8 R i A
AL | N R B AT TR

3) i 5 B AT ) A, T3 AR T PRSP 35 RSSO
WIRAFE 2 A [R5 B 1) (1 B RICAR B0 5, 03 AR 77 35
ST 76 mm 38 1 4 88 mm, YTTE AHAAAN 20 $ 1 0.1% 1
£ 0.24%. 48 KA TEFEDTVE MR~ 3 RST B 41 mm
W% 51 mm, PUUEARAAR 73 B0 2.9% 38 % 3.94%. 5l
NABTE G 5 F A P38 B A A R B T R T iE A SR A A
N &G Y HOCHE (LR I 38, T AT AR T 15
I E AL, B AT B, AR T . 438 IR
FELE 4~8 h CRUR JG AT IR DTUE AH 2R B 43 53l /2 (Zr,Nb), Fe AH
1 Zr(Nb,Fe), -
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Research on Precipitation Behavior and Mechanism of N36 Zirconium Alloy
by Equal Channel Double Angular Pressing and Heat Treatment

Li Ping, Wang Jiawei, Zhang Ao, Xu Haifeng, Xue Kemin
(School of Materials Science and Engineering, Hefei University of Technology, Hefei 230009, China)

Abstract: Thermoforming treatment is an effective method to refine the precipitate size of N36 alloy, promote its dispersion distribution, and
improve its service performance in nuclear reactor cladding materials. In this study, Zr-Sn-Nb-Fe (N36) alloy subjected to 4 passes of equal
channel double angular pressing (ECDAP) at 450 °C for large deformation and aging treatment at 580 °C for 4—8 h. The microstructures were
characterized by optical microscope (OM), scanning electron microscope (SEM) and transmission electron microscope (TEM). The results show
that aging treatment promotes the precipitation of (Zr,Nb),Fe precipitate phase particles, and after aging treatment at 580 °C for 4-8 h, the average
size of the precipitate phase particles in the initial sample increases from 76 mm to 88 mm. The average size of precipitate phase particles in the
samples after 4 passes of deformation increases from 41 mm to 51 mm, and a certain amount of (Zr,Nb),Fe phase with a size of 20-40 nm is
precipitated. ECDAP sample contains a large number of dislocations and defects, which provide nucleation points for the precipitation of
precipitate phase particles during subsequent aging treatment and a short diffusion channel for alloying elements, thereby promoting the fine
dispersion and precipitation of precipitate phase particles. This study provides new ideas for improving the comprehensive performance of N36
alloy.

Key words: Zr-Sn-Nb-Fe alloy; equal channel double angular pressing; aging treatment; precipitate phase
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