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The impact of large-grained UO, pellet and coated zirconium cladding on design
criteria for PWR fuel rod

YOU Yan GONG Xin LI Cong
(Shanghai Nuclear Engineering Research & Design Institute Co., Ltd, Shanghai 200233, China)

Abstract  [Background] Large-grained UO, pellet and coated zirconium cladding are the most practical fuel pellet
and cladding material scheme for accident tolerant fuel (ATF) solutions, which are expected to be commercially
available in the next few years. However, the existing fuel rod design criteria for commercial pressurized water
reactor (PWRs) are based on the material characteristics and application experience of traditional UO, pellets and
zirconium alloy cladding. If the properties of the constituent material of fuel rod change, it is necessary to re-examine
the usability of the design criteria based on the corresponding research results. [Purpose] The study aims to clarify
the potential problems of large-grained UO, pellet and coated zirconium cladding through the fuel rod design
standards, and to provide a reference for the follow-up materials testing. [Methods] Based on these two material
schemes for ATF on the design criteria, latest research on the material properties of large-grained UO, pellet and
coated zirconium cladding were investigated, and the influence of new ATF fuel rod based on these two schemes on
fuel rod design criteria was analyzed. [Results] The results show that most of the design standards can still be used,

and the new ATF fuel rods have certain performance improvements in oxidation and hydrogenation, hence the
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corresponding design margin is increased. However, the newly added cladding coating may introduce new fuel rod

failure mechanisms, including cold spraying and some other coating processes that may damage the zirconium

substrate and cause a significant decrease in the fatigue performance, local oxidation after coating damage, etc. Due

to the influence of the cladding coating, the equivalent cladding reacted coefficient (ECR) originally used to evaluate

the embrittlement level of zirconium alloy cladding is no longer applicable. [Conclusion] Therefore, in view of these

new phenomena, it is necessary to carry out further research work and improve the corresponding design criteria

accordingly.

Key words ATF, Design criteria, Fuel rod, Coated zirconium cladding
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RARRL UO, BOREES B il s I B A 2 #E U0,
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Table 1 LWR UO,-zirconium alloy fuel rod design criteria

5 #EN A RR ERTE
No. Criteria Contents
L R RS e #iar PRI RIFR A e AAR AL 1A VB BRI (1 s I8 AR 3R G FL At 25 A SR R ) AR B

10

11

Stress, strain, or
loading limits

% 57 Fatigue

J& ik Fretting
RN R ¥ &

Oxidation, hydriding
and crud

RS i Bow

RBLRE Y I

Gas pressure

K 1A
Hydraulic loads

1214 Control rod

BrE AL
Internal hydriding

(e
Cladding Collapse

Overheating of
cladding

B PR E

Stress, strain, or loading limits for spacer grids, guide tubes, thimbles, fuel rods, control rods, channel
boxes, and other fuel system structural members should be provided
SERERAT L SR ST R BVEIAE, RN TR 5 A e — BB P A S g W T ik
FUBIIR I B B S B 2 3 BRI R A 55 B 20

The cumulative number of strain fatigue cycles on the structural members should be significantly less
than the design fatigue lifetime, which is based on appropriate data and includes a safety factor of 2
on stress amplitude or a safety factor of 20 on the number of cycles

HRE 22 G0 A G5 A4 A1 L o P BB A5 RSO 50 B2 k) 2 B )

Fretting wear at contact points on the structural members should be limited

S AR 1= ORI D ) B AR SRR A BRAE 8 78 S8 ) 20 s RAE B B A B R
T AL SR B R R AN

Oxidation, hydriding, and the buildup of corrosion products (crud) should be limited. These limits
should be established based on mechanical testing to demonstrate that each component maintains
acceptable strength and ductility

RS Y ERE R R A2 RN S 1 R A A 2 SRR RS 284 R BT 20 T v 2255 1
Dimensional changes, such as rod bowing or irradiation growth of fuel rods, fuel assemblies, control
rods, and guide tubes, should be limited

ORI AT SR BE A P9 T AR T IE B AT I 8944 SCR G 0 sl /2 o S I CNBR T = (D IEH
IEAT I SR 7 8] B AN L TIT T 5 (208578 1 S A AN FER H 5] B2 1) 5 (3D fi B VAL e s AN 97
J& Fuel and burnable poison rod internal gas pressures should remain below the nominal system
pressure during normal operation or other limits must be justified based on, but not limited to, the
following minimum criteria. (1) No cladding liftoff during normal operation. (2) No reorientation of
the hydrides in the radial direction in the cladding. (3) A description of any additional failures
resulting from departure of nucleate boiling (DNB) caused by fuel rod overpressure during transients
and postulated accident.

7K 8y A R R B

These worst-case hydraulic loads for normal operation should not exceed the holddown capability of
the fuel assembly

{525 e 0 S 9 A

Control rod reactivity and insertability must be maintained

AN AT SRR I 3 2 S BB G iR e Ak, N T BHAESR B A AL 51 RS IR 2 3k (R — R &
) FERGE IR P AR AR K ZE AL E S AR &S & X8 & SR 5 ARG T
AT R EAT R

Both internal and external sources of hydriding can cause a zirconium alloy component to fail. To
prevent failure from internal hydriding (i.e., primary hydriding), the level of moisture and other
hydrogenous impurities within the fuel is kept very low during fabrication

DR SRAEIRRE RSP A DR S A7 2R 1 Jil 1) 1) B2, 0 7 A AT e 1 18] B N 3408 CRIV S D« DR A #E B
X R A K R AR, BT LA O ) BB SE BB R 3K

If axial gaps in the fuel pellet column result from densification, the cladding has the potential to
collapse into a gap (i.e., flattening). Because of the large local strains that accompany this process,
collapsed (flattened) cladding is assumed to fail

RN G SR A R A B DU AR R AN R A SR 8 T A M S e S Y A% 1 i L
(Departure From Nuclear Boiling Ratio, DNBR) , % - i 7K i I J2& 3 iz ifs 3 2h Z LE (Critical Power
Ration , CPR) #E47 R 1

Traditional practice assumes that failures will not occur if the thermal margin criteria (DNBR for
PWRs and CPR for BWRs) are satisfied
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gk
75 HEN R REY RS
No. Criteria Contents
12 L # ARSI MR P e TR NS I A AR
Overheating of pellets ~ Traditional practice has also assumed that failure will occur if centerline melting takes place
13 AR 7 [ 8 M 5 N (Reactivity Insertion Accident, RIA) T B BRRHE R IR BELE RS S DA R , i T

Excessive fuel
enthalpy

B S PO T ot 23 51 AR P 72 A ELAE FH T A AR 3%
The sudden increase in fuel enthalpy from a reactivity initiated accident (RIA) below fuel melting can
result in fuel failure due to pellet/cladding mechanical interaction (PCMI)

- 5T A B R B R SE- A SEAH BAE H (Pellet-Cladding Interaction , PCI) Al B - SEH LA ELAE F (Pellet-

Cladding Mechanical Interaction, PCMD) , 32 % [X Jjil & Fi & 5 L& AR =) 2 5 N ) g i+ 22 .

PCI is generally caused by stress-corrosion cracking due to fission product (iodine) embrittlement of
the cladding, while PCMI is primarily a stress-driven failure. Two related criteria should be applied,
but they are not sufficient to preclude PCI or PCMI failures. The first criterion limits uniform strain
of the cladding to no more than 1%. The second criterion states that fuel melting should be avoided

VA HERS B Z174 H) R 45 (Emergency Core Cooling Systems , ECCS) 14 & 1 75 Z2 56 AL 57¢ 1 TR &

The ECCS evaluation model should include a calculation of the swelling and rupture of the cladding
resulting from the temperature distribution in the cladding and from pressure differences between the

W R R 1 17 5 1E PR, G R AN /T RS 200 R (1R R RS 7 (4 90% , Il A

Cladding integrity may be assumed if the applied stress is less than 90% of the irradiated yield stress

Bt DR 70 75 V5 K T3 2 4% 1R 0 4 DA £ S B M 4 0 R 38 TU AT o B D SR 0, 7 e v U E
(Peack Cladding Temperature, PCT) fR$#7E 1 200 °CEA T , AL 58 i i A /N T 17% S50 BLe k

These criteria ensure a coolable core geometry by preserving adequate postquench ductility in the
fuel rod cladding. The current criteria require that (1) the peak cladding temperature remains below

75 RIA FHCT OB BE 2 PRod I 4 T SURI 2R BB MR e AN R TR 00 B, R IR i s 71 ik
Mo T IE R A% IR ) 7 3% AN HE S YA A1 JLAT In severe RIAs, the large and rapid deposition of
energy in the fuel can result in melting, fragmentation, and dispersal of fuel. The mechanical action
associated with fuel dispersal can be sufficient to destroy the cladding and the rod-bundle geometry

Generalized (i.e., nonlocal) melting of the cladding could result in the loss of rod-bundle fuel
geometry. Criteria for cladding embrittlement above are more stringent than melting criteria.

WORHER I 22 3% 28 7% RN FRAUE , 5 B R R FE 5 ECCS PERE S B R . ERASREARAL

Fuel rod ballooning can result in flow blockage. The degree of swelling should not be underestimated
R 9 R B L LML b7 A A I AR T A B B A A s
Earthquakes and postulated pipe breaks in the reactor coolant system would result in external forces
on the fuel assembly. The fuel system coolability should be maintained and that damage should not be
so0 severe as to prevent control rod insertion when required during these low probability accidents

REBETHHE T R AS 52 K oL UO, AL ER (R R

14
PCI
YU — PO SR 0 7 15 5 AR AN 1% , BORHIR AR I 45 1
15 {058/ Bursting
AT AT A 22 5| 7 F) S I AT B SR S R 4T 43
inside and outside of the cladding
16 Bl
Mechanical fracturing N FERFF 5
at the appropriate temperature
17 w5t
Cladding
embrittlement M. % (Equivalent Cladding Reacted , ECR)
1200 °C and (2) the peak cladding oxidation remains below 17% ECR
18 MRRLEIZIEEE
Violent expulsion
of fuel
of the fuel and produce pressure pulses in the primary system
19 BrEl AL REARRAL 25 TUAT o pl T 50 A 1 DU B A, DT ULG i AS A8 9 A U R
Generalized cladding
melting
Therefore, additional specific criteria are not used
20 REHEREUK
Fuel rod ballooning
21 Z5HATE
Structural deformation
2 KRERLUO, BRF} T BRI 49 52 0 53

#r

2 % NRC %t Framatome 2 & Fi ¥ 7K HE
(Boiling Water Reactor, BWR) ] K i # UO, is B =

Kb UO, A KL B 5 bRt UO, AL S B 1 [X
SAE T AR RO S5 46 3 5 R ok R, 78
b2 i gy B3N T b & Cr,0,+ ALO, 25 i ) . [A]
I, %1 FBRFES 12~15.18 2 20 Z A K E > B

it PR RE VPN B0 1 B B R 5T, Cr, O, VR I 32 B2 5%
0 T AR T AR K, IR T B AR T
775 T B R B ok R ST s B R K L AR S A
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TR TRURR I FoAth 3B 23 M BB K SRR UO, B 572 i 11
e 5 IA bR UO, S H ARl . Framatome J8 1o 5K
56 25 AR B, K8k UO, Oh B #0484k
X0 JHSES BRI A 1) A B 1R R TR S AT LR
I St s s R fE D A B S RE IR . TS N Cr, 0, 1Y
KERRLUO, 5B LA a1 6 A8 i 26 A I 1 AR T g
75 XA REPE BT DB ALK PCMI T #5348 1 L%

FR G Dugay S50 52 56 I £ 45 R, 19 31 Cr,0, 8 24 11
UO, O e AR AR B 77 72 e 25053 3l WL (D sk
2. fE1 773 K145 MPa . /14614 K, UO, B BL i
PUF A H R 5 Cr,0, R IR I 1, 7T LI N
Cr,0, B UO, - H 1) o i e A2 T 6t B B4R &

¢ = Ao"exp(-Q/RT) (1)

&2 Cr,0, B U0, HRIIZTRESH (@1 773 K)
Table 2 Creep model parameters of Cr,0O, doped UO, (@1 773 K)

Cr,0, & & P SRR IAEER:| A/ (MPa)™ s n 0/ kJ-mol™
Cr,0, Concentration / wt.% Average grain size / pm Stress range / MPa

0 7 20~45 1.176x10° 2.1 410

0.025 15 30~65 9.129x107 6.3 487

0.06 27 30~65 5.919x107 6.1 466

0.1 45 20~65 3.625x10° 49 551

0.2 70 30~65 1.236x10° 5.2 550

i 1) 1 Massih™ 424 Dugay 25U 7E 45 MPa T f 45 S 14445 5)

Note: 1) was calculated by Massih™ according to the results of Dugay et al."™ at 45 MPa

107

—1

10°F 7

Creep Rate /s

0 0.05 0.10 0.15 020 0.25
Cr,0; Content / wt.%

1 U0, GHE AR ASHE R 5 Cr,0, & B R R
(45 MPa, 1 773 K)
Fig.1 Thermal creep rate of UO, versus Cr,O, concentration
(45 MPa, 1 773 K)

TERARSARAT NTT I, T B2 R K
B AEAAAE doRL Y RS, BRLBRAR N Cr, O, (1)K ke
U0, & He 1 S A4 i ik (gaseous swelling) A1 L #5 #E
U0, S L KMo SR, BT 8 1 Cr,0, 1K & R
U0, S B A B 1 w5y i e AT Z TR, AR e ) S o
HERFE T S HA G o o2 7 AR T 2 A ) AU
PCMI 40,58 1 B F3 43 A ¥ 504k, A8 K <28 i ik (E
PCMI N A= AR . BLA UO, O H AR
A B R A5 7Y (i1 FRAPCON-4.0 % £ BT i 11
Modified Forsberg-Massih & 7420726 ) 5t 5 HY &4 40 1
) AN R T ¢ RV W 7N = 7 e S i [ B S
Arborelius 22 i 2 TN Cr,0, K & ki UO, 08 B
7 5 HL7 Mk BWR 2 B HE Barseback 2 AT Fa 2555 1
JAE Studsvik A 7] R2 5256 HE T & 18 ) 38 5000 45
B85 R BT BN Cr,0, 1 K kL UO, O B ) 2 AR

SRR LARTE UO, T3 30%~40%. Che 251
15 FAZ 9% RE A BIR 70 A5 480 4 14 BISON X Cr,0, 45 24
UO, B AT T # B #T, IR 45 T Halden M ) 5
o S 36 W 8 45 TR B A, 45 SR R 7E T 3 R0
(Ramp Test) it F2 H K f R UO, 85 B 1) R4 S AR0RE
TR B AR T b UO, e . SEAR A AR S AR I
RA] PRI (1 A I X 228 RIA T R 5585
i B B 54 2R R AT U AR B, B 3K R U0, B B
PRERTE TR R T IR R e 8L BE ) T 3

22 FRTIR , KR UO, O B BB L L e
AL SEAR EAEF LSRR LA SR S K S5 ) 2
A R, 155 56 3 1 S 06 203 7 i F bR U0, 38
BRI AH S AR RN 23 BT T VR AR R R S . U
AN, BB ZENE” R 16 B 3 1 RIA T R 5 Rk
B R A0S R A DU IR A5 30U 48 AloIR 5
S A K R TR A R R 5 K ik i A
REW B AL ML RS , T b T i i e . 252
PRARLCS B[ 5 A VRE AT N DA SRR P R 25 (R R
fRIEE . HA R IR UO, B HL I3 55 0 BN 52 i AN
& DA 20 R 3 2 T, T K AR U0, 8 B S,
TEHCE A LLAR T UO, B HU R /b 1] g 2 5 B L)
PR LA IE T O 82, KSR UO, SO B o 24
A5 S AR I 2 i P4 R AR B, IR K ok U0,
CVHEST PR ZBRE HE U T RE B U AR . 4E
R R IR B3 DU 1) B SR ANAR R SF 1

BEAL , NRC ()8 B4R 15 B 42 M2 1 R diki UO, it
PLn] A7 AE Cr,0, I8 J5E i 42 J& Cr i i, T SUE B
PSRRI E)Z PSR A 5 AT A
A5 B R, {H R RO A % 2 49 10
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CFR 50.46¢c A IEA LM EZRE PR TH A
PN

3 BEREXNENSm ST

IR B A e A FE AT R I R 3 BRI AE AL 7
RMEPER AL, EEA  DPUEACERE R 58, &
R RN AZ AL s 2) S A B AN KI5 UOAR R e 14 A
5 FEFZ AL FE AL TR A 5 3) B A0 5T AR T
SRR, 5o TSRS AL R R s DR E AR
Sy BN P4 I iy ofe 1) 7 R A 5 B T 5 12k g 1Y)
A ST T Al A I R R R S N
BN L L 2RI RSBy R A4 a5 .

PLCr & BIRENG, Cr & B A R diEll
PERE, LR AE Ml /K 28 S R Ak 22 I TO0 T B i
KB ENFNEAET BB REXT Zr & S 7 3 it B 4 i £
P, SR A R 2 R PR AR, S B A
B A G B IR A A SR BRI T AR
R R et i Rl K S A R PR B = K
A S B T B R A R MR L ST B . FE T 10
CFR 50.46¢ 7530 A 0 B BB 5 i fb AE 34T 712
17, K AL58 PCT M ECR IRAE 5 & &2 #E4T 1 K HK.
RS & & A 7e e IR IE AT TP 2 Wfie—30 73 i il 4
5 B P A T A T A 2 BG N 2R 7K S5 (Lost-of-
Coolant Accident, LOCA) L. # 4 7E p AH &S 11
WAy EOE R, (R etk . R, A ER AN A
FAEHA 17% ECR B FRAE N5 mT seffetb . ¥ 204
RG1.224 5 W Hr 5 t )8 1) 86 & 4 B 5a etk 23 B e
FERAE, T L= R T AR ENARPE S EDR
ATREAR 1 AN B g, L PCT FRAE U AT 42 =5 449 83 °C,
ECR PR AT =8 fy . 28T, BiRgsw R T8
BEMES A% . Krejdt EP R A, &1l
el A 1 Cri B S B S0 i 7R BUR K 1
ECRA &A= Tt KA . X EWEX T 7
CriZEHE ST ECRNEEAEC AL R T
He R EZ R &=, WA MEN A FEH. H2
WFHEEE MR, W Crig B G & a2 A 2
17K F 1 ECR Al & & 75 210 B v e % B K T
[ AL, TEAR L TR iR 28 & 48 78 I I ECR Al
FEE FRERAMIHABERE W Crig ZRE S
fFE R 5 Hitk . Brachet 78 XF ML #E4T 0 M7 5
WAN XS T i 2B AL 5, AR O B Fh 7 58 1) SE bRk
Re 7 il il o E M A , HL 75 20K U1K VR il 58 LOCA
HBR SIS B R SR AN F E .

BRI, ££ Cr ik )2 & 1 /K I (Chalk River
Unidentified Deposits, CRUD) [ TR RV 5 85 & 4
B FER A LT I AR 755 AR K IR FI 4R

R
%)
S

PCT
<1477.59K
PCT

<139426K

6 -

4 -

2 -

100 200 300 400 500 600 700 800

Pre-Transient Hydrogen Content / 107°

Embrittlement Oxidation Limit / %EC

2 RG1.224 T MIHER )AL 7KL 3 AT BRAE
Fig.2 Post-quench ductility analytical limit given
in RG1.224

AR - < B e A FAVPR BE I 5 1 PT A ke 15 31—
SE G, AL SRR R A LK 2L H K
Bk RN, CrigZ i a8 i & &t 5e /bR
FRSS AR AVRFE X AE — R b2 R A e AR A A%
X EE ) LOCA S5 b 4

Cr <2 J& A= 5 1 Je ik o B2 R0 REE P32 v T 5 <,
MHTREARSEHE, 29 Criz ZIN LRSS0
T I SR AN TR AR W AR AL, H R B v K R T
e 0 e FR) B b ke A ORI S Areva NP A
B 451 SI2 96 s, Cr i = 18 B AR AR AR 1ok
98% "o fHL TR HLVE R B S 5 AE SN HE P X Aol B 4558
W R A AEAR BRI B SR S AR B B TR AR B
R e RRn A - ERENELE, X
PTG S S B . AT Cr &8 iR 2 i
4, 7 Cr 4 J& A2 1H 7 AE 1 S8 AR W, sk DA
Riako PRI, %S0 AT e R B8 5 SE S A% SR
PERR i 2 B 52 R 7 Hh e RS T 1 B o
FrtEZE o Xh b, RHPORL R AR SR AT — R Y
TR S5 T T R B A5 1t BT bt A 2

Crif |ZMIRE T EH R BRI B SAHTIR
(Physical Vapor Deposition, PVD) %% . H if & 51%
M YA T AR N T R o o 4 A 5 3R i o i
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