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Abstract: In the paper, the models of irradiation performance and thermo-mechanical
constitutive relations of U-10Mo/Zr monolithic fuel element were established. With the finite
element method, numerical simulation of fuel element thermo-mechanical performance under steady
heterogeneous irradiation condition was conducted, the distribution and evolution characteristics of
temperature, strain and stress in U-10Mo/Zr monolithic fuel element were acquired and analyzed.
The results showed that the thickness increment of the fuel pellet becomes largest near the interface
between fuel pellet and cladding, predominantly affected by fuel irradiation creep. Under the low
burn-up conditions, the simulation result of fuel pellet swelling at high temperature condition equals
the irradiation test results at low temperature. There are stress concentrations in the corner area of
the fuel pellet and the outer area of the cladding end surface.

Key words: U-Mo fuel, Monolithic fuel element, Thermo-Mechanical performance, Research
and test reactors, Finite element method.

0 51 & BB SRR AR IRICRE Sy, P rh T R e
WFFEIEHEAY T R RO E T HME AU e BRI A, ARTSEE . R

WisBH: 2021-07-14; {EEEH: 2021-08-26
EE RN FE (1990—) , J, TR, HMEZNFMEICOHRTTTAE, E-mail: guozixuan_90@126.com



https://doi.org/10.13832/j.jnpe.2021.06.0254
https://doi.org/10.13832/j.jnpe.2021.06.0254
mailto:guozixuan_90@126.com

FFEL: U-10Mo/Zr HJ sURBCIE ARSI J 22V ERERT TS 255

T IEAE s BOR— A2 DB e il R T i
W AR R S I e, B
Fr A @R T B 5 58 R — R e 1) 1
EiUS SR T E Stat

5 O P PR A < TR ORI T Y 2L IR
AT REREARAMA LG F R B i, TR U-Mo
ARl B MR AR IR A R AR
TE R = R R, U-Mo 454 S 3045 ] [ #
By AHAAR O 37 7 i A 5 A0 BT BB Y K
PR, U-Mo & 4R KK v iF 58 150 i 0 1 20K
RO AR B R, BRI 205, 5
ZICEER e R G 4. AR TR il ST
IR B AT I R FR A, —FhRH] U-Mo &
GO AR U SR ROT M S BT T R PR
MRS & e U aetse, s T
BLFE I TR RE A B S U-Mo & 4 I AR 2R ",
XARELTT R U-Mo/Zr R 2Rt

UTAESK, A FRITEUERANNE & RIS v A )
KOBLCIESE N - 22 PR RE 5 5 T - B, 1
MO U-Mo B 5 MR TR B
RIS . 7E 2055 MR KRR B 25 R, Miller
S U-Mo/Al 5 s T oL ORI
FELH G M- 1A AT AT RN, o AE 2 R R
s T, TR ARS AR A,
Kim"™ I Yun %57 Xf U-Mo/Al 5 jr AR BT
He - IR A AT AT TBUERAUSM T, Zhao
FIREHA BH A5 XF U-Mo/Zr 5 )5 UK BT - HE
IS AT AT TRBER U . i TAaR
PNASMEARE M R RIE, FLAESESE F
FI Cui 5" 7 R SR K LAY, THRDTB
FE T U-Mo/Zr Hofy sIRRITIEN J) . B AR 1L
AR, FIRBIEGY 32 B AT X AR R 5 N i
250°C BRI AT SIS HE ST TINEIT R, HRiTid
AA KT U-Mo/Zr 5 USROCIHE R T
£ 8 R AT R T I PERIE S

o T BRI e iR EE R R R AT U-
Mo/Zr 57 AMRBT R AR AT, ASCESL T
U-10Mo/Zr 5 2T SR 45 K9 ) = 4 3
JreA PR AR, 3T TR AR 21 fR IR R U-
10Mo & HRMEPERE . - TIRBE AT xR Tl
IR TERERY R

1 BRTHEE
1.1 JUaEEnA R &G

U-10Mo/Zr 5 Jy R TTE N K T7 R 454
H1 U-10Mo & E#RRLE R FIES & & e g, #4
BOTHERST UL 10 BRELEREY 6 A HiH il re
BB, 2 B ZMAENE A IR R
I IR vk B B TR R K A v 3
JCIFRY 14 BERL, i 1 R, JTRTE T8 R AR
JET5 1) AR, SRR LTS 2 [a] 9 LR i
SRR . AERRIITIERY 2 A XERR A L B
PRILFZRAT, At Fe Ml b i e [ 1 5 26 %
FEALSEAMRTE i B R H R A A RN R 5t
JE T B R 2

1 e RS
Tab. 1 Size of Fuel Element

o] KB /mm BB /mm JELEE /mm
SRR T 420.0 70.0 1.5
Jo SN LN 400.0 64.0 0.9

T

U-10MofAhts

BT SRR 1/4 KR
Fig. 1 1/4 Model of Fuel Element

1.2 #EEgEESE

PRIVTR | IR R BOR SR SR
RESHUON, BRBLTTIR R HE N -4 A B B
TG B AR SRR AT AR, {035 U-10Mo &
SR AR B R BB TR i s PR AR AR R |
B 4 05T B RIS AR AR A A AR A 0
R BRI FE ATBHE RES B HA-
ARG R A ABAQUS #ffrh, B Af k4T
A BRICEE AL T
1.21 U-10Mo &% IUEAFER IR ZE AR,
MBS TR AUE, M TEREINAEET, U-
10Mo & & REE7F AR FE 4 4F y A AS R A4
Hetfrorfite . LAk, R SRR TR R AR
e a MR S A, ZERIR)E S v A



256 ¥ g o TR

Vol.42. No.6. 2021

MISFEARIT 1% (JFRFESE) | BEANET
460°C B, I A HAR 2 3.6x10°m > - s, 4]
P BRIS AL T S AR AR U-10Mo A& 4
A Em RS ERN U, Mo JR 7 HY BT+
S, YRR GRARIE , I SARRIE R
M) U-10Mo 45 4§ FRRE PE A S R Y, 1
= W e A RS R T, AR U-
10Mo A & FEMF ST IRETE R (250~460°C ) PAThHE
PREEy A, A HBS SR REEE, Wla
AR 2 7K oy A R BE i I 3R A 6 [ 1A 4 AR
FEY AR R AR SR AR 2 FB4y, D
V) o
% v)\v)

(A—‘Y) =40x10%F
K, AVIV iR BRI KRR F O BRI R AR
BEE; FAn s A g ol B A ZAR ;= ) Fn 24 AR
Sk

U-Mo £ 4 I 448 SR Ik Bk HILER 5580 &2 2
BT AR EE IR, SR SCHR (11 3Ty
FH U-Mo/Al 5 F SXBERE T 1 4 R 50 25 R P2 1
) U-Mo &4 24 SR AR HIL AR AR . eAs 76 2
BT BAR R T A AL IA AU AR AN, REAS
JMRBIAR R PR SRR ST ANER K R R AR
A R b B %) R

PR TWAEEE (F.) , U-Mo &4

KR AL, (A—Vv)ms&ﬂy

T @
14 g 4 intra 4 inter

o, MR intra A inter 43 43R S AR N ST AN
A
AR IRIR I SE RA5 3] U-10Mo 541y F., A",
F,=6x10*f% (3)
K, BRI ARIAR A
M F&ET F., U-Mo &4k mbidife, 2
AR A T2 Ty AR R T BRI AR

e T ltm(A—VV) TN

AV AV AV AV
— | =a-wl[=—] +(=] |+v|=—
( V )g ( r) |:( V )imra ( V )imer] '( V )r.inler

(4)
X, VORISR R, 5 F R
WHWRSFAE K TR (rinter) 182 W & Ak X S8R

S
An S LA RN -
(277 +p)(4;—nr3—0.6bN)=NkT (5)

Krh, yRRWEK I REG r MR WRE; p
REK SR b MIETEARE R N ORI
SR FWEE s k WBR LS WE; TR,
IR AR v, BRI RIS AR AR MK &
TR, U-Mo A4 & kiR IEIEEA
U-10Mo & 4R IEAE (de/dr) R T G1H5E

de

K, 48 U-10Mo &4 I 5E IRIE AR R 50, Bl
2x10* m’/Pa'™; o i Mises 25580 11 o
122 &€ HoemriiamBE i
FhE BRAKNE ) Fisher BRI E $R7509,

E- E, (7)

o}
0.88 +O.126xp(—F)

K, By E B0 5RE BEET . 46 RS () SRR
@ At (B KT 1 MeV) Eit,

B A IR e R AR AR PR AR A B, R
IFAR R (&,) RAF0TERE,

& =5.129 % 10*291 O +725.2e496710%7 ) ¢
) Vi
1

exp (—10000/RT) (8)
A, ot FIERER,; OhFRIRETE; R ONHE
MRS H L, R=1.987 cal/(mol - K),
PUTAF R (&) KA F G E A,
gm:3¢4x1m1ng#> (9)
K, GHETUIEE, Pa; Q NIIGRE, BUA
27 kJ/mol; LAk R B 8.314 J/(mol + K).
B SIEA KR (ALL) R PR3,
%:1.407><10"6(1—3fx)\/56xp(g) (10)
Kb, £ SR, B 0.13%,
1.2.3 BITEH ACERWETT R RIEY
SRR TR RSB T 45, AR AR R R TR
PRRLTIEShm CED X4l ) B934 IR 20 SR
DA SVERREIR, BARIZRSHETIH 0.1 MPa,
FRAESCHR [19] Hh a2 ge S TR BN A &
Bl 3x10° W/(m® « K),




FFEL: U-10Mo/Zr HJ sURBCIE ARSI J 22V ERERT TS 257

2471 1 600
- 23F 1560 %
-o22f B
‘ 1520 &
f 2.1+ =
2 =
= 20F 4480 4~

19 —— f

’ —o— BEIFLE 1440
]8 1 1 1
0 100 200 300 400

XA bR/mm

Pl 2 f R BRI I Fy i o A
Fig.2 Axial Distributions of fand Coolant Temperature

1.3 MRS

TR A A PR T AR 40k FH 1Y) D) A 2K 78 hy
C3D8RT. HFHUELE AT TS B 45 G 1 b 25
PRI ) 2EAR BRI, T AT X2 A 1
WA DA TN AL BE . Zead POAE TooePERAIE, e
WK BN 73250 YIRS HEF TR

2 HEZRESH
21 BESSH

K 3 NfaZsiafT 80 d J5 U-10Mo/Zr ¥ /=
BROBLIT A rh Rl RS AR A 5 1 TR BE 43 AT o
M 3 AT RVE Y, TERRREEMARAS I ERT T
WA HRIR sy ) (X RhE Ty ) BRRLS A&
G R b 3 | 22 =TI 73w /oy DTN N SO O
HIREB N, TR R B EE g TR
BRI i AL SE R 45 A TR, TR B T
8 T AR

750
700
650

2 600

= 550

— kA

--- a5k

500 f
450
400

1 1 1 1
0 100 200 300 400
XA bR/mm

K3 FaZSisqT 80 d JEHRRCAEE S A
Fig. 3 Temperature Distribution of Fuel Element after 80 d
of Steady-State Operation

FaBIBIT4MET, U-10Mo BABLE A i i
IR T 725K (452°C) , & T HETHEST 0 HE

1 U-10Mo #ERHZ 1T CGEE AN 250°C)
T T U-10Mo A48 1 1135°CH 7EXCHERY
Y FiatT, fEmisE] 1.9x10°m” - s RLE,
L T IG A AR R 3.6x10" m” - s, RS
fFF U-10Mo & & 4EF5 v MR &A1

A Smse i miRE N 675K (402°C)
PRI HE TR A S ris TR E GEE AN
ML 200°C) , SHEHE KRGS T MR
A et e miREACHARY , TR TS 4
FHARRE (29 800°C ) o MRBETHIALE SRR,
MRETIRRS ST, U-10Mo/Zr 2 5 AR T i
1) B e ek B AT IF B HE U-Mo/ AL B2 R
BRI AR, AT 2N K
22 BHEETHH

B4 MRTRISEREAL (R Y ShAAR ) AORRABEE
PRUT IR Jr ) (BD Z 5l ) R8BIz 17 a2 Ak
ek, mE 4T ES, EARRMBITHZIT,
PRELSR R Fe g AT (Y ShAAR A 32 mm ) Bt
T AR AR Z Sl 1) L LRSS R K
(), ok BT 02 DXl R S R T AR o B 2
Ak, A LIE MRS S TR R, kb A
FVAFEINTR , ORI BN, 254wk
AR B 55 bt i A O AR R BE A 22 BE AN BT

0.06 1

0.05
g

E 004t

e
< 0.03
Romn
&
0.01

0

0 5 10 15 20 25 30 35
Yl A Fi/mm
Bl 4 ORLEIAE Z 7 i (L R Bz A T ) 504
Fig. 4 Distribution of Displacement of Fuel Pallet along Z
Axis with Running Time

XFECMORLEALE Z 5 a5 (151 4) R
MERb K WA . Bk A (&5
SRR B AR B W ) LA 45 5 T o a0 3 22
SARIRIE AR T AR R B R . e, AR
JRE 2 877 A S DR R E A5 5 1 R B 5 ) g A
HAE PSR SZ 2 BRI 11 A 0 A7 HE
FoAl IXIEE R, S EUORL B JE E J7 1] B4 855 22



258 ¥ g o TR

Vol.42. No.6. 2021

ARTESS G B T (E . R U, Y
HA FROCHERUR T S8R S 7e 7 B e IR A |
EBHE S UIPSN GBI

025
—— HAfiIK
0201 —— FEAEMAK
g - IR A
£ 015f
I
B o010}
{E‘
0.05 ¢ sost
0 .- R
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Yl A 45/mm

K5 FazsisdT 80 d JERRRLE AR AL 50
Fig. 5 Strain Distribution of Fuel Pallet after 80 d of Steady-
state Operation

K 6 AFazsiatT 80 d i BRREE A b gl i 1
AVIV AR ZE R I 6 AT, BRRLE ARG IR fib
P . PR R, X HE 2
AR R B s BRBLOR AVTY SR T
MAE A 7.66%, ML F i KA N 1.625%107m >,
% 5 3CHk [14] HAETE] F R U-Mo/Al 8 5 20480k
TR IS B A REEM AR AVIV A2

8.0r

75F

70F

(AVIV Y%

651

60 1 1 1 1
0 100 200 300 400

Xl A AR /mm
K6 FaisisfT 80 d JGHRELLMA AVIV 34
Fig. 6 AV/V Distribution of Fuel Pallet after 80 d of Steady-
state Operation

Kl 7 RAREEE T B 20 RS R i R AVY
fHo ME 7 ATLAE Y, RRhE AR B ik 322K
F AR 4 7= 5 R R P, A AR Pk i 1) B
BRE/N . P RERZAS =ik 5 F BROE L, BF
PIMRELE AR IR K 5 B o34 e s DL F B3
KRR —0,

S S R IK DRk /N R, T F
T 2.0x107 m” #Y U-10Mo #AKRL T IR R

—— G
—— AR
P e WESE

(AVIV Y%
O = NV W kR U N
T

0 20 40 60 80
=1 THT e/
K7 ANIF 2R AR AVIV A 53 A
Fig. 7 Maximum AV/V Distribution of Fuel Pallet at
Different Times

WL, YETA FRRAEZTT 80 d ) U-10Mo
PRRLSR FEEG, ZER 2 iR f T, RASC
(4) 715455 U-10Mo A4 F.. 210 3.0x107m
T ABRELIAR F i RIS F) Floo SRS ok
ReFa5 B ZR M, BRI ok R T AR 0T 46
5, %A RSN, Fik, HESEETY
R A T8 R A A X B AT 2 AR
[FE, F R A S b BRI
TRFUM AR, AEXFPE AL, TR T X 448
SARM K AR HEVE AT R . BRI, i R b
PR 235 SR 5 A0 ek P i 1 i 5 R A 2

T UL, AR SO U-10Mo A 45t
i R ABS A 2 3 TR IR v A U-10Mo A 4248 IR 56
SERLAEST I, X TR R TR Y L 9 R T
i —BWH5E . — i, miREET U-10Mo &4
PREE v AR AR YR AR FE 4 1R a0 S BRI A A FT
B B—J5 1, IREEXT U-10Mo &4 Hh 2 Sk
Fie AT oA B i e 2 B0 B S, AR
AAREFY L, AR EA KA RS
KIS . L, JFEAhA LELS A m A FE
T U-10Mo &4 8¢ U-10Mo/Zr i i R TI/Y
AR BRI A5 % U-10Mo £ 4 %8 ME i kAL
FHURSCHY A 7 0 e 05 3 ] ) S
2.3 RJ13z5th

K 8 MEAARIZAT 80 d J5 ARl E AT £ B i
fL5CHY Mises W H153 i . 5 U-Mo/Zr B 7 sk
TR BB 2, AR R, e R A 52
S5 1R A0 DX S B A A N D AR, B i 32
EEHHTE 20~30 MPa Ju B RLE AR AT
FAGSF RN B T B, R A R BRI R



FESE: U-10Mo/Zr 5 BTk N e A 30 12 HERE S 259

TP e o g

Mises)v F1/MPa
47.30
39.44
31.59
23.73
15.87
8.02
1.60
Y

xod

K8 FAEAT 80 d JGBARLE AR £ Mt 3T 158 1) Mises

INPAFNE|
Fig. 8 Mises Stress Contour of Cladding around the Corner
Area of the Fuel Pellet after 80 d of Steady-state
Operation

543 X7/ N8

PG 8, fI5¢ Mises B JTHKAE N 47.3 MPa,
AR FAHRN R T 856 2 e IR N K (E
HH A AN S5 AR A fh ) 6 57 ity T /M X35
R T ARUESRRH A ZEA RSB, S R RRL T
0T e £ o v D st 1 ) | i e
e, A i BRI A5 AR AR R A K 2 31 T R
FEA TR, BT IX SRS BN ) e KA

K 9 Wiz fT 80 d Ji HRELEMAR Mises i
Jio A, HE{E (0.8628 MPa) HiBRAE S AL £
BRI FR TR AR AR AT e il AR
A BRI LR N 7, BT LA
JIE AR FALFER ), 3 — AR 5 SR [3]
BT B A FR A AR I AR S A A AT 6

Mises)v 77/MPa
0.8628
0.7331
0.6035
0.4738
0.3442
02146
0.0849

Y,

Ly

K9 FaSiafT 80 d JRMARLIA Mises [ ) (4]
Fig. 9 Mises Stress Contour of Fuel Pellet after 80 d of
Steady-State Operation

3 &

AR BRI, ST TAR 2156
H U-10Mo/Zr 5 Jy B FRR S I 1 2 P fiE
AN, A4S B SRR ) #7041

SRR ZE R

(1) SRR A B B 1S A AR AL S HE AR 2
AT B TR B K, 3R 7 B R R R AR A
=AU

(2) TEPF A B ARERE ( Fi KIE N
1.625x10° m ) BTN, BB S TR
B2 AVIV R 7.66%, 5K RIS 2 1Y
AVIVH,

(3) BRREE AR A DX, 58 i 187 4 MU X 358,
FETER S8

S :

[1] CRAWFORD D C, HAYES S L, POWERS J J. VIR
startup fuel paper for NFSM: INL/EXT-18-44673-
Rev00O[R]. Idaho: Idaho National Laboratory, 2018.

[2] DRAGUNOV Y G, TRETIYAKOV I T, LOPATKIN A
V, et al. MBIR multipurpose fast reactor — Innovative
tool for the development of nuclear power
technologies[J]. Atomic Energy, 2012, 113(1): 24-28.

[3]KIM Y S, HOFMAN G L, CHEON J S, et al. Fission
induced swelling and creep of U-Mo alloy fuel[J].
Journal of Nuclear Materials, 2013, 437(1-3): 37-46.

[4] SHOUDY A A, MCHUGH W E, SILLIMAN M A. The
effect of irradiation temperature and fission rate on the
radiation stability of uranium-10 wt% molybdenum
alloy[C]//Proceedings of Radiation Damage in Reactor
Materials. Vienna: IAEA, 1963.

[5] LOPEZ M, PICCHETTI B, TABOADA H. Influence of
temperature and compressive stress on the UMo/Zry-4
interdiffusion layer[J]. Progress in Nuclear Energy,
2017(94): 101-105.

[6] MILLER G K, BURKES D E, WACHS D M. Modeling
thermal and stress behavior of the fuel-clad interface in
monolithic fuel mini-plates[J]. Materials & Design, 2010,
31(7): 3234-3243.

[71 YUN D, HOFMAN G L, KIM Y S, et al. Finite element
modeling of irradiation induced swelling and creep in
metallic mini-plate fuel - A preliminary study[J].
Transactions of the American Nuclear Society,
2011(105): 407-408.

[81 ZHAO Y M, GONG X, DING S R. Simulation of the
irradiation-induced thermo-mechanical behaviors

evolution in monolithic U-Mo/Zr fuel plates under a

heterogeneous ~ irradiation  condition[J].  Nuclear
Engineering and Design, 2015(285): 85-97.

(9] BEHIBH, BERE, JEELL, 4% UMo-Ze i s EHRZ:
MR UERFFE[0]. Bl TR, 2019, 40(4): 172-176.

[10]FLAEHE, TR, HJE. UMo/Zeift i =Rl HE N


https://doi.org/10.1007/s10512-012-9590-x
https://doi.org/10.1016/j.jnucmat.2013.01.346
https://doi.org/10.1016/j.pnucene.2016.10.006
https://doi.org/10.1007/s10512-012-9590-x
https://doi.org/10.1016/j.jnucmat.2013.01.346
https://doi.org/10.1016/j.pnucene.2016.10.006

260 ¥ g o TR

Vol.42. No.6. 2021

IR E AT RBTIE[]. 8 1 TR, 2018, 39(2): 109-
113.

[11]CUI'Y, DING S R, CHEN Z T, et al. Modifications and
applications of the mechanistic gaseous swelling model
for UMo fuel[J]. Journal of Nuclear Materials,
2015(457): 157-164.

[12] WILLARD R M, SCHMITT A R. Irradiation swelling,
phase reversion, and intergranular cracking of U-10wt. %
Mo fuel alloy: NAA-SR-8956[R]. California: Atomics
International, 1964.

[13] BLEIBERG M L. Effect of fission rate and lamella
spacing  upon the irradiation-induced  phase
transformation of U-9wt% Mo alloy[J]. Journal of
Nuclear Materials, 1959, 1(2): 182-190.

[14]KIM Y S, HOFMAN G L. Fission product induced
swelling of U-Mo alloy fuel[J]. Journal of Nuclear
Materials, 2011, 419(1-3): 291-301.

[I5]YAN F, JIAN X B, DING S R. Effects of UMo
irradiation creep on the thermo-mechanical behavior in
monolithic UMo/Al fuel plates[J]. Journal of Nuclear
Materials, 2019(524): 209-217.

[I6]FISHER F E, RENKEN J C. Single-crystal elastic
moduli and the Hcp—bcc transformation in Ti, Zr, and
HA[J]. Physical Review A, 1964, 135(2A): A482-A494.

[I177HAGRMAN D L, REYMAN G A. MATPRO-Version
11: a handbook of materials properties for use in the
analysis of light water reactor fuel rod behavior:
NUREG/CR-0497[R]. Idaho: Idaho
Engineering Laboratory, 1979.

[I8]HALES J D, WILLIAMSON R L, NOVASCONE S R,
et al. BISON theory manual the equations behind
nuclear fuel analysis: INL/EXT-13-29930[R]. Idaho:
Idaho National Laboratory, 2016.

[19]JAEGER W. Heat transfer to liquid metals with
empirical models for turbulent forced convection in

National

various geometries[J]. Nuclear Engineering and Design,
2017(319): 12-27.

[20]REST J, KIM Y S, HOFMAN G L, et al. U-Mo Fuels
Handbook: ANL-09/31[R]. Argonne: Argonne National
Laboratory, 2006.

( Tt %)


https://doi.org/10.1016/j.jnucmat.2014.11.065
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1103/PhysRev.135.A482
https://doi.org/10.1016/j.nucengdes.2017.04.028
https://doi.org/10.1016/j.jnucmat.2014.11.065
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1103/PhysRev.135.A482
https://doi.org/10.1016/j.nucengdes.2017.04.028
https://doi.org/10.1016/j.jnucmat.2014.11.065
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/0022-3115(59)90051-0
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2011.08.018
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1016/j.jnucmat.2019.07.006
https://doi.org/10.1103/PhysRev.135.A482
https://doi.org/10.1016/j.nucengdes.2017.04.028
https://doi.org/10.1103/PhysRev.135.A482
https://doi.org/10.1016/j.nucengdes.2017.04.028

