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ME AEFEHEANSHEIRSYBERNWEKBHEARE TEHE FHSHEUNS RS,
A RS L SR P REA SRR ARSI SR T LS T
B3t #EPPuUMTh 5 WARFARB(UFARKERRRERBNTRER. L 0N
Pu?5 mol% —Z25 mol% &b FHE - FRBHR, S ZWE T PR PTHEERWHGTHREN DT
50mal%

XRE 80, BERERE, ETEAEAR, BRGSE
RESyEE  P57,0618

R, CH R MBS E (Pu U, Th) 4028 Fidh B (A1 8 — % A 13 2R 41 1 7
gt EEEAE—RERE RN AR CERR IFSH A MERE R ERA
R AT - REBEMEH T 2REEL T 23 JLES TR0 B B E A B s, T
FEFT P R A BB O o ( BRFLIE R ) IR B 5 1E20 Pu( U Th) AR R TE L X
. ARRIMEFHHEEYR, FEATSRARER, EEEEB RS A R AT A
e, B b R AR AR R, T A X E R B RK RN ER T
S Ve R R B A R B R B AETEEY

7E Holland 0 Gouerfreid " BI5T iR hl 1 A A B BALM = BIEW OB BHZ, X X
MEETAHT(XRD) % ES BAATCTEM) 11 368 K Il ey T AT 812047 (SAED ) V' i 4
7 e T 75T 40T (HRTED ) U S R g RIS X 0 IR B4 B4R T R RO EE ot 4T
X4 AT BAINRE BT EET S M o« TR RS AN R LS
MBS  FEE BT EETI B A, X o B B E A EE, JEmmHE S
PR, £ 1400CT 5 AAFERBaRE. BE. Z4MEBEEF— T 52 HIERKWEE
R, HE AP Frenkel TFHWEERFEFIE LTS, B i BRI A NE—MiL
#8208 T 40 Bursill #1 McLaren V35 1Y, By - B A R A5 B8 40 353 46 4385 10 25 (3 70 SR B
Fo ATERRFHELDGARAREINR T HOS Pu UTh 5P SREMERILEREYE A
AT RHEER A Pu U . Th 4% Zr B9 FE IR R

1 AR

1.1 S5H4%4E
Z3[ARE 14,/ anm; S U e = b =0. 6607nm, ¢ =0. 5982nm, Z =4, CN, =8,CN, =4,

SHE—fEH T, 3B, 1955 i, 1978 gl TRlIHE M (P EM RS )  BUA SIS e s ok 20 1R,
B ¥ i2 , F g -
WA B #9.2000 - 12 - 12
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LZ0, } = f -+ I RIS AT AT o FHMEE ;1 Si0, ] MEiF 5 2 [ Zr0, ) 388747 « Ak,
PR ERAFLEE 5 1 FON AL, IC/ECD) , BISFEAT ¢ S A EE Ml s 55 2 )
SJATEETLE, iE(2) .
1.2 s E
KREEAHASASE SR X BT R RS T 5 85 G RS b X mME T,
Bl Pu* U0 Th* o FHIL, #ABRELERR(Z,Po, U, Th)Si0,, & 4 FRTE-F 4
B LATE AR ST B YR TTsR A, B ZiSi0, . USIO, . ThSiO, F1 PuSiO, , il , FA& ek, BT
PuSiO, - 4h BB 3 MBI HARF P LM, B4R RS LM A Tt g Y, X8
S, U Th 8845955k 7wioe 71 10wt% ", 1E USIO, — ThSiO, - ZiSi0, BF| b
AFREEFE b UM Th X Zr (95858 B I AL B 40 5120 4mol% #1 <4mol% + , M1
AR E RN EIE 3 mol% ™™ B U-Th-Zr ZEGHWLERFTEY. T2
PulOwt% (8.1 mol% ) {44 A B &AMk, AT Pu i LUAB#C Ze g MR RER Y. &
U 10wt% s A e & M,

EE SRR mAE " 7T 1,
1 $£ARTFXEWEERATHE G {E

Table 1 Both calculated and experimental values of relative properties in zircon

( x 10" dyn/em®)

Chn Cy Cu Ces Cy) Ly
TR PR B0 8L Caleulated elastic constants 4, 500 5.003 1.128 0. 108 0. 628 1.777
FRBCH WE B Observed elastic constants 4.2377 4.900 1.136 0.485 0.703 1.495

ARt fE Lattice energy/eV —-237.824

2 AT ELA

AR 2R IF B AR ) L A TE AR I R CHLE P R b 48 B T 48 25 1T (v B
Mo ZEBHLTERAME Bon — Mayer 8, Ko I MAEEMER D E2H 3 A HEIK
FRNESCH FREFREMBFRZESRSEMNFIMBEEES, XEHEHEREN FE
TE , AR B aERET A
U, = z q.9/7, + Aexp( - ry/p) ~ Cr,;.6 (1)
AP JERITUE R DT 00, BriSEa N EREREHTEER . B FEEAEEAE
ERAAMITERA RS ItMET YR PEFEER. FUERARENHE. Hirdfkgs
BEWRACEBF B E 7, W TR AL 8 B B AR, 7 75 A5 ( Sheil
model) "B AR AR AN A RER. BTEERIEETFER— OB AIRM RS B
MFEH— AR BEAHE., ERERSENHE T O RBEPIEE L, T BIEA P
o B, SN RIEMINERR ot A A B T AR, AR PO M b
o B R
a = Yk (2)
P,V AFERAE L AR E W .
Y- EEMBEERARES , ZEARN S S Bk SRR B Eward AN A 33k
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18, StERHEREBLSTREAT LAZEAS SR B B A P R, B0 bt BRI o RO B L R SR AT A5 4
SEATSER RIS T R BT AR S AR BT T A T, AR o % (R A 1 TR 2 R LS
TG PR AR o 7, 3 TR A4 o 2 D S A7 5 S Y T VR SR A AR LV Y, 240 R R T
T, B AR BT . SRR I T AR IS TR B SE AT, L IR T B R
R AE,

CASCADE #2523 Bkt @ siaae B, 2SR S — 1 MBS ALGE 45
HH I E R E T AP R & R AR B, R R P k>, X
B EBAYOA N BT SR P, ERRE R K SR B A R, e T AR L AEFET i
[ AEF 230 S~ 58, T Kt s JE) [N 3 1K 358 A 288 At A o S48 o, D S e S 2 ) A 1y & A Ak
381 Mot - Litteton B4 R E-T-R 8™, B> 86— B E UA, LURIE B 5R 5
Z TSR

3 GRS

A— SR I BT B A LRSS A eI E AR O
Y, HEITHERSERE.APRE —ER~EREEDENHESH, LRI TE 2.
REBIESEFE B K SRR NN AANF . HE S RERTRL 8T
Fl, IR AT, R EENTR EASCRES BRI . HE KT L8 S48 5 G
FIAEARE TR 3, 3 PEMMRHE SR 2/m, K3 BIRE R HHE RS E T « i
AU, TTE o BUOT 10 BT AT o T AT A AL B M (R FRS 2k 0. 2550m” #10. 261nm”.
WREAL B0 BOSEHR PRI T, G540 G5 RS i BT 2 A R, BT ¢ MBI LL o RIbT5
R KU RO R A o RSB o SRR RZ E AR, RiEHE
M RS RS EMEN G RIF. HIL, £ 2 AE3 PREGESEIHEEZSHE,

F£2 BRFANZESE(ETREAY)

Table 2 Potential parameters used in the simulation{ shell model)

A p C Y k
Si** 07" 1283. 9073 0. 3205 10. 6616 Si'* ~Sid+ +4.000 999Y999. 99
L' -0 958. 869 0.376 0. 00 Ze't — 2t +4.000 9999999. 99
Pyt 0" 2283. 38 0. 3538 0. 00 Put* —Put* +4.000 9999999, 99
Th'* - 0%~ 2202.1 0.3570 0.00 Th'* —Th*~ +4.000 9999999, 99
Ut -0 2246. 85 0. 3553 0. 00 Ut - Ut +4.000 9999999 Y9
0%~ -0 22764. 00 0.149 27.89 0!- -0 -2.207 27.29

£33 HRHREEN

Table 3 Lattice parameters of zircon

S BB (a,b.c) Lattice parameters/nm SEES{E Observed values(] i1 ¥4H Caleulated values
S5M AR Structural coordinates 0. 6607 0. 6607 0.5982 0. 6307 0. 6307 0. 6422

X Y Z X Y V4
Zr Q.00 0.75 0.125 0.00 0.75 (. 125
Si 0.00 0.75 0.625 0.00 .75 9.625

0 0.00 0. 0661 0. 1953 0.00 0. 0644 0. 1991
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3.1 EBEAREAMAERFERAR
AR R S BE R 5.0 A0 Zr ZE 5 UR ERIE T L Put T L UY T SRS A
Pu U.Th X Zr B8RS DL LB IREESI TR 4. R4 ERRU AR T,
S5HH OB T AR PTROR [R] 25 B e AT SR RE AR A, T &1 g 1 I 1) of 8 A\ T (LB
£ HEHERSERMREFAE

Table 4 Basic point defects and their formation energies {eV)
v2e 21.095 vi 104. 364 Vi 83. 654
0", -14.293 siyy, - 85.411 s, ~64.183
0",z -14.414 SitY, - §5. 168 7%, - 64.237
Puls) -49,832 uit, - 49,536 This, - 49,297
Puil, —52.062 U3, -51.771 Th;%, —51.489
Pu,, 9. 827 Uz, 10.102 Thy, 10.369

3.2 LHREIFRARE

=S HHSEREMTTRES TSR HERE. S, RS FXF SR e
j Schottky ZCI7-75 M B L RLAEARIE , H L HE X SE(BRFEME T Frenkel TFF5H) - iXi%
B S g IR ALEY , BITE R HE R PR A T, s U an s PR TP SR R B 5 1
o TEMHATR T, & EEEHIFE 2 [HET Frenkel, G T Schottky FAE FXF. £
BFEF SEEETRSEAETFEER. REBKRE ' HEEET ERHLZW A E, I
HEHMFAEANRRE, LRMFUFER EROANEBAIRES FREETFTEIS
(Zr BT IEESRE VB HE T RZICIINERLE L,

x5 HAPEERIETHFBEH BRI KEE

Table 5 The intrinsic disorders and their formation energies per formula (V)
Schottky X/ F Schottky disorder 5.76
EAZSF Frenkel G Anion Frenkel disorder 3.34
FLIPS F Frenkel oFf Cation Frenkel disorder et 8. 636
Sit~ 9.478
F14 Average 9. 556
FABRBrFC T Interstilial disorder 5.143

3.3 Pu'*F1 Th'" #£ Zr'" PR\

B FHRAEAEEERASENR ZC BB R T L2 . BEFRSEREARFT U
A E R Pu0, U0, \ThO, Fi Z:0, 1T, X 4 MELME hEAREH., SHAXNE
BI)FE6 P, RIBBMHFEEKER, BATEX Zr WFEEHRUHTRF I &

FR MO, +Zr,, =Z10, + M,, (3)
FR2 MO, +Zr, =Z:0, + M{® + V3, (4)
k3 2MO, +2Zr,, =2Zr0, + M{® + V3, + M, (5)
PAE 3 #0rst Put MR Z0 T R R A
AH, =E;, +E, -Ep, =0.840eV (6)
AH, =Elo +Ep —Fy - FEro =25.314eV (7)
1 i 1 L

AH, = Ejo, + 5 En, = Ey, +—En, - Eg, = 13.083eV (8)
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FaRAA, By, R EALY MO, BORABHE. Pu U FITh /93 My X MEMHAITE 6 . ANFE
6 I REEMSBITROIX D EHASHPRRESUIA,

FATIEHE T & Pu(25.50.,75 . 100mol% ) # 77 ¥ B 7 A AR B AN B A% B L T 5 R 51 T
#7. ARG Pu A SRATSHSEENXRELE 1, B BRSNS Zr,Pu,) Si0, 1
PSR RE, X EREEETRERSG OB T 1, FEE I b, 25 #4950 A fid i
IRYENAY BUARARAE . TRITRIE LRES RS E T FHERASR RS

nPu0, + ZrSi0; = {Pu Zr, )50, +nZr0, (9)
F AE = I:Emnzr,_,s.m +E 70,1 = (Euno, + Ezso, ) (10)
A, o Pu T RMERE, n=0.00,0.25,
0.50.0.75.1.00, I EERFTHT. £7HFMH -~ Top
- - o Lt .=
GERR, S0, Tl PuSiO, RREMEHMER, =z | 100Ps
B MR AR R A AR E N, RHRE P75 F 0
mol % KMIM BRI ATEE . XKW, PuSiO, ~Zr5i0, 3 -
RINERX A ER - MRBERR. § -6
#F6 Pu U Th(SUEWHR)BR Zr BERH B
Tabie 6 Heats of solution of the substitntions "2400 Py ' 0_'27 : 0"29 : 0';1 ' 0.33
of Pu, U and Th oxides (&V) ' Cell volume/nm’
AH, AH, AH, _ N .
Pyt 0.849 25314 13.082 m1 ;FHQEP“ e 0 AL AR IR
U £.123 25.65  13.365 AL ARG SR
Fig. 1 Plot of unit — cell volumes of the Pu — doped
Th~ 1.391  25.887  [3.64

zivcon to their lattice energies

F7 A Pe FEEANSREE RERNAREIRE R
Table 7 Reaction energies of solid — solution, unit — cell volumes
and lattice energies of the Pu doped zircons

mol % Pu 25Puy 50Pu 75Fn 10017

SR E Lattice energy/eV -237.824  -235.203 -232,93 -228.015  —-229.218

PR Cell volumes nm? 0.255 0.274 0.292 0.270 0.328
AE/eV 0.000 0.374 0.405 1.071 -0.373

4 i

A TARR SRS Pu U Th 85 F P RIER JREEST T RAWEEFM . BMSER
KT, 858 Schottky LB E T HFFSHTE BLBEATE , iR B 450 i M B 0 /7 75 fh 28 0 A s
PRES T4 ( Frenkel FF) , W H , B LR Bh RA H M. FBREF Mo ks
THRE ST 4 50k 0F7 (81" (Zr AL TR (U ) (Pu'' o & Pu 67 HINT 71810, 0 PuSiO, #%
AFEFE s 1E PuTS mol% AHIMAL, Zr — Pu RFIP AR NIRIEWIE WD AR VR 45 10 g ik, it
TR M S BAR ML S0mol% . Zr WA T HIAE AT E tE A Pu 8 TR R TR FEan
PRE FIA AR TIHE B RN B R AR R
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Energetic study of the defect structure of zircon as a host
form for nuclear waste

HE Yong
{ College of Materials Science and Chemical Engineering, Chine University of Geosciences, Wuhun, 430074

Cormack A N
( New York State College of Ceramics et Alfred University | Alfred, NY, 14802, USA)

Abstract

A set of potential parameters for modeling zircon structure by atomistic simulation techniques
was obtained In this paper. A reasonable structure model of zircon was established by fitting impor-
tant propertics of zircon. Based on the equilibrium configuration, the formation energies of the hasic
point defects and the intrinsic disorders in zircon were calculated. The calculated heats of solution of
substituting Pu for Zr in different ratios showed that there was an immiscible gap at the composition
ratio { Pu 75mol% - Zr 25mol% } , which means that the amount of substituting Pu for Zr should he
confinded in 50mol% when using zircon to immobilize Pu. :

Key words Zircon, Nuclear waste host, Atomistic simulation technique, Defect structure
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