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Fig. 1. Schematic of phase field model (p, ¢,, ¢g—concentra-

tion field variable; m—orientation field variable of grain 1;
ny—orientation field variable of grain 2.).
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Table 1.  Physical parameters of UN at 1823 K272,

Parameter Value Unit Ref.
Dg, 7.5 x 1012 m?s ! [27]
D 0.01D%, m?s ! [28]
0 1.6 Jm? [29]
Veb 0.8 Jm2 29]

0 6 nm [29]

K2 UsSiy IES R 0
Table 2.  Physical parameters of UsSi, at 1823 K032,

Parameter Value Unit Ref.
Dy 100 DY ms !

Dg 6.5923 x 1010 m?s! 30]

~8 2.0 Jom2 31]

Vo 1.3 Jm 32]

) 6 nm (32]

ab
Note: D}, , Dy —surface diffusivity; DE DZ —grain-
boundary diffusivity; ~& , Sﬂfsurface energy; ’YS: ,

’ng —grain-boundary energy; d—diffuse interface width.

A TAER] A A UN ¥ K 5 U,Siy
HAE 1823 K IEE T WA be b it FEUEA T T B 5%
1, LLUN hy o A, UsSi, Ry 8 AH, BE-R AR UN
I UsSiy, MBS ECANER 1 f15k 2 frg) 2732,

4 UN Fl UsSiy, B SEACA Lk i,
KRR TC NS B BAREUE I 3 g,

4 H#EREH®
4.1 2 ANA[EHE BRI

A TAE R AR, BEALL T W5 AL 45 48
UN #K Y5 U,Siy, By K BT AI B4 i F2 . e Asidil
X IR 2E 43 WIS RS R 256 x 256, SR FH R sk R
FME. 3 RIESE UN MR 5 U,Siy By AR AR 40
ARIE S R | B SE SR TE B . S —a Ff LA
N AR oL R X 20 2 A o AR A 52 )

4.1.1  BEMEHT R

Kl 2 2 2 AARIRIAE S RSH 9 R ok 7E e b
AR A AR, o ki AR R =
30, HEERFCE UN AL, ShEpsart®
U,Si, MdfRL. MKl 2(a) ATLAE H, FEBE4S L FEY)
11, U,Siy A0 BT H UN AR Sk o =5 1 22 10 B,
ffi AR B2, S0 Wk 72 v 5 ) Tos VR RN, 39
IS B AT 118 it R 2 T ] it o PR 8 1L 5 A8 A 1) R o
B 7E1E 2(a)—(d) MiAH AR b Zs i fe v, SER
KA T REE WL ARG, X — IG5 HAH fb AL
BRASISY B3] B2 R —EG A8 TEER T WO A
BB A SR, dhi L TC ] A% 3.

Kl 3 T 2 AN [AIAH A5 ROT ffohn e 25 540
B R SO BRI 4. hIE 3 AT LAE ), b
TG I ZeRPRAT 5 A LR U, X R W pesh

* 3 TR NS

Table 3. Non-dimensional parameters used in simulation.

Parameter Value Parameter Value
Alpa =1, g5 = 0) 17 R 6.75
Alpa =0, pg =1) 11.5 M(pa =1, 5 =0) 6817.5

B 1 M(pa =0,05 =1) 6817.5
fip(pa =1,03 =0) 20.25 L 1
Rp(pa =0, wp = 1) 14 Az = Ay 1
Ro(pa =1, p5 =0) 20.25 At 2 x 10°
Rg(pa =0, pg=1) 14

Note: A, B, Rp, K¢ , Ky —non-dimensional parameters of free energy function; M —non-dimensional mobility; L —non-
dimensional Allen-Cahn mobility; Az, Ay—space scale; At—time scale.
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Fig. 2. Phase-field simulation of the evolution of two equal-
sized circular grains with different phases: (a) 6 x 10* At;
(b) 50 x 10* At; (c) 200 x 10* At; (d) 500 x 10* At.
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YOV T 2Z 18], TR EIER O RS BT I AR
BERITC I AR Ak, XTI T 2 A ASIRIH f e s
TV B B 2V T £ L E T AR R 0 AR T ke
SE, RIS PR RH S SRR N2 T BE MY AN [R] (2%
PIFE K.

B 4 AL E] 500 x 100 At ((a)—(c)) 5 1500 x 10* At
((@)—(6) TP Z i (a), (d) 24 UN G (b),
() 24 Uiy WBL (c), (£) 14~ UN R 14> Uiy
Fig. 4. Equilibrium dihedral angles at evolution times 500 x
10* At ((a)—(c)) and 1500 x 10* At ((d)—(f)): (a), (d) Two
UN grains; (b), (e) two UsSiy grains; (c), (f) one UN grain
and one Uj3Si, grain.
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4.1.3 AR AR TR

Bl 5 2 AOREAHAS [R] R ST Sk e 25 20 72 1)
FHIAEEA. BB 5 W LAE 2 AN RS R R
R e i R 5 Sun 45 PO RLAY 2 AN [FAH AR [R]
R kel i B 4 A 25 5 2 AR AH i
e, et 2 n) RO/ N o — MRS, K
W7 TR TR A, T /) dto b 1) T AN s/, L
SR LR Bl 2 AR A SR be 4G, bedh 35 m) R
SR NE R —ME R, iR — B B S AR A
FE, /NGB AR AN B AR, Fe 28 2 30k i 2]
., UN AR fkE Fl U,Sis A/ S 45 A 18 FR
AR AR, AR I AR AN SR

5 WA KB SORLE AL R AIZ R, (a) 2 x
10* At; (b) 50 x 10* At; (c) 100 x 10* At; (d) 500 x 10*
At .

Fig. 5. Phase-field simulation of the evolution of two un-
equal-sized circular grains with different phases: (a) 2 x 10*
At; (b) 50 x 10 At; (c) 100 x 10* At; (d) 500 x 10*
At .
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. L6 T LA, ANFERSE Y 2 AR s
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BB, BELE IR, /N ORL I I BLEAS PR 5
TasE; 4 3 BrBe, BRAl Sl AR BIREAS, K/ Ak
AT AR DR EE AL, FEbRES T R rh, 8 R
BRI A% PIRR ) 12 AL, X PIRRLA] B 4% ot
3R 530 55 AL AL A i 2 TR S R
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il e 2l SRR I IT; hT 2 A SRR R A A
7], 7Sl Ok R AN, e 2 # ) N AIN lAE
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KB, SN SRR Y T B9 UN 5
U,Siy ZIBIANFEEAI B AL, ANTRIRH Aok 2 [ AN A
BRI, PIEAAERS F R [RRE DR, 1) S0
BeLs S — Mk, thfh AT RS S R A SRS I 0
LT, N, #RANRIRY 2 AR fRs 2 T A
DR KAV A
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Fig. 6. Evolution curves of grain area and sintering neck

sizes.
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FE 4 FPORTE B PAH SR AL BT, = S A
b AL R BT B A i 2 an ] 8 7. EASE AU
W58 2% L& T PR EOLE, Heh R Y BoA
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B FARECE I AR, TR IS SR IE B AR
K TSI T — A E A BRI
(SN P & R A (2 s 3 L L [
FLACAR B ARAS A NI 8 WL 1Y, 34> UN A
ArrRL ) AL A i R ) DR T Al = A S L. e
FyEuS R, YU S AL AL ) 5 AL
fik i) SRR 1T, AL S AL b A RO T R &K
H1 T U,Siy AH fRRL B AT o UN AR iRz B 1 A 5
fE, SHIP M f FATE R AR R 2, A5
GBI A S s s AR B A P R B SRR
RER RS, T80T RS LS MY IOE R
18, AL, 7E40s U,Si, MHARLRY 3 A dihibe st

B7 DR R AR AR B R 3 A SR be 5 Y = 3
A (a) 34 UN &HhL; (b) 24 UN SRLFT 14> U,Si, fhkL;
(c) 1/~ UN ShBLFI 2 4~ U,Siy SkE; (d) 3 4 UsSiy fiki

Fig. 7. Trident grain boundaries of the sintering of three
grains with four different phase grain number ratios: (a) Thr-
ee UN grains; (b) two UN grains and one UsSi, grain; (c) one
UN grain and two UsSi, grains; (d) three UsSi, grains.

0.016
—=— Three UN grains
0.014 —e— Two UN grains and
one UjsSiy grain
0.012
0.010
2
‘%z 0.008 -
o)
3
A 0.006 1
0.004
0.002 —*— One UN grain and
two UsSiy grains
0 —v— Three U3Siy grains

0 20 40 6‘0 8‘0 1(‘)0
t/(10° step)
K8 =X SR AL AL 2

Fig. 8. Evolution curves of the porosity at triple grain
boundaries.
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BRI, T 4 R EA R R 4
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50%. & 9 /R T 3X 4 FPAS [R50 L i P AH 22
rn L BUH I LR TS

9 ANFEAEFSE LTI Z A EWRIER  (a) 80%
a-20% B; (b) 0% o-30% B; (c) 60% a-40% B; (d) 50% o-
50% B

Fig. 9. Initial morphology of two-phase polycrystalline
structures with different volume fraction ratios: (a) 80% a-
20% B; (b) 70% a-30% B; (c) 60% a-40% B; (d) 50% -
50% B.
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TELNS I — AR B fi ™ AR BELASE A, BELAS FL At SR A
T, SEOL/NRLC P SIF, OH AR
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L )
‘S|
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Bl 10 ANFEEBUEL B Z B SR A (a) 80%
a-20% B; (b) 70% a-30% B; (c) 60% a-40% B; (d) 50% o-
50% B

Fig. 10. Final morphology of two-phase polycrystalline
structures with different volume fraction ratios: (a) 80% a-
20% B; (b) 70% a-30% B; (c) 60% «-40% B; (d) 50% a-
50% p.
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Abstract

Due to the limitation of existing experimental techniques, it is difficult to observe the evolution of
microstructure in the sintering process in real time, resulting in a lack of in-depth understanding of the sintering
mechanism of two-phase composite fuels. Therefore, it is greatly important to carry out theoretical simulation
studies in the sintering process of composite fuels. In this work, a phase-field model of the two-phase sintering
process of ceramic composite fuel is established, and the sintering process of UN-U;Si, composite fuel is
simulated by using this method. The simulation results show that during the formation of sintering neck, the
surface deformation of the grains with higher surface energy is significant. The size of the final equilibrium
dihedral angle formed by the two-phase double grains depends on the ratio of the grain boundary energy to the
surface energy of the two phases. The phenomenon of large grains swallowing small grains does not occur
between the two unequal double grains. Subsequently, the pore shrinkage and the properties of the trident grain
boundary among the two-phase three grains are investigated in the sintering process. It is found that the angle
of the trident grain boundary formed by the two-phase three grains deviates from 120°. The high-energy barrier
at the grain boundary hinders the diffusion of the pore vacancies along the grain boundary, resulting in a slow
shrinkage rate of the pore vacancies at the trident grain boundary. In addition, the simulation results of the
microstructure evolution of two-phase polycrystalline sintered tissue with different volume fraction ratios show
that the grain boundary diffusion plays a major role in the two-phase sintering process. The grain growth of the
phase with a higher volume fraction is dominant, and there exists a hindrance to the migration of grain
boundaries between two-phase grains. The phenomenon of grain migration exists between grains of the same

phase.

Keywords: phase field simulation, composite fuel, sintering, grain growth, grain boundary and interface

boundary
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