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Sintering Behavior of Simulating Core FCM Fuel via Hot Oscillatory Pressing

HE Zongbeil, CHEN Fangl, LIU Dianguangz, LI Tongyel, ZENG Qiang1

(1. Nuclear Fuel and Material Institute, Nuclear Power Institute of China, Chengdu 610213, China; 2. School of Materials
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Abstract: Fully ceramic micro-encapsulated (FCM) fuel has become the focus of nuclear energy research because of
its good inherent safety. In order to overcome the difficulty of SiC matrix densification, this study focused on the
sintering behavior of simulating core FCM fuel via hot oscillatory pressing (HOP), taking the advantages of HOP to
accelerate mass transfer and reduce sintering temperature. The influence of oscillatory sintering temperature,
oscillatory time and oscillatory pressure on the matrix densification behavior was studied, and the results were
compared with those of hot pressing (HP). The results indicate that the oscillatory sintering temperature, holding time,
and median pressure have important effects on matrix densification, while the amplitude of oscillatory pressure has
little effect. Compared with HP, the density of the samples is increased by HOP, and the density of sample sintered at
1850 C via HOP is 99.99%. The grain size of the samples via HOP is smaller, and the grain size of the sample

W EHA: 2023-10-23; BMEAR A HE: 2023-12-30; MLEHARAR: 2024-01-08
HEETH: 2& W0 E S o2 s ST H (6142A06200108); H k%S A FE Al 785 H (CNNC-JCYJ-202218)
National Defense Key Laboratory Foundation (6142A06200108); China National Nuclear Corporation Basic Research
Foundation (CNNC-JCYJ-202218)
EE A (2245(1985-), 5, L. E-mail: hezongbei@126.com
HE Zongbei (1985-), male, PhD. E-mail: hezongbei@126.com
BIEMEE: XMWY, BI#d%. E-mail: dianguang@swjtu.edu.cn
LIU Dianguang, associate professor. E-mail: dianguang@swjtu.edu.cn



502 I e

539 %

sintered via HOP at 1850 °C is (284+4) nm, which is ~27% less than that of the sample sintered via HP at the same

temperature. The hardness of the samples sintered via HOP is higher, and the hardness of the sample sintered via HOP

at 1850 C is (26.7+0.4) GPa. When the density of sample is 90%, the stress exponent n=1 and activation energy

0=430 kJ/mol are obtained by using the modified constitutive equation of HP. The dominant mechanism of

densification is grain boundary sliding, which is accommodated by the grain boundary diffusion.

Key words: fully ceramic micro-encapsulated fuel; SiC matrix; hot oscillatory pressing; densification mechanism
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Fig. 1 Schematic diagram of hot oscillatory pressing
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Table 1 Sintering parameters of simulated core -
FCM fuel via hot oscillatory pressing and hot pressing X gol
No. 7/°C t/h on/MPa 0./MPa %’
g 70}
HOP-1 1600 1 20 5 3
Z 60+
HOP-2 1600 2 20 5 kS|
23
HOP-3 1650 1 20 5 & osoL
HOP-4 1650 2 20 5 2
HOP-5 1700 1 20 5 0 1000 2000 3000
Time /s
HOP-6 1700 2 20 5 ®)
- -(20:
HOP-7 1750 0 20 5 1 2-(20°2) P
HOP-8 1750 1 20 5 T 0.001 N, }%8 8
HOP-9 1750 2 20 5 g = 1750°C
HOP-10 1750 2 10 5 § .
< .
HOP-11 1750 2 15 5 g 1E4E “
HOP-12 1750 2 20 1 g - *
A LN
HOP-13 1750 2 20 3 .
HOP-14 1800 2 20 5 IE-Se ' ' - :
) 50 60 70 80 90
HOP-15 1850 2 20 5 Relative density / %
HP-1 1700 2 20 0 B2 ARSI T 4R o0 46 R O B30 1 o 2%
HP-2 1750 2 20 0 Fig. 2 Densification curves of samples sintered via hot
HP-3 1800 2 20 0 oscillatory pressing at different temperatures
HP-4 1850 5 20 0 (a) Relative density-time curves; (b) Densification rate-relative density curves

T-sintering temperature; t-holding time; o,-median pressure;
o,-amplitude pressure
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Table 2 Densities and open porosities of samples
under different holding time

No. 7/°C t/h  pl(g:em™) Open porosity/% pu/(g-cm™)
HOP-7 1750 0 2.65 26.57 2.04
HOP-8 1750 1 3.63 3.68 3.00
HOP-9 1750 2 3.75 1.48 3.13

T-sintering temperature; ¢-holding time; p-sample density; p,-SiC
matrix density
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Fig. 3  Densification curves of samples sintered via hot
oscillatory pressing under different median pressures
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Fig. 4 Densification curves of samples sintered via hot
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Fig. 5 XRD patterns of samples sintered via hot oscillatory
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Fig. 9 Hardness of samples sintered via hot oscillatory pressing and hot pressing as function of (a) sintering temperature and (b) porosity
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Table 3 Similarity between densification rate and

effective stress at different stress exponents (n)

7/C n=1 n=2 n=3

1700 0.9994 0.9740 0.9476
1750 0.9773 0.9986 0.9874
1800 0.9904 0.9647 0.9528
1850 0.9858 0.9742 0.9695




5 oAy, & B FCM BRBHI R be 4517 it 7t 507
oA o (- (3) fEBNE TR A I AR B, T+ 5545 2 N )
) p=7V7% 3 ) 3R ¥
&-1f 2 h-(20+5) MPa FBEL n=1, RMIELEE 0=430 kJ/mol, FUHEALM T
: =430 kJ/mol N N N 3
¥ g=4301dmo L AT B ) S
T
% L %}% iﬁﬁ
X
S
§ [1] KIM HJ, KANGE S, KIM Y W, et al. Effects of starting powder
é © on microstructure and thermal conductivity of pressureless-sintered
e v v ’ ; fully ceramic microencapsulated fuels. Journal of the European
— 0.00047 0.00048 0.00049  0.00050  0.00051

Reciprocal temperature / K™

B 11 AR R R % K45 R ER Arrhenius 5% 5 14
Fig. 11 Arrhenius relationship curve of samples sintered via
hot oscillatory pressing at different temperatures

R JC R a4t SiC 1L RE N (837+121) kI/mol. Jana
DA 3o 1 G R SC IR T E 1 RN C R B4C 7R N1
B SiC & HA BuGERe, KA Z0E 1k RERE A
X} B FE B2 ME IS N (4R B0E AL RE HH (407+50) kI/mol
AN E(1132+75) kJ/mol B, AHXT %5 B H1 75%3 hin 21
95%). BKTE SiC A& A Sy BOS L Re o 3N
(840+14)F1(563+7) kJ/mol, TMHETE SiC fnt&H Y
BOEALRE (91145) kI/molP™, MEBEE N 90%HHT,
WRIE IR be 45 RFELEA [ R 1) Arrhenius 2 % il
(B 1), SLMEIE T E T BIPRG b4 1TE 1k
it N 430 ki/mol, H5HRTE SiC &b FHIH #US L AEAH
o BRI, SiC B A4 [ B0 Ak 3 L2 & A5 B
VA S L

3 it

AW FT LA SiC KA IR A% 85 TRISO Bk Ay
JERE, SRR e 45 1 77 v 4% T BLUZ S FCM
WRRL, H S T bR . PRI TR . A E R
PR R SR IE G A S FCM R 8 147
SR, S5 UT:

(1) FE&s I B X R I BU% A B B g, i
P (0 B0 B2 b6 45 Joe 45 15 B2 1) s i sl 25 3K IR
R 1) R () S0 A A B SR s, R 1) B0 P B
i RUR T A T RE R TR, fRIG 2 h 25 R Y
BB P e, HPE e R I B A B R R
TORE 1 250 Bl A R 77 3G KT 36 K, R E R
737920 MPa B}, el il R 1805 B i sy R 4RI
XFARE B TG B, A ERIE R, R
EV G e S

(2) PRFESIRI T ZZH0H 1850 'C{20+5) MPa-
2 h-2 Hz, XfRORFERIECE BN 99.99%, ffiR~1h
(284+4) nm, ¥ 4(26.7+0.4) GPa.

Ceramic Society, 2023, 43: 783.

[2] KIM H M, KIM Y W, LIM K Y. Pressureless sintered silicon
carbide matrix with a new quaternary additive for fully ceramic
microencapsulated fuels. Journal of the European Ceramic Society,
2019, 39: 3971.

[3] ZHAO K, FENG P, TAN J, et al. A new route to fabricate high-
performance binderless tungsten carbide: dynamic sinter forging.
Journal of the American Ceramic Society, 2023, 106: 3343.

[4] LIU D, FAN J, ZHAO K, et al. Preparation of super-strong ZrO,
ceramics using dynamic hot forging. Journal of the European
Ceramic Society, 2023, 43: 733.

[5] FAN L, SONG X, ZHAO P, et al. Super strong B4C ceramics
prepared by dynamic sinter forging. Journal of the European
Ceramic Society, 2023, 43: 4209.

[6] FAN J, LIU D, ZHAO K, et al. Densification kinetics and
mechanism of zirconia ceramics via hot oscillating pressing. Open
Ceramics, 2023, 13: 100323.

[7] HE H, ZHAO R, TIAN H, et al. Sintering behavior of alumina
whisker reinforced zirconia ceramics in hot oscillatory pressing.
Journal of Advanced Ceramics, 2022, 11: 893.

[8] LIU D, ZHANG X, FAN J, et al Sintering behavior and
mechanical properties of alumina ceramics exposed to oscillatory
pressure at different sintering stages. Ceramics International, 2021,
47:23682.

[9] HE H, SHAO G, ZHAO R, et al. Oscillatory pressure-assisted sinter
forging for preparation of high-performance SiC whisker reinforced
ALLO; composites. Journal of Advanced Ceramics, 2023, 12: 321.

[10] ZHU T, XIE Z. Ultrastrong tough zirconia ceramics by defects-
engineering. Journal of the American Ceramic Society, 2022, 105: 1617.

[11] TERRANIK A, KIGGANS J O, KATOH Y, et al. Fabrication and
characterization of fully ceramic microencapsulated fuels. Journal
of Nuclear Materials, 2012, 426: 268.

[12] SNEAD L L, TERRANI K A, KATOH Y, et al. Stability of
SiC-matrix microencapsulated fuel constituents at relevant LWR
conditions. Journal of Nuclear Materials, 2014, 448: 389.

[13] CAO F, FAN X, LIU B, et al. Microstructure and thermal
conductivity of fully ceramic microencapsulated fuel fabricated by
spark plasma sintering. Journal of the American Ceramic Society,
2018, 101: 4224.

[14] COLOGNA M, TYRPEKL V, ERNSTBERGER M, et al
Sub-micrometre grained UO, pellets consolidated from sol gel
beads using spark plasma sintering (SPS). Ceramics International,
2016, 42: 6619.

[15] LIJ, FAN J, YUAN Y, et al. Effect of oscillatory pressure on the
sintering behavior of ZrO, ceramic. Ceramics International, 2020,
46: 13240.

[16] YUANY, FAN J, L1J, et al. Oscillatory pressure sintering of Al,O;
ceramics. Ceramics International, 2020, 46: 15670.

[17] FENG B, ZHOU Y, PENG C, et al. Vibration assisted hot-press
sintering of AIN ceramics. Journal of the American Ceramic
Society, 2015,98: 1711.

[18] GUBERNAT A, STOBIERSKI L, LABAJ P. Microstructure and



508

I e

539 %

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

mechanical properties of silicon carbide pressureless sintered with
oxide additives. Journal of the European Ceramic Society, 2007,
27:781.

FAN J, YUAN Y, LI J, et al. Densification and grain growth in
oscillatory pressure sintering of alumina toughened zirconia ceramic
composites. Journal of Alloys and Compounds, 2020, 845: 155644.
GAO Y, GAO K, FAN L, et al. Oscillatory pressure sintering of
WC-Fe-Ni cemented carbides. Ceramics International, 2020, 46: 12727.
GAO K, XU Y, TANG G, et al. Oscillating pressure sintering of
W-Ni-Fe refractory alloy. Journal of Alloys and Compounds, 2019,
805: 789.

XIE Z, LI S, AN L. A novel oscillatory pressure-assisted hot
pressing for preparation of high performance ceramics. Journal of
the American Ceramic Society, 2014, 97: 1012.

LI S, XIE Z, XUE W. Microstructure and mechanical properties of
zirconia ceramics consolidated by a novel oscillatory pressure
sintering. Ceramics International, 2015, 41: 10281.

GAO K, ZHAO J, SUN D, et al. W-Ni-Fe refractory alloy sintered
by hot oscillating pressure under different amplitudes. Advanced
Engineering Materials, 2023, 25: 2201899.

PARK H S, RUDD R E, CAVALLO R M, et al. Grain-size-
independent plastic flow at ultrahigh pressures and strain rates.
Physical Review Letters, 2015, 114: 065502.

LIU D, DU X, ZHAO K, et al. Sintering behavior and mechanical
properties of S-SiC ceramics under oscillatory pressure. Ceramics
International, 2024, 50: 1231.

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

LI W, LIU D, WANG K, et al. High entropy oxide ceramics
(MgCoNiCuZn)O: flash sintering synthesis and properties. Journal
of Inorganic Materials, 2022, 37: 1289.

RAHAMAN M N. Ceramics processing and sintering, 2nd edition.
New York: Marcel Dekker Inc., 2003.

LIU D, WANG K, ZHAO K, et al. Creep behavior of zirconia ceramics
under a strong DC field. Scripta Materialia, 2022, 214: 114654.
BIND J M, BIGGERS J V. Hot-pressing of silicon carbide with 1%
boron carbide addition. Journal of the American Ceramic Society,
2010, 58: 304.

RAY D A, KAUR S, CUTLER R A, et al. Effect of additives on
the activation energy for sintering of silicon carbide. Journal of the
American Ceramic Society, 2010, 91: 1135.

YANG X, JIANG D L, TAN S H, et al. Densification kinetics and
mechanism of S-SiC pressureless sintering. Journal of Inorganic
Materials, 1992, 7(1): 25.

HASE T, SUZUKI H. Initial-stage sintering of -SiC with concurrent
boron and carbon additions. Journal of the Ceramic Association of
Japan, 1980, 88: 258.

JANA D C, SUNDARARAJAN G, CHATTOPADHYAY K.
Effective activation energy for the solid-state sintering of silicon
carbide ceramics. Metallurgical and Materials Transactions A,
2018, 49: 5599

MALINGE A, COUPE A, PETITCORPS Y L, ef al. Pressureless
sintering of beta silicon carbide nanoparticles. Journal of the European
Ceramic Society, 2012, 32: 4393.



