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SUMMARY

A study on VHTR (Very High Temperature Reactor) and TRISO(Tri-isotropic) coated fuel is
required in order to produce nuclear hydrogen. TRISO coated fuel particle is deposited by the
FBCVD(Fludized bed CVD) method and composed of three isotropic layers: inner pyrolytic carbon
(IPyC)layer, silicon carbide (SiC) layer, and outer pyrolytic carbon (OPyC) layer.

Zirconium carbide has been chosen and studied as an advanced material of silicon carbide. In
order to collect data on the basic properties and characteristics of zirconium carbide, studies have
been conducted using various methods. Zirconium carbide is chemically vapor deposed subliming
zirconium tetrachloride(ZrCls) and using methan(CH4) as a source in hydrogen atmosphere. Many
experiments were conducted on graphite substrate in many different deposition conditions such as
ZrCly heating temperatures and variables of H, & CH4 flow rate, but carbon graphite was deposited.

In an effort to deposit zirconium carbide, other zirconium sources were used in various ways
and experiments were conducted on multilayer and other substrates. As a result, zirconium carbide
was deposited on the sample where silicon carbide was deposited on a graphite substrate using
zirconium sponge as a zirconium source. In terms of physical characteristics, the deposited
zirconium carbide showed higher strength, but slightly lower elastic modulus than silicon carbide.
The physical features of zirconium carbide can be improved if it is deposited chemically through a
stoichiometric approach.

It is needed to develop a new simple characterization technique to evaluate the mechanical properties
of the coating layer as a pre-irradiation step. To evaluate the strength of SiC coating layer applying with a
new measurement method of pre-irradiation step will be able to contribute for the deposition processing of
TRISO coating. It is necessary the measurement of mechanical properties of ZrC coating layer which have
studied as a alternative materials of SiC coating layer. however, There are less studies of mechanical
properties of ZrC coating, particularly ZrC coating which has several tens mm thickness has not been studied
yet. therefore, the mechanical properties measurement of ZrC coating layer is conducted. and as offering the
mechanical properties of ZrC coating to design and processing of nuclear fuel particles, this study will
contribute to the improvement of the thermal/mechanical safety of TRISO particles.

In order to evaluate the mechanical properties of a coating layer in pre-irradiation step, internal

pressure induced method and direct strength measurement method is carried out. In the internal pressure



induced method, in order to produce the requirement pressure, pressure media is used. it is possible to
predict the fracture tendency for uniformity tensile stress in coating layer generated by outer pressure. In the
direct strength measurement method, the indentation experiment that indent on a hemisphere shell with plate
indenter is conducted, it is possible to predict the fracture strength of the coating layer by using relationship
between the structural variation of hemisphere shell and the critical load. for this method, the finite element

analysis is used and the analysis is verified by indentation experiments.

Literature survey of the mechanical properties of the ZrC materials is conducted and the mechanical
properties of ZrC coating deposited in this study is evaluated. ZrC coating deposited on graphite/SiC
substrate has about 10 mm thickness. As a result of nanoindentation experiment, hardness value has
34 ~ 44 GPa, clastic modulus value has 225 ~ 248 GPa. Comparing with literature survey,
hardness is more high value than that of literature and elastic modulus shows 50% value of
literature.

To measure the strength of TRISO particle SiC coating, SiC hemisphere shell is perfomed
through grinding and heat treatment. Internal pressure induced method, which is the pressuring
method in a inner hemisphere shell using pressure media., need more research of pressuring method
that pressure can exceed the strength of the coating. Direct strength measurement is a method that
indent on hemisphere shell with plate indenter. During indentation, crack occurs by induced tensile
stress in the bottom surface of hemisphere shell that indenter contacts with. Through finite element
analysis, induced tensile stress in the bottom surface of hemisphere shell is confirmed. The strength
evaluation equation is suggested below by relationship between indentation load and induced tensile

stress, it is confirmed that this equation corresponds with finite element analysis.

*

a:iz-E—*-P , a=1321
t” (a+FE)

Using suggested strength evaluation equaiton, we measured the strength of SiC hemisphere
shell. In 36 samples, the strength has values that 441 ~ 1723 MPa. Except pre-crack
samples, statistical analysis of the strength of SiC hemisphere shell is performed. Smean

shows 1025 MPa, weibull modulus has the value 6.66. this strength value shows analogous values

with the strength value 800 ~ 1000 MPa which is evaluated in previous study.

Through this study, we obtained the pre-irradiation characterization technique of the mechanical



properties in TRISO fuel particles, suggested more simple and accuracy technique than
post-irradiation test. we measured the strength of SiC coating in TRISO particle using the suggested
characterization technique. we investigated the mechanical properties of ZrC coating as a alternative
materials of SiC coating, and evaluated the mechanical properties of deposited ZrC coating. it is
expected that the mechanical properties data which is evaluated in this study is applied to the

design and development of new TRISO coating materials
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L ZrC A8 59 S48 A7

7} A% W (Expermiental)

(). =2 2

=

Fig. 1= & A3oA A& TRISO IZ®W-S 9% super kanthal furnace®] 7§ eFEo|t}. wi

SHE FHoR TA FTENES o] H 9 feed system?} I 0] F 2] exhaust systemSZ FriEE

£

32
=
(o
2
.

S #2 hot wallgd 9] 4 Hb-gFolm, Y7 o] 60mm, Z o7} 1000mmS! &5
3} o} F(turbulent flow)E WAs7] St &Fuvtad W Fo W7ol 40mm, Z°]7} 240mm<!
B 2}o] E ¥ (mullite tube)S A X3t o] F ¥

LfL
Feed system> 5 3 985 v&d WHE 9 #7198 A5 2 8H7] Al(carrier gas)

i

ae3 9Es AR WA EFES AY FEE FANAFE 3047 Adiute gas)E o]
Fold gtk TRISO ¥ AAR YAlA /M F88 9T2 3 ZC layer®] 25 FHNS

of ALEH Y5+ FWH7]A|(carrier gas)9} S| A 7|AZE 5 E(99.99%) Ars AFEEFR AL, €St

Co., USA)E C source® M EH(CH4)S AF&-3IS T zirconium tetrachloride™ LA powder ©]7] wj
ol S3AA vheE R ZeFe BAs ddsidt & A3S fstel LA powder 7 H

¢l zirconium tetrachlorideE 352C % 7}d3sle] 3 A17]aL, @ o]Hol| o3 dxe] WAS "7

o

o

Aste] o Aguity 5 WA 7F 7hseh FEZZ source heating system= A A - A| 2SR T Fig.
1(b)oll <} o] Y3 2] stainless steel 5 H7] HA T2 heaterE A FHZ =5 Aot

or, dxve vl A3 A Y= boatel F=FSHATE Source heating system O = F-E WE-g-Z7}4] ]

clo

T9 572 heating tapeE 7} cold spotoll &gt $AS WA ST

Exhaust system E3f4 52 & @AY= FA

fu o
o
u
2
2
%0
o

I oole] A 71A7F S99 B vlE %= mechanical pump

AA g 52272 Table 1 o YER ST
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(a) System for ZrC-TRISO coating layer
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(b) Source heating system for ZrC-TRISO coating layer

Fig. 1. Schematic diagram of super kanthal furnace system
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Table 1. The details of deposition condition for ZrC coating
FEHXE NN R 701 F&4Y | 2D
() (sccm) T (atm) (min)

weight | heating
A CH H
i * | (@ | temp(T)
1550 0.9 60
300 200 4500 2 350
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(2). A1 =4

eslA 23 313 S8 7] F(substrate) O 2= B AZAFI W AA S B S=E
2o A 5 A(Tokai Carbon Co., G347, Japan)S AF&3Fith A Eo] 24mm o] F747}

4ammz ) 9hdis) FHZ FFete] 3 A9 oldol EWL Avk(polishing)3h Tt

Azay ~EAS 4R BRAZaEe 27 A9¢ % E U4 A Ag 8

o &shtAE T2 Al AJHS AMgEg o Ee wkgE u7d gyt $stE fE oF 10°
tilte S A2 2] susceptors A&} T

L}, ZrCly source® 2] BF3lX| 237 F%+

TRISO coating ol ZrC layer®] 7] 545 2243t7] 9l8te] graphite 7| #<]ol] ZiICE
T&et] A AFE sHoen T &, FaY, d81AN Y SRS AW GA A
Asto] 4 HA o Holgta AZAHNAE 205 HEoR AY ddow AT T

Z78 Table 19 YEFATE &Fvjy} FEO hot zoneS 7|+ 2 UdA 7tAow FEodlo

Fig. 2= Table 19 T2z o =2 F29x Wgle] mE WgE 14879 AolE Yeld
Aot dFu U inleti-Eol A outlet7h A S 6502 F&sle] FU3 ¥ HFEE A

I AFEE Y Y5 7t 919 E inletd| A FEH A TF 7t AlHELS WHEE 7S

32
=
ol

D
r d

g HolA ¥l susceptor®] Plol|A] P3E Zo& T2 FAVE S7F st A& B
Hot zone®ll susceptor’} £°] 2.+ F- =, inlet® ZH-E 2|7 12cm Eoixl 34 AAFEH=

1z dAo] dojutr] AlZeA Tt susceptor PloflAl S & Z12 inletell 4] 18cm A2 hot

A3 te= nZady S FAE WA Eoks W hot zoneo] 7MY F2 f74<

8
SHAIYE XRD-A] A3} B AJH O] carbon graphite® ©] Fo] A Q1o &<l =T}
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Fig. 2 (a) Schematic diagram of experiment in deposition position

(b)

(b) The variation of deposition rate
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ot o source<(CsHs)ZrCl>9] 2 &0 m& &3t 2539 F2ho

Zr-source= ZrCloll Al (CsHs)pZrChLZ vhro]l A& S 3tk o= ZrC layer®] S # o #
LGS vAYY dadEHA s AZAFETT SAseEd g $seSo] £
o}z 171l Bis zirconium chloride (CsHs)ZrCl, (STREM Chemical Co., USA)E TS A~
< gk AP dsihaE AASAT d5Asd Fsb digh H B4S sH] 98t
o] olZZE 7oA 1g2] (CsHs),ZrCLE TG/DTA E41S S8 1L, Fig. 3o YetiA . TG
THORRY 250C CAHFH FARRE AAE AL, 320T S

il

o] F —'%
LB T B DTARA O RRE 250CH Lo s F59 &5 S8 7dd FE9=2
UERG o] 5 320~350TCol A Hdle] Hdv9as Yeplnz o] AHdA 87t "k 33
oAt 400C7HA FA A HEyaE Yelde. ol2ld Z3E EW®E  (CsHsnZrClh
source®] ZTHFAIE 1go 2 3tal 7FE 55 400C=E  Table 2(a)d] T&HFx7o=Z
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e
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ATk Ak B Al o F 7 do] Hol Table 2(b)] T %

£ Folal &2 ol E£3HUE Fae v fFEs 9o BEA=EA
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Fig. 3. TG/DTA curves for (CsHs),ZrCl, (weight : 1g) heated at 10 C/min in Ar gas
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Table 2. The details of deposition condition for ZrC coating

=% o 3 =310 = %
A B s R A7) A H Z:Cl =29ty > 2 ARk
(C) (sccm) (atm) (min)
weight| heating
Aro CHo R ()
1 1550 g temp. 0.9 60
300 200 4500 1 400
(@)
Ar CH, H, w?ig)ht heati(noi |
2 1250 g temp. 0.9 60
300 20 2000 1 350
Ar CH, H, weight | heating
(g) | temp.(T)
3 1250 0.9 60
300 0 0 1 250
(b)
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Fig. 4. Comparison of the results before and after the experiment with (CsHs),ZrCl, source
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(a)
Real temp Control G!.'ll]'t p!nm 600°C
() temp('C) ey position
tube {cm)
1100 1170 23 .
1200 1270 205 .
1250 1320 19 .
1300 1370 18.5 .
1350 1420 i7 .
1400 1468 158 .
1450 1521 14.6 .
1500 1573 13.5 .
(b)

Fig. 5. (a) Schematic diagram of Zr-sponge system (Mullite tube insection into the Alumina tube)

(b) Location of Zr-sponge depending on temperature
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Table 3. Deposition conditions of ZrC coating layer

Temperature (*C) 1200~1500
H, 1800
Gas flow rate (sccm) CH, 100
Ar 500
Deposition time (hr) 1
Deposition pressure (torr) 684 and 50
Source heating Tem. (°C) 600
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50 torr

(b)

Fig. 6. SEM images of fractured cross section on ZrC layer which deposited deposition condition of

table 3.
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<Before deposition > <After deposition =

ZrC on
rounded top
structure

ZrC on
Faceted
structure

Fig. 7. SEM images of surface morphology as a as-dep
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Fig. 8. (a) The comparison of XRD patterns of ZrC film (b) T.C. of ZrC films with deposition

condition of table 3.
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WT% AT%
Depositoin condition
Zr C Zr C

rounded top 39.24 60.77 7.84 92.16

15007C,

684torr
faceted 31.09 68.91 5.61 94.39

15007,
rounded top 41.25 58.74 8.46 91.54

50torr

Fig. 9. EDS results of ZrC films.
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<1500°C, 684tom, rounded top>

(a)

B

a0

25

20

15

Critical load (N)

Length {mm)
(b)

Fig. 10. (a) Scratch test images of ZrC film (b) shows the critical load of ZrC film
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A g7k ZrC EE- vacuum evaporation, reactive magnetic sputtering deposition, chemical vapor
deposition, vacuum plasma spray process & 2% S 2 E o] gk}, [1~5]

Ion beam-assited deposition (IBAD) " o2 Fzw 7rC 259 24 54 =& &
A1t Xiao-Ming He S[6]°l ¢1&tH Si(111) 7]#<]ol IBAD W o= F3H ZC ZF9 45
Zr/C o Ak vj&o] of 0.82% dEten, (111) -4 S8 Foer S A0S 383
t} ZrC ZES Knoop Vol ARZAE S AN A3} 2900 kgfimm™ & A S 245 = 4
ATt bombarding o L Aol wel AE gho] AA WaEle As & F oANSH
Ae ziC BE9 WY x5 @A sl A= ol WA
IBAD o= 3 ZriC oA AT dATx2E 2=
2900 kgfmm™ 7+A UEFGA "k zrC o] 9 o] wEkAE 0
$ ]9 e el 2800 ~ 3150 kgfmm® ¢ AEE YeERdTh wEkd ziC DE9 T
AX EAS A7) 9)8te] 2 A& bombarding ol A ¢} Zr/C o] AA E&o Ao
D QS RIS Zr/C & Wl volAR A% S FAFSH V. Ya. Naumenko & ZrCoor
o A 29.5 GPa, ZrCo°l A 27.2 GPa, ZrCogooll A 24.3 GPa & UELHO] Zr/C YA &o] "ol
TE5 AE o] fHaste A3E YeAt

Dayong Cheng ‘<> First-principles = ©|&3lo] ZrC ¢ @A &S ALt A h[7]
ARERE AL ds 4689 A oo™, AAEo LA 9= 2% bEolflal, HY WHoR



+ full-potential linearized augmented plane-wave(FLAPW) *H-& AF-&35STH[8] ZrC Y A= A
@ el 3~4 mm o AATE ExFHo glew, 7t das A Aolgta M s dH. ek 22
PR A e ZeCo] B ES HdFko] 506 GPa, #Agko] 473 GPa & A& 5 AT =S
Zr/Ce QAEEo whel ZrCoosoll Al 400 GPa, ZrCooiol A 389 GPa 7S YEREfo] A =gy} 7
o] Zr/C AAE&o] "old 5 v 50| dastes A34E HERAT
Crushing test® E3}o] ZrC WY A% S Lole Ado] st xich T. Ogawa 5
2 ZrC-triso coated fuel particle 2] crushing test® E3dlo] A% S S43ATE[9] o] HHS
T el BAE B AfolollA S JFE Al At A 3Tt dojus 2E gE SAHT
Al . triso YA stainless-steel o= =Tt L Ay ZH7] & AIZFA Y triso YA
A1 111 MPa, 125 MPa, 143 MPa ¢ #& €& & Utk F4 Aol 3 WA 2= =39
oz Yelylon, o3& o]# 3t L= A Herzian cone crack ©] WA= o= H

7] wjZolth, 28} o] AdFM = ZrC Z' 9 crushing test & 450 2= =gto] 385}
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Fig.11. SEM micrographs of the fracture and surface of the ZrC films deposited on SiC/graphite.
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(b)

Fig 12. SEM micrographs of the fracture and surface of the ZrC films deposited on the

SiC/graphite substrate which have difference surface morphology of (a) rounded top (b) faceted.
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Fig. 15. SEM micrograph of (a) TRISO particle hemisphere (b) SiC hemisphere shell (c) upper

surface of SiC hemisphere shell.
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Fig. 16. Schematic of internal pressure method fixture and experimental setup.
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Abstract (15-20 Lines)

Zirconium carbide has been chosen and studied as an advanced material of silicon
carbide. In order to collect data on the basic properties and characteristics of]
Zirconium carbide, studies have been conducted using various methods. As a result
of chemically vapor deposed subliming zirconium tetrachloride(ZrCl4) and using
methan(CH4) as a source in hydrogen atmosphere, graphite filme is deposited..
Zirconium carbide was deposited on the sample where silicon carbide was deposited
on a graphite substrate using Zirconium sponge as a Zirconium source. In terms of]
physical characteristics, the deposited Zirconium carbide showed higher strength, but
slightly lower elastic modulus than silicon carbide.

In order to evaluate the mechanical properties of a coating layer in pre-irradiation step,
internal pressure induced method and direct strength measurement method is carried out. In
the internal pressure induced method, in order to produce the requirement pressure, pressure
media is used. In the direct strength measurement method, the indentation experiment that
indent on a hemisphere shell with plate indenter is conducted. for this method, the finite
element analysis is used and the analysis is verified by indentation experiments. To measure
the strength of TRISO particle SiC coating, SiC hemisphere shell is perfomed
through grinding and heat treatment. Through the finite element analysis, strength
evaluation equation is suggested. Using suggested equation, Strength evaluation is

performed and the strength value shows 1025MPa as a result of statistical analysis

Subject Keywords

(About 10 words) TRISO coated fuel, TRISO coated deposition, Zirconium sponge ,

Zirconium carbide, SiC hemisphere shell, strength evaluation
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