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The Very-High-Temperature Reactor (VHTR) is one of the candidates for the Generation IV 

nuclear energy system. ZrC coated fuel particles are expected to make the performance of the 

VHTR higher. Therefore, we are investigating the ZrC-coating process. 

From April 2007 to March 2008, ZrC-outer pyrolytic carbon (OPyC) continuous coating 

tests were carried out with the nonnuclear particles. We finally succeeded to coat 

continuously the ZrC layer and the OPyC layer with the thicknesses up to about 27 m and 

about 48 m, respectively, in the batch scale of 100 g.  

Keywords:Very High Temperature Reactor (VHTR), ZrC-PyC Coated Fuel Particle, 

ZrC-coating Equipment, ZrC Stoichiometry ,ZrC, O-PyC  

Present study is the result of “Research and development for advanced high temperature gas 

cooled reactor and graphite components” entrusted to the Japan atomic Energy Agency by the 

Ministry of Education, Culture, Science, and technology of Japan (MEXT). 

Special Topic Engineer 

* Nuclear Fuel Industries, Ltd. �

�����������������������



 iii

1. 1

2. 2

2.1 2

2.2 2

2.3 2

2.4 3

3. 4

3.1 OPyC 4

3.2 ZrC-OPyC 5

4. 10

10

11

Contents 

1. Introduction 1

2. Methods 2

2.1 Coating layer deposition  2

2.2 Material particles 2

2.3 The coating tests process 2

2.4 Inspection methods for the coating layers 3

3.  Results 4

3.1 OPyC single coating tests 4

3.2  ZrC-OPyC continuous coating tests 5

4. Conclusions 10

Acknowledgement 10

References 11

�����������������������

�



Table 3.1 ZrC Coating temperature dependence of distribution of pores in OPyC layer, 

ZrC-OPyC continuous coating test, particle inventory: 100 g, CH4/ZrBr4

ratio: about 1.0, ZrC coating duration: 90 min, C/Zr evaluation: ICP-AES+ 

infrared light absorption during combustion in oxygen, OPyC coating 

temperature : 1433 , C3H6 concentration: 14.3 %, coating duration: 8 min. 8

Table 3.2 Coating duration dependence of layer thickness, ZrC-OPyC continuous 

coating test, particle inventory: 100 g, CH4/ZrBr4 ratio: around 1, ZrC 

coating temperature: around 1350 , C/Zr evaluation: ICP-AES+ 

(infrared light absorption during combustion in oxygen), OPyC coating 

temperature: 1433 , C3H6 concentration: 14.3 %.  9

Fig. 2.1 ZrC coating equipment 2

Fig. 3.1 Upper heater with a particle fluidizing bed 4

Fig. 3.2 Coating temperature dependence of density and coating rate of OPyC, OPyC 

single coating test, particle inventory: 75 g, C3H6 concentration: 

14.3 %.  5

Fig. 3.3 ZrC Coating temperature dependence of C/Zr and coating rate of ZrC, 

ZrC-OPyC continuous coating test, particle inventory: 100 g, CH4/ZrBr4

ratio: about 1.0, ZrC coating duration: 90 min, C/Zr evaluation: burn weight 

method, OPyC coating temperature: 1433 , C3H6 concentration: 14.3 %, 

coating duration: 8 min.   6

Fig. 3.4 ZrC Coating temperature dependence of averaged fracture load of mono-axial 

compressive fracture test of the coated particle, ZrC-OPyC continuous coating 

test, particle inventory: 100 g, CH4/ZrBr4 ratio: about 1.0, ZrC coating 

duration: 90 min, OPyC coating temperature: 1433 , C3H6 concentration: 

14.3 %, coating duration: 8 min.  7
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Fig. 3.2 Coating temperature dependence of density and coating rate of OPyC, OPyC single 

coating test, particle inventory: 75 g, C3H6 concentration: 14.3 %. 
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Fig. 3.3 ZrC Coating temperature dependence of C/Zr and coating rate of ZrC, ZrC-OPyC 

continuous coating test, particle inventory: 100 g, CH4/ZrBr4 ratio: about 1.0, ZrC coating 

duration: 90 min, C/Zr evaluation: burn weight method, OPyC coating temperature: 1433 ,

C3H6 concentration: 14.3 %, coating duration: 8 min. 
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compressive fracture test of the coated particle, ZrC-OPyC continuous coating test, particle 

inventory: 100 g, CH4/ZrBr4 ratio: about 1.0, ZrC coating duration: 90 min, OPyC coating 

temperature: 1433 , C3H6 concentration: 14.3 %, coating duration: 8 min. 
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Table 3.1 ZrC Coating temperature dependence of distribution of pores in OPyC layer, 

ZrC-OPyC continuous coating test, particle inventory: 100 g, CH4/ZrBr4 ratio: about 1.0, ZrC 

coating duration: 90 min, C/Zr evaluation: ICP-AES+ infrared light absorption during 

combustion in oxygen, OPyC coating temperature : 1433 , C3H6 concentration: 14.3 %, 

coating duration: 8 min. 
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Table 3.2 Coating duration dependence of layer thickness, ZrC-OPyC continuous coating test, 

particle inventory: 100 g, CH4/ZrBr4 ratio: around 1, ZrC coating temperature: around 

1350 , C/Zr evaluation: ICP-AES+ (infrared light absorption during combustion in oxygen), 

OPyC coating temperature: 1433 , C3H6 concentration: 14.3 %. 
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OPyC coating duration: 8 min
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1024 10-1 d
1021 10-2 c
1018 10-3 m
1015 10-6 μ
1012 10-9 n
109 10-12 p
106 10-15 f
103 10-18 a
102 10-21 z
101 da 10-24 y

SI 

SI 
min 1 min=60s

h 1h =60 min=3600 s
d 1 d=24 h=86 400 s
° 1°=( /180) rad
’ 1’=(1/60)°=( /10800) rad
” 1”=(1/60)’=( /648000) rad

ha 1ha=1hm2=104m2

L l 1L=11=1dm3=103cm3=10-3m3

t 1t=103 kg

SI SI

SI
eV 1eV=1.602 176 53(14)×10-19J
Da 1Da=1.660 538 86(28)×10-27kg
u 1u=1 Da

ua 1ua=1.495 978 706 91(6)×1011m

SI SI SI

SI 
Ci 1 Ci=3.7×1010Bq
R 1 R = 2.58×10-4C/kg

rad 1 rad=1cGy=10-2Gy
rem 1 rem=1 cSv=10-2Sv

1 =1 nT=10-9T
1 =1 fm=10-15m
1  = 200 mg = 2×10-4kg

Torr 1 Torr = (101 325/760) Pa
atm 1 atm = 101 325 Pa

1cal=4.1858J 15 4.1868J
IT 4.184J

μ  1 μ =1μm=10-6m

10 SI

cal

(a)SI

(b)
rad sr

(c) sr
(d)
(e)

(f) activity referred to a radionuclide ”radioactivity”
(g) PV,2002,70,205 CIPM 2 CI-2002

CGS SI

a amount concentration
substance concentration

SI 

Pa s m-1 kg s-1

N m m2 kg s-2

N/m kg s-2

rad/s m m-1 s-1=s-1

rad/s2 m m-1 s-2=s-2

, W/m2 kg s-3

, J/K m2 kg s-2 K-1

J/(kg K) m2 s-2 K-1

J/kg m2 s-2

W/(m K) m kg s-3 K-1

J/m3 m-1 kg s-2

V/m m kg s-3 A-1

C/m3 m-3 sA
C/m2 m-2 sA
C/m2 m-2 sA
F/m m-3 kg-1 s4 A2

H/m m kg s-2 A-2

J/mol m2 kg s-2 mol-1

, J/(mol K) m2 kg s-2 K-1 mol-1

C/kg kg-1 sA
Gy/s m2 s-3

W/sr m4 m-2 kg s-3=m2 kg s-3

W/(m2 sr) m2 m-2 kg s-3=kg s-3

kat/m3 m-3 s-1 mol

SI
SI 

m2

m3

m/s
m/s2

m-1

kg/m3

kg/m2

m3/kg
A/m2

A/m
(a) mol/m3

kg/m3

cd/m2

(b) 1
(b) 1

SI
SI

SI SI

( ) rad 1 m/m
( ) sr(c) 1 m2/m2

Hz s-1

N m kg s-2

, Pa N/m2 m-1 kg s-2

, , J N m m2 kg s-2

W J/s m2 kg s-3

, C s A
, V W/A m2 kg s-3 A-1

F C/V m-2 kg-1 s4 A2

V/A m2 kg s-3 A-2

S A/V m-2 kg-1 s3 A2

Wb Vs m2 kg s-2 A-1

T Wb/m2 kg s-2 A-1

H Wb/A m2 kg s-2 A-2

( ) K
lm cd sr(c) cd
lx lm/m2 m-2 cd
Bq s-1

, , Gy J/kg m2 s-2

, ,
, Sv J/kg m2 s-2

kat s-1 mol

SI
SI 

SI 
bar bar=0.1MPa=100kPa=105Pa

mmHg 1mmHg=133.322Pa
=0.1nm=100pm=10-10m

M=1852m
b b=100fm2=(10-12cm)2=10-28m2

kn kn=(1852/3600)m/s
Np

dB       

SI SI

m
kg
s
A
K

mol
cd

SI
SI 

SI
erg 1 erg=10-7 J
dyn 1 dyn=10-5N
P 1 P=1 dyn s cm-2=0.1Pa s
St 1 St =1cm2 s-1=10-4m2 s-1

sb 1 sb =1cd cm-2=104cd m-2

ph 1 ph=1cd sr cm-2 104lx
Gal 1 Gal =1cm s-2=10-2ms-2

Mx 1 Mx = 1G cm2=10-8Wb
G 1 G =1Mx cm-2 =10-4T
Oe 1 Oe   (103/4 )A m-1

CGS
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