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1.    

1.1.  

LWR PHWR
60 70

60 
MWd/kgU

 

 

/
 

 

1.2.  

ACTOF
CRP 2015 2019

 

ATF
ATF

 

 ATF
 

 ATF  
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1.3.  

CRP ATF ATF ATF

ATF  

ATF FeCrAl SiC
U3Si2

ATHLET-CD SOCRAT
FeCrAl QUENCH-19  

1.4.  

13 17 ACTOF CRP
 

2 CRP 3
CRP 4

5 LOCA
FeCrAl

6 ATHLET-CD SOCRAT QUENCH-19
 

TECDOC  
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2.   

2.1. FeCrAl  

FeCrAl
FeCrAl [1 4] FeCrAl
[1] [4] 1525 1540 [5] FeCrAl

10
FeCrAl

5% [6]
15% 35%[1 4] FeCrAl

100 [7] FeCrAl
[8]  

FeCrAl
ORNL

FeCrAl [3 9 12] FeCrAl C35M
[9] 2022

Halden [11] INL
ATR ORNL FeCrAl C35M Fe-

13Cr-4.5Al+Y 1  

ORNL Halden ORNL INL C35M
[3 9 11 14]

FeCrAl
LOCA [14] ORNL INL

[3 9 11 14]  

FeCrAl C35M
C35M Kanthal APMT [14]

FeCrAl
ACTOF FeCrAl [15] FeCrAl 

C35M  

1.  ORNL FeCrAl C35M [9] 

Fe Cr Al Y Mo Si  

80.15 13 4.5 0.15 2 0.2 +  
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2.1.1.  

C35M Kanthal APMT [16]
2 3 [14] TEC

[16] 4 TEC [14]
Niffenegger Reichlin [17]  

2.  Kanthal APMT [16] 

K  W/m·K  

323 11 
873 21 
1073 23 
1273 27 
1473 29 

 
3.  Kanthal APMT [16] 

K  J/kg K  
293 480 
173 560 
673 640 
873 710 
1073 670 
1273 690 
1473 700 

 
4.  Kanthal AMPT CTE [16] 

K  CTE μm/m·K  

293 523 12.4 
293 773 13.1 
293 1023 13.6 
293 1273 14.7 
293 1473 15.4 

 

2.1.2.  

C35M Thompson [10]
 

= 5.46× 10  3.85 × 10  + 1.99 × 10  (1) 

= 3.85× 10  2.68 × 10  (2) 
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E Gpa  

  

T  

25 850  

Yamamoto [9] C35M YS UTS
5 6 [14]

[18] UTS 0 C35M
1773 K UTS 0 [14] YS

UTS YS 0  

5.  FeCrAl C35M [9 14] 

K  Mpa  

291 447 
546 314 
640 296 
825 226 
1007 67 
1773 0 

 
6.  FeCrAl C35M [9 14] 

K  Mpa  

295 569 
551 543 
644 527 
830 289 
1012 65 
1773 0 

 
2.1.3.  

FeCrAl C35M [11] Halden
ORNL 873 K

Norton  

= 2.89 × 10  . exp  (3) 

873K Saunders [19]  

= 5.96 × 10  . exp  (4) 
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 s-1  

 von Mises Pa  

 K  

[11] 5×10-6/Mpa/dpa 1×1025 /m2=0.9 dpa
[20] [14]  

= 4.5 × 10    (5) 

 

 Mpa  

 ·m-2·s-1  

2.1.4.  

C35M [14] Terrani [11]
0.05%/dpa 1×1025 /m2=0.9 dpa [20]

 

= 4.5 × 10   (6) 

·m-2  

2.1.5.  

Terrani [3] FeCrAl
330°C 290°C

FeCr2O4  

=  (7) 

 

 mg·cm-2·h-1/2  

 h  

 

=  (8) 

1440 kg/m3 [3]  

[3] 3.96×10 3 mg·cm-2·h-1/2

4.51×10 4 mg·cm-2·h-1/2 [3]
Fe-13Cr-4Al FeCrAl C35M
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FeCrAl
FeCrAl [3]

 

2.1.6.  

INL FeCrAl LOCA [14]

[21] Massey [12]
ORNL FeCrAl Massey

FeCrAl LOCA
[12]

[14]
UTS MPa

[14]  

=  UTS                                                          797 K
28441exp ( 0.005588 )                > 797 K (9) 

 

UTS MPa  

T K  

Erbacher
[21] [12] ORNL

FeCrAl C35M
C35M [9] C35M
C35M LOCA  

2.2. U3Si2  

UO2 U3Si2 UO2 2
5 W·m-1·K-1 U3Si2 15 30 W·m-1·K-1 U3Si2

U3Si2

U3Si2 11.3 gU/cm3

UO2 9.7 gU/cm3 [22]
 

U3Si2 UO2 Harp [23]
300°C 24h U3Si2

800°C 100h U3Si2

ZrSi2 U
U3Si2 UO2  
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U3Si2 [24 26] Wood [24] U3Si2
400°C U3Si2

 

U3Si2 1938 K
Finlay [27] U3Si2

U3Si2

1965 Shimizu [28]
U3Si2 6 GWd/tU

U3Si2 10%[29] [28]
 

INL ATR <20 GWd/tU
U3Si2 [30]

60%
UO2 U3Si2

[30]
[26]  

U3Si2
[31]  

2.2.1.  

U3Si2 White [22] Knacke [32] [31]
 

= 141 + 0.02582 × 10   (10) 

 

 J·mol-1·K-1  

 K  

2.2.2.  

White [33] U3Si2  

= 4.996 + 0.0118  (11) 

 

 W/m·K  

 K  

300<T<1773K  
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White[22] Shimizu[28] Mohamad[34] Antonio[35] [31]
U3Si2  

= 9.029 × 10  4.609 × 10  + 8.676 × 10              

 7.485 × 10  + 4.166 × 10  + 0.5211 (12) 

13<T<1500 K [31]  

2.2.3.  

White [22] Mohamad[34] [31] U3Si2

 

= 9.899 × 10  + 5.797× 10  + 1.603 (13) 

mm2/s  

2.2.4.  

U3Si2 White [22]
273 1673 K U3Si2

16.1×10-6 ± 1.3×10-6 K-1  

2.2.5.  

Shimizu U3Si2 96 GPa 
± 40 GPa[28] Taylor McMurtry[36] U3Si2 125 GPa ± 
4 GPa Shimizu [31]  

U3Si2 0.183 ± 0.003[37]
0.2 ± 0.1[34] [31] U3Si2

0.184  

2.2.6.  

[38] U3Si2 Finlay [27]
Finlay FIMA 10.735 g/cm3

95% Finlay
 

= 3.8808 × bu + 0.79811 × bu (14) 

 

   

bu  FIMA  
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Hofman
[39]  

= 0.34392 × bu (15) 

(14) (15)  

= 3.8808× bu + 0.45419 × bu (16) 

U3Si2

[29 40] U3Si2

 

U3Si2

 

2.3. SiC  

SiC

SiC SiC
CNPRI CIAE NPIC SiC  

2.3.1.  

SiCf/SiC
200 K CIAE 200 K 2400 K

 

= 925.65 + 0.3772 7.9259 × 10 3.1946 × 10  (17) 

(200 < < 2400 K) 

 

 J/kg·K  

 K  

±7% 200 1000 K ±4% 1000 2400 K  

2.3.2.  

SiC SiC
dpa 1 × 10  /m = 1 dpa

[179 181] dpa
[177]  
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= ( ) .
 (18) 

 

 dpa  

 ( ) > dpa  

dpa
1 dpa 4 W/m·K dpa  

= ( )

.
 (19) 

 

( ) = 8 × 10 0.02 + ( + 46.4) (20) 

 

 300 K 0 dpa  

 K  

dpa
 

CIAE SiCf/SiC
Kon-irr 1/ [ + ]-1 A
B

[175]  

= +  (21) 

= 36.262 × 10 + 15.256 × 10

= 52.632 × 10 + 35.582 × 10
 (22) 

 

 W m-1 K-1  

 K  

 dpa  1 × 10  /m = 1 dpa [179 181]  

NPIC  

= + 2 (23) 
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2.3.3.  

SiC 0.8 ( = 0.8) CNPRI
 

CIAE SiCf

1100 K 0.92 1100 K 0.82
 

 =  
0.92,                                      < 1100                    
1.287 0.333× 10 , 1100 1400K
0.82,                                     > 1400                   

 (24) 

 

  

 K  

NPIC SiC SiC
Si C SiC

SiC  

= + + +  (25)
 

 

 -1 K-1  

 K/W  

, , ,  

 

= +  (26)
 

R0 Rirr SiC K/W  

SiC R0  

=
. × . × . .

 (27)
 

Rirr  

=
.

 (28)
 



 

13 

2.3.4.  

SiC SiC
2×10-6 5×10-6 K-1 SiC

SiC CNPRI SiC
4×10-6 K-1  

CIAE 293 K 1273 K
29

 

= 0.7765 + 1.435 × 10  1.2209 × 10  + 3.8289 × 10      (29) 
(293  <   <  1273 ) 

 

 K-1  

 K  

NPIC SiC  

(× 10 ) =
1.8267+ 0.0178 1.5544× 10 , > 1273 

                 +4.5246 × 10
5.0                                                                   , < 1273 

 (30) 

 

 SiC K-1  

 K  

SiC SiC Pa  

SiC SiC W·m-1·K-1  

2.3.5.  

CNPRI  

( ) = 4.6 × 10 40  exp( ) (31) 

T K E MPa 600 K SiC  

20 dpa
40%  

( , ) = ( ) 1 0.4 1 exp( )  (32) 
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SiC/SiC 0.13  

SiC  

=
( )

 (33) 

 

  

  

  

CIAE SiC
750°C 12 dpa SiC 15 20%

1400°C 35%
 

= 212 × (-1.7578 × 10 + 1.7676 × 10 T + 1.0) (34) 

= 0.7158+
.

 (35) 

 

 Gpa  

 Gpa  

  K  

 dpa  1 × 10  /m = 1 dpa [179 181]
 

NPIC SiC SiC
PyC PyC  

= 25.5 0.384+ 0.000324 (0.481 + 0.519 BAF) 
× (1 + 0. )(0.9560275 + 0.00015 )  (36) 

 

  

BAF  

  

SiC  

= 460 0.04 exp  (37)
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2.3.6.  

CNPRI SiC 1000 K  

2.3.7.  

SiC/SiC CNPRI SiC
 

( ) = 2.66× 10 + 2 × 10  (38) 

T K MPa
SiC

 

40%  

( , ) = ( ) 1 0.4 1 exp  (39) 

dpa  

2.3.8.  

Hi-Nicalon-S SiC
2 / 1 dpa

95%
0.67% CNPRI [177]  

( ) = 0.67(1 exp ( 3 )) (40) 

dpa  

SiC
1300°C SiC  

SiC  

= / exp  (41) 

 

 %  

 dpa /  

 dpa  

 dpa  
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SiC  

= 1
/

 (42)
 

 

( ) = 0.05837 1.0089× 10 + 6.9368 × 10  
1.8152 × 10  (43) 

( ) = 0.4603+ 2.6674 × 10 4.3176 × 10  

+2.3803 × 10  (44) 

2.3.9.  

SiC  

SiC+3H O SiO +3H +CO 

SiO +2H O Si(OH)  

360 kJ/mol 40 kJ/mol SiC SiO2 SiO2

[176]  

=  (45) 

 

 MSiO2/(MO2 - MC) = 60/(32 - 12) = 3  

 SiO2 kg/m3  

 kg·m-2·s-1  

 kg·m-2·s-1  

kg/m2  

net = 1 + exp( 1)  (46) 

SiO2

W Lambert W  

[178]
k R=8.314J/(mol·K)  

= 8.6008 × 10
.

 (47) 

= 4.5728 × 10
.

. .  (48) 
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 Pa  

 m/s  

 K  

2.4 348 

AISI 348 7  

7.  AISI 348  

 AISI 348 /  

103 kg/m3  7.94 
oC  1.400 

J/g K  0.4424+ 0.0001482 T(K) 

 0.8 
Gpa  221049-72.9 T(K) 
W/mm K  (9.419+0.01538 T(K))×10-3 

 0.2616+7.2×10-5 T(K) 

Mpa  268.9-0.16 T(K) 
Mpa  -1.3152 T(°C) + 954.3,  T(°C) < 200°C 

-0.258 T(°C) + 738.5,  200°C < T(oC) < 470°C 
-0.9192 T(°C) + 1050.9,  T(°C) > 470°C 
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3.  ACTOF  

ATF

DEC  

FeCrAl Mo SiC [1 42 47]

 

ATF CRP ACTOF RCM
ATF  

 ATF  

 ATF  

 LOCA  

  

 ATF  

 ATF  

3.1. Round Robin Test RRT  

AISI
ATF

RRT /
CTU KIT INCT

VTT USP MTA EK RRT
 

 ATF  

 WWER PWR  

  

8 RRT  
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8.  CRP RRT  

CTU KIT INCT VTT USP MTA EK 

 X X X — X — 

 X — X X — — 
 X X — X — X 

 

8 4 ATF
PWR WWER  

ATF  

 KIT MAX PVD Zry-4 1.5 Cr Cr2AlC
Cr  

 CTU Cr PVD Zry-2 26 Zr1%Nb 15  

 INCT PVD ZrSi-Cr Zry-2  

 USP AISI 348  

AISI 348  

 Zry-2 LK3 1.5Sn 0.12Fe 0.1Cr 0.12O 0.05Ni  

 Zry-4 1.5Sn 0.20Fe 0.1Cr 0.09-0.13O  

 AISI 348 SS 17.5Cr 11Ni 1.7Mn 0.41Si 0.85Nb  

ATF

 

3.2.  

ATF CRP PVD
Cr ZrSi-Cr Zircaloy-2 MAX Cr/Cr2AlC/Cr

Zircaloy-4 Zry-4 AISI 348
ATF ATF
 

3.2.1. USP AISI 348 SS  

AISI 348
 

 Fe- C-0.055% Mn-1.70% P-0.017% S-0.003% Si-0.41% Cr-17.5%
Ni-11% Nb-0.85% N-0.0018% Co-0.021%,Ta<0.005%,B-0.0008%  

 150 200 HV  
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 0.7 μm Ra  

 20°C 640 MPa 330 MPa 50mm
47%  

 370°C 455 MPa 260 MPa 50 mm
26%  

 ASTM E45[48] 1  

 ASTM E407[49] 0.05 mm  

 ASTM A262 A[50] 5
20  

8 9 ASTM E112 [51]
7 22 mm AISI 348

9.8 mm 0.6 mm AISI 348
 

3.2.2. CTU/UJP Cr PVD  

Zircaloy-2 Zry-2 LK3 Sn-1.3 wt%, Fe+Cr+Ni-0.26-0.38 wt% Zr
Zry-2 2 cm 2 cm Cr

1 VTT 1 2 cm
RTT 9 Zry-2 1

CTU PVD Zry 1
CTU/UJP MTA EK

UJP Praha Zr1%Nb
Cr  

9.  CTU  

 
VTT 

 
ICHTJ 

 
KIT 

 
VTT 

 
CTU/UJP 

 
CTU/UJP 

 
MTA 

3 2×2 cm 
Cr Zry-
2  
1  
Zry-2 

3 2×2 cm 
Cr
Zry-2 

 
1 2×2 cm

 
Zry-2 

3 2×2 cm 
Cr
Zry-2 

 
1 2×2 cm

 
Zry-2 

3 2×2 cm Cr 
 

Zry-2  
2 2×2 cm 

 
Zry-2  
4 - 2×1cm 
Cr Zry-2 

3 2×2 cm Cr
Zry-2 

 
1 2×2 cm 

 
Zry-2 

3 2×2 cm Cr 
Zry-2 

 
1 2×2 cm 

 
Zry-2   
3 – Zry-2 Cr 

 
1 – Zry-2  

6 6 cm Cr

Zr1%Nb  
2
Zr1%Nb 
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1.  RRT PVD Zry-2

Zr Hauzer Flexicoat 850 UBM
Cr UBM

2 Cr
Zr

3 2 rpm
20 min

2.  CTU Hauser Flexicoat 850
Cr Elsevier[182]

Cr 99.6%
3 6 kW -75 V 0.2 Pa

250°C UBM 2 A 90 sccm Ar 99.999%
18h Calotest CSM Cr

26 ± 0.1 μm 16 ± 0.1 μm 3 Cr
Calotest Cr PVD CTU

TECDOC [52 54 55]

3.  Cr Calotest

2

2

2 2

2
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3.2.3. KIT MAX PVD  

ACTOF Cr2AlC MAX Zry-4
4 Zry-4

4(a) Zry-4 Cr/Cr-
C-Al/Cr Cr Cr

PVD stop-and-go
4(b)

Cr2AlC
2:1:1 Cr 8 nm C 2 nm Al 4 nm

5 m Cr
1.5 m Cr

 

Zry-4
Ar

MAX 10 K/min 550°C
10 min Cr2AlC MAX Cr Cr2AlC

 

 

4.  (a) Zircaloy-4 (b)  
 

Zry-4 Cr2AlC MAX KIT TECDOC [56
57]  

3.2.4. INCT ZrSi-Cr PVD  

Zry-2 12 cm×12 cm
8 cm

ITS Balzer
5

ZrSi2
Cr Zr40Si24Cr36  

1500  

500  

/  

5 / /  

/  

-4  
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(a) (b) (c)

5.  Balzers (a) (b) (c)

CTU VTT INCT KIT
INCT 14 6

6.  PVD Zry-2

SEM 7

7(a) (b)

7(c) (d)
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7.  PVD Zry-2 SEM a) 1000× b) c) 10000× d) 50000×

EDS 10 Zr Si Cr

10.  Zry-2PVD

Si Cr Zr
at.% 43.30 34.80 21.90
wt% 24.20 36.00 39.80

INCT Zr
8

8.  PVD Zry-2
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Zr Si Cr
Zr 40% Si 24% Cr 36% Zr

9 Zr40Si24Cr36 Zry-2
2.5 m

9.  PVD Zry-2

3.3.

RTT
LWR

PWR VTT INCT WWER CTU 21 3
63 63

11

11.  

CTU —

WWER
AISI 348 164d
Cr Zry-2 164d
MAX Zry-4 147d
ZrSi-Cr Zry-2 101d
E110 164d
Cr E110 164d

VTT —

PWR
AISI 348 63d
Zry-4 63d
Cr Zry-2 63d
MAX Zry-4 63d
ZrSi-Cr Zry-2 16.5d

=2.543
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INCT —

PWR
AISI 348 63d
Zry-4 63d
Cr Zry-2 63d
MAX Zry-4 63d
ZrSi-Cr Zry-2 63d
Zry-2 63d

3.4.

CTU/UJP 360°C 19.4
MPa 4 dm3 VTT PWR
INCT 360°C 19.5 MPa 1 m3

SEM X XRD EDS

3.4.1. CTU/UJP

4 dm3 WWER
360°C 19.4 MPa 21

10

10.  

12 ZrSi-Cr Zry-2
7 MAX 12

8 17
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12.  WWER

[ ]
Zry2-1 Zry-2 8 164
Zry2-2 Zry-2 3 63
3Cr3-01 Zry-2+Cr 8 164
3Cr3-02 Zry-2+Cr 8 164
3Cr3-03 Zry-2+Cr 3 63
KIT-21 Zry-4 + MAX 7 147
KIT-22 Zry-4 + MAX 7 147
KIT-23 Zry-4 + MAX 3 63
SS-PS-13 AISI 348 8 164
SS-PS-14 AISI 348 8 164
SS-PS-15 AISI 348 3 63
INCT51 Zry-2+ZrSi-Cr 3 63
INCT52 Zry-2+ZrSi-Cr 5 101
INCT53 Zry-2+ZrSi-Cr 5 101

3.4.2. VTT

VTT
360°C [Li]=2 2.2 ppm [B]=600 1000 ppm [H2]=3

ppm

pH
11 VTT

11.  
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3.4.3. INCT

1 m3 Parr 4653
12(a) (b) PWR

360°C 19.5 MPa 0.5 dm3 19.5 MPa 13
21 42 63 21 42

Millipore
[Li]=2 2.2 ppm [B]=600 1000 ppm[58]
H3BO3 [B]=800 ppm LiOH

[Li]=2.1 ppm H3BO3 99% ACROS ORGANICS POCH LiOH·H2O
ICP-MS pH

ProLab2500 pH TDO 13

12.  (a) Parr 4653 (b) 

(a) (b)
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13.  INCT Round Robin

13 pH TDO 21
46 6

Na+ 21
21

AISI 348

AISI

VTT 3 2 2
CVUT 3 2 2 + 3
KIT 3 2 2 + 2

-

360
195

-2

15

20

20

20

2 2 + 
2 + 

2 2

3 INCT
3 CVUT
3 6 KIT
3 IM

  1
  1 IM
  3 4 -2
  

  1
  1 IM
  3 4 -2

  1
  1 IM

3 4 -2
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13.  

[mg/l] 0 [mg/l] 21 [mg/l] 42 [mg/l]

Cl- 0.053 0.45 7.03 2.16
NO3

- 0.093 0.037 1.46 0.183
SO4

2- 0.305 0.438 9.79 5.37
Na+ 0.062 4.3 3.09 2.18
K+ 0.012 0.95 — 0.96
Ca2+ 0.094 2.3 6.98 5.08
Li+ — 0.4 2.09 1.65
Mg2+ — 0.35 0.25 0.35
TDO 8.48 8.64 7.41 7.32
pH 6.38 6.75 5.68 6.51

1.45 10.81 62.3 66.1

6

Cr Zry-2 CTU 26

Cr/Cr2Al/Cr MAX Zry-4 KIT 6

Zr40Si24Cr36 Zry-2 INCT 2.5

AISI 348 SS USP

Zry-2

Zry-4

14

14.  

OM Bresser Science ADL-601-P Bresser

DSM 942 ULTRA plus

-2 -4
-2

/Cr2AlC/
-4

Zr40Si24Cr36

-2
AISI 348
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 Quantax 400 Beuker EDS  

 Advanced 8 Beuker XRD  

 HR-SEM EDS  

 METTLER TOLEDO EXCELLENCE XS 105  

3.5. CTU/UJP 

 

15 MAX

 

Cr

 

14 8
164 3 63 15

Cr AISI 348 SS
KIT MAX ZrSi-Cr

KIT
INCT 51 ATF

Zry-2
126 147  

14.   

  
/  [mg/dm2] 

1/21d 2/42d 3/63d 4/84d 5/105d 6/126d 7/147d 8/164d 

Zry-2  
Zry2-1 22.2 26.8 29.0 31.4 32.5 33.6 38.8 47.1 

Zry2-2 22.1 25.9 28.2  

Cr Zry-2 

3Cr3-01 1.3 1.9 1.7 1.7 2.1 1.8 1.6 2.3 

3Cr3-02 1.0 1.7 1.2 1.6 1.4 1.4 1.5 2.1 

3Cr3-03 1.5 1.9 1.6  

MAX  

Zry-4 

KIT-21 -142.1 -211.7 -225.7 -237.3 -246.4 -252.8 -256.4 — 

KIT-22 -46.8 -80.3 -103.5 -122.4 -163.3 -172.7 -181.5 — 

KIT-23 -56.3 -75.6 -84.2  

AISI 348 

SS-PS-13 -0.2 0.0 -0.1 0.0 0.2 0.0 -0.1 0.2 

SS-PS-14 0.1 0.2 -0.2 0.2 0.2 0.1 0.3 0.5 

SS-PS-15 0.5 0.4 0.0  

ZrSi-Cr  

Zry-2 

INCT51 28.8 46.5 33.6  

INCT52 30.8 46.7 46.7 48.1 50.1 — — — 

INCT53 31.3 48.8 48.1 49.7 46.0 — — — 
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15.  WWER 360°C Zry-2 Cr PVD MAX
AISI 348 ZrSi-Cr

ATF 63 16 348
MAX ZrSi-Cr

VVER 360 Zry-2

/
/

INCT AISI 348

/
/

/

KIT

/

UJP-Cr3
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34



35

63 IGF G8 Galileo-Bruker
17 63 ZrSi-Cr Zry-2

ZrSi-Cr INCT-51 16

Cr Zr

17.  63

Zry2-1
Cr PVD
Zry-2-Cr3-01

MAX PVD
Zry-4 KIT-21

AISI 348
SS-PS-13

ZrSi-Cr PVD
Zry-2 INCT51

Zry-2-2 3Cr3-03 KIT-23 SS-PS-15 INCT53
63
H ppm

14.2 15.0 30.4 1.3 1.4 191.8 191.2

16.  INCT 51 ZrSi-Cr H 191.6 ppm WWER 63

3.6. VTT

3.6.1.

17 Zircaloy-2 SE
63 Zry-4 1 m 10 m

O Zr Sn Ni SEM-EDS 18 SEM-EDS
19



36

17.  CTU Zry-2 63

SE O Zr

Sn Ni

18.  SEM-EDS Zry-2 CTU 63 O Zr Sn Ni
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O K Ni L Zr L Sn L Fe K
1 29.3 0.5 68.6 0.9 0.8
2 28.4 0.2 70.1 0.6 0.8
3 29.0 0.4 69.1 0.8 0.8
4 25.7 0.8 71.6 1.1 0.9
5 1.9 0.2 96.4 0.7 0.8

19.  CTU Zry-2 SEM-EDS wt% 63 K L
X

20 63 Zry-4 21
63

1 m
10 m

SEM-EDS 21 SA 22
Cr Fe

Cr/Fe 21

20.  Zry-4 63

3

4

2 5

1

Field of View
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SE O Zr

Sn Cr Fe

21.  KIT Zry-4 SEM-EDS 63 O Zr Sn Cr Fe

O K Zr L Sn L Cr K Fe L Ni K
1 1.8 95.8 1.4 - 0.5 0.5
2 24.7 72.6 1.2 0.4 0.8 0.3
3 24.2 73.0 1.1 0.4 1.0 0.4
4 25.9 71.8 1.1 - 0.6 0.6
5 12.6 85.0 1.4 - 0.6 0.5

22.  63 KIT Zry-4 SEM-EDS wt% K L X

4

3

2

1

5
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3.6.2. Cr PVD Zry-2

23 CTU Cr Zry-2 21 20 m
30 m

24 O Zr Sn Ni SEM-EDS 25
SEM-EDS

23.  CTU Cr Zry-2 21

SE O Zr

Sn Cr Fe

24.  CTU Cr Zry-2 21 SEM-EDS O Zr Sn Cr Fe
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O K Al K Si K Zr L Sn L Ti K Cr K Fe K Ni K
1 3.2 - - - 0.1 - 95.7 0.6 0.4
2 6.6 0.1 0.2 - 0.2 - 67.7 1.3 0.5
3 3.4 - 0.2 - 0.1 0.2 95.4 0.4 0.4
4 2.0 - - 93.5 1.5 - 1.3 0.9 0.8
5 1.9 - - 93.5 1.4 - 2.6 0.9 0.6

25.  21 CTU Cr Zry-2 SEM-EDS K L X

26 CTU Cr Zry-4 42
20 m 30 m

27 O Zr Sn Cr Fe SEM-EDS
28 SEM-EDS 27 28

26.  CTU Cr Zry-2 42

1 2

3

4

5



41

SE O Zr

Sn Cr Fe

27.  CTU Cr Zry-2 42 SEM-EDS O Zr Sn Cr Fe

O K Si K Zr L Sn L Ti K Cr K Fe K Ni K
1 2.2 - 94.9 1.5 - 0.5 0.5 0.4
2 1.9 - 93.8 1.3 - 1.8 0.6 0.5
3 3.3 - - 0.1 0.2 95.6 0.5 0.3
4 3.0 - - 0.1 - 96.5 0.5 -
5 3.1 - - 0.1 - 95.9 0.5 0.3
6 3.0 0.1 - 0.1 - 96.0 0.6 0.2

28.  42 CTU Cr Zry-2 SEM-EDS K L X

3

2

1

4 5

6
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29 63 CTU Cr Zry-2
20 m 30 m

30 O Zr Sn Cr Fe SEM-EDS SEM-EDS
31

29.  CTU Cr Zry-2 63

SE O Zr

Sn Cr Fe

30.  CTU Cr Zry-2 63 SEM-EDS O Zr Sn Cr Fe
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O K Ni L Si K Zr L Sn L Cr K Fe K
1 3.1 0.1 0.1 - 0.2 96.0 0.5
2 3.1 0.2 0.1 - 0.1 96.0 0.5
3 1.7 0.5 - 94.6 1.5 1.8 -
4 3.1 0.3 0.2 - 0.2 96.0 0.3
5 1.9 0.3 - 95.9 0.7 0.5 0.7

31.  63 CTU Cr Zry-2 SEM-EDS K L X

3.6.3. Cr/Cr2AlC/Cr MAX PVD Zry-4

32 21 MAX Zry-4 0.5 m 5 m

33 O Al Si Zr Sn Cr Fe Ni SEM-EDS
34 SEM-EDS

Zr Zr

32.  KIT MAX Cr2AlC Zry-4 21

3

4

1

2

5

20
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SE O Al

Si Zr Sn

Cr Fe Ni

33.  KIT MAX Cr2AlC Zry-4 21 SEM-EDS O
Al Si Zr Sn Cr Fe Ni
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 O K Al K Si K Zr L Sn L Cr K Fe K Ni K 
1 1.8 - - 94.1 1.7 1.2 1.3 - 
2 2.8 8.0 - 1.7 0.2 86.5 0.6 - 
3 2.4 18.6 - - 0.2 78.1 0.4 - 
4 4.2 0.2 - 0.3 0.2 94.1 0.8 - 
5 4.1 2.8 0.3 1.9 0.3 89.9 0.7 - 
6 25.4 - - 71.0 - 0.7 0.9 0.8 
7 27.3 - - 70.1 1.1 0.6 1.0 - 

34.  KIT MAX Cr2AlC Zry-4 21 SEM-EDS SA X
K L  

 
35 42 MAX Zry-4 3 m 10 

m
 

36 O Al Si Zr Sn Cr Fe Ni SEM-EDS
37 SEM-EDS

 

6 

3 

4 

2 

1 

7 

5 
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35.  KIT MAX Cr2AlC Zry-4 42

SE O Al

Si Zr Sn

Cr Fe Ni

36.  KIT MAX Cr2AlC Zry-4 42 SEM-EDS O
Al Si Zr Sn Cr Fe Ni
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O K Al K Si K Zr L Sn L Cr K Fe K Ni K
1 1.9 - - 95.0 1.8 - 1.4 -
2 24.7 - - 70.7 1.3 0.9 1.4 1.0
3 26.4 - - 69.7 1.4 1.1 1.5 -
4 26.1 - - 68.7 1.5 1.2 1.5 1.1
5 9.5 12.0 0.4 - 0.1 75.6 1.7 0.5
6 13.6 1.9 0.3 - 0.2 71.7 2.3 0.8

37. KIT MAX Cr2AlC Zry-4 42 SEM-EDS K
L X

38 42 MAX Zry-4 2 m 40
m

21 63

39 O Al Si Zr Sn Cr Fe Ni SEM-EDS 37
SEM-EDS

39 40

38.  KIT MAX Cr2AlC Zry-4 63

3

5

1

2

4

6
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SE O Al

Si Zr Sn

Cr Fe Ni

39.  KIT MAX Cr2AlC Zry-4 63 SEM-EDS O
Al Si Zr Sn Cr Fe Ni
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O K Ni L Al K Si K Zr L Sn L Cr K Fe K 
1 3.2 0.3 0.4 0.5 - 0.1 95.2 0.4 
2 4.1 0.2 0.3 0.9 - 0.2 93.9 0.4 
3 2.2 0.2 20.8 0.3 - 0.2 76.1 0.2 
4 4.8 0.1 21.3 0.4 0.4 0.1 72.7 0.2 
5 4.0 0.2 0.9 0.5 2.2 0.1 91.9 0.3 
6 25.1 0.1 0.1 - 68.7 1.1 3.8 1.1 
7 26.2 0.5 - - 71.3 1.0 0.6 0.4 
8 1.9 0.4 - - 95.6 1.5 - 0.6 

40.  KIT MAX Cr2AlC Zry-4 63 SEM-EDS K
L X  
 
3.6.4. ZrSi-Cr PVD Zry-2 

41 16.5 ZrSi-Cr/Zry-2 INCT 2 m
10 m

 

42 O Al Si Zr Sn Cr Fe Ni SEM-EDS
43 SEM-EDS O Zr

42 Zr  

3 

1 2 

5 4 

6 

7 

8 
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41.  INCT ZrSi-Cr Zry-2

SE O Al

Si Zr Sn

Cr Fe Ni

42.  INCT ZrSi-Cr Zry-2 16.5 SEM-ED O Al Si Zr
Sn Cr Fe Ni
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 O K Ni L Al K Si K Zr L Sn L Cr K Fe K 
1 1.8 1.1 - - 94.0 0.8 0.9 1.4 
2 25.8 0.7 - - 71.4 0.7 0.5 0.9 
3 4.7 0.6 - 28.6 31.5 0.2 33.7 0.7 
4 27.8 - 0.1 1.1 27.4 - 31.4 9.0 
5 13.7 - - 17.0 25.1 - 44.3 - 
6 27.8 - - - 69.8 1.1 0.4 0.7 

43.  INCT ZrSi Zry-2 16.5 SEM-EDS K L X
 

3.6.5. AISI 348 SS  

44 63 AISI 348 21 42
/ 63

44 1 m  

45 O Nb Cr Mn Fe Ni SEM-EDS
SEM-EDS 46 Nb Nb

 

3 

1 

4 

5 

2 

6 

Field ov View 
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44.  AISI 348 63

SE O Nb

Cr Mn Fe

Ni

45.  AISI 348 63 SEM-EDS O Nb Cr Mn Fe Ni
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O K Al K Si K Nb L Cr K Mn K Fe K Ni K
1 - 0.1 0.6 0.4 17.0 1.7 71.1 9.1
2 - - 0.6 0.4 17.0 2.0 71.0 9.1
3 6.2 - 0.4 43.3 9.7 - 36.0 4.5
4 - - 0.6 1.7 17.1 2.1 69.8 8.7
5 - - 0.6 0.4 17.0 2.0 70.1 9.1

46.  AISI 348 63 SEM-EDS K L X

3.7. INCT

3.7.1.

47 Zry-2

47.  Zry-2

48 SEM
SEM

63

21 42 63

321

4

5

Field ov View
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48.  Zry-2 SEM 1000×

21 42 63
Zr O 49 SEM

49.  Zry-2 SEM

18

18.  Zry-2

21d 42d 63d

[%] 2.79 4.209 5.313

XRD Zr ZrO2

21 42 63

21 42 63
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50.  Zry-2 XRD Zr ZrO2 A0 0
A1 21 A2 42 A3 63

Zry-4 51

51.  Zry-4

Zry-4 52 SEM

52.  Zry-4 SEM

21 42 63 53
Zr O

-2

21 42 63

21 42 63
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53.  42 63 Zry-4 SEM

19 21 42 63

19.  Zry-4

21d 42d 63d

[%] 3.1 3.525 3.45

3.7.2. Cr PVD Zry-2

Cr 54 21
42 63

54.  Cr Zry-2

55.  Cr Zry-2 SEM 10000×

26 m 56 21 42 63

42 63

21 42 63

21 42 63



57

56.  Cr PVD Zry-2 SEM

20

20.  Cr PVD Zry-2

21d 42d 63d

[%] 0.375 0.51 0.94

XRD 57 Cr Cr
Cr 26 m

Zry-2

57.  Cr Zry-2 XRD A0 A1 21 A2
42 A3 63 110 200 A2 A3 2-Theta =33°

Cr2O3

3.7.3. Cr2AlC/Cr MAX PVD Zry-4

MAX 58

21 42 63
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58.  MAX PVD Zry-4

21 42 63

59.  MAX Zry-4 SEM 1000× 10000×

63 SEM/EDS Cr
O Al

60.  MAX Zry-4 SEM

21
PWR

21.  MAX PVD Zry-4

21d 42d 63d

[%] -3.555 -0.783 1.05

21 42 63

21 42 63

42 63
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XRD Cr Cr2O3 61
Cr2AlC

61.  MAX Zry-4 XRD A0 A1 21 A2
42 A3 63

3.7.4. ZrSi-Cr PVD Zry-2

ZrSi-Cr 62

62.  ZrSi-Cr PVD Zry-2

SEM

21 42 63
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63.  ZrSi-Cr Zry-2 SEM

21 42 Cr2O3

63
21 42

64.  ZrSi-Cr Zry-2 SEM

22 21
42 63

22. ZrSi-Cr Zry-2

21d 42d 63d

[%] 0.0 4.733 72.625

65 XRD Zr
Zry-2 2.5 m
XRD ZrO2

21 42 63

21 42 63
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Zr40Si24Cr36 Zry-2 XRD A1
= 51° ZrO2 A2 = 34 42 51 56

66°

65.  ZrSi-Cr Zry-2 XRD A0 A1 21
A2 42 A3 63

3.7.5. AISI 348 SS

AISI 348 /
Cr

66.  AISI 348 SS

67
SEM

21 42 63
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67.  AISI 348 SS SEM

1.0 m

68.  21 42 63 AISI 348 SEM

23

23.  AISI 348 SS

21d 42d 63d

[%] 0.204 1.127 0.736

XRD 69 Fm-3M
a=3.5483A A2 Fe2O3 = 44.514° a=2087787 
A bcc Im-3m

21 42 63

21 42 63
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69.  AISI 348 XRD A0 A1 21 A2 42
A3 63

3.8.

ATF
UO2 ATF

Zry-2 Zry-4

Cr PVD Zry-2

Cr/Cr2AlC/Cr PVD Zry-2

ZrSi-Cr PVD Zry-2

AISI 348

70
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70.  ATF

AISI 348 63
1 m MAX Zry-4

/
21 0.5 5 m 42 3 10 m 63 2 40 m

6.5 m /
63

63 1 m 10 m

CTU Cr PVD/Zry-4 20 30 m
Cr O

63 Zry-4 1 m 10 m

INCT ZrSiCr Zry-2
16.5

Cr WWER PWR
AISI 348 SS

MAX ZrSi-Cr
ZrSi-Cr

Cr Zr
AISI 348 SS 71 ATF

[
/

]
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71.  PWR WWER Cr AISI SS Zr

-2 WWER

Cr PVD -2 WER+PWR

AISI 348 WER+PWR

-2 PWR

-4 PWR

[
/

]

[ ]
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4.   

CTU VTT KIT MTA EK
 

 60  

 30  

 5  

DBA 17% ECR  
Cathcart-Pawel [79] ATF

[80]  

24
 

24.   

CTU  

 1100 -60 1200 -30
1300 -5  

AISI 348 X 
Cr Zry-2 X 
MAX Zry-4 X 
ZrSi-Cr Zry-2 — 
E110  X 
Cr E110 X 

VTT  

 1100 -60 1200 -30
1300 -5  

AISI 348 X 
Zry-4  X 
Cr Zry-2 X 
MAX Zry-4 X 
ZrSi-Cr Zry-2 — 

KIT  

 1100 -60 1200 -30
1300 -5  

AISI 348 X 
Zry-4  X 
Cr Zry-2 X 
MAX Zry-4 X 
ZrSi-Cr Zry-2 X 

MTA EK  

 1100 -60 1100 -180
1200 -30 1200 -45 1200 -60  

Cr E110 X 
E110  X 
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XRD SEM

 

4.1.  

4.1.1. CTU/UJP 

CLASSIC 1450

72  

 

72.  CTU/UJP Elsevier [182]  
 

73 1
KIT

AISI 348
AISI 73  

 

 

 

 
 

 

  
 

 

 

   

 



68

73. 1200

-Zr O NIKON Elipse MA200
LUCIAG

7 mm
INSTRON 1185 135 RCT

Analyser G8 GALILEO Bruker

Analyser G8 GALILEO

25

26

Zr1%Nb 27

25. 

Zry2-REF-51 Zry-2 1200 30
Zry2-Cr3-51 Zry-2 + Cr 1300 5
Zry2-Cr3-52 Zry-2 + Cr 1200 30
Zry2-Cr3-53 Zry-2 + Cr 1100 60
SS-TS-01 AISI 348 1300 5
SS-TS-02 AISI 348 1200 30
SS-TS-03 AISI 348 1100 60
SS-TS-05 AISI 348 1400 2

/
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26.   

    
Zry2-REF Zry-2  1200 30 
KIT-24 Zry-4 + MAX  1300 5 
KIT-25 Zry-4 + MAX  1200 30 
KIT-26 Zry-4 + MAX  1100 60 
SS-PS-17 AISI 348 1200 30 

 

27.  Cr Zr1%Nb  

    
9Cr3101 Zr1% Nb + Cr  1200 30 
9Cr3102 Zr1% Nb + Cr  1200 45 
9Cr3103 Zr1% Nb + Cr  1200 60 
9Cr3104 Zr1% Nb + Cr  1200 45 
9Cr3105 Zr1% Nb + Cr  1200 30 
9Cr3106 Zr1% Nb + Cr  1300 5 
9Cr3107 Zr1% Nb + Cr  1100 60 
9Cr3108 Zr1% Nb + Cr  1100 180 
9Cr3109 Zr1% Nb + Cr  1200 75 
9Cr3110 Zr1% Nb + Cr  1200 90 
9Cr3111 Zr1% Nb + Cr  1300 9 
9Cr3112 Zr1% Nb + Cr  1300 9 
9Cr3113 Zr1% Nb + Cr  1100 480 
9Cr3V01  Zr1% Nb + Cr  1200 60 

 

4.1.2. VTT 

1100 1300 74
RCA

100
1600 VTT

VTT TECDOC ATF
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1. 6.
2. HPLC 7.
3. 8.
4. 9.
5.
ATF

74. ATF VTT

4.1.3. KIT

75
1100 -60 1200 -30 1300 -5

75 Ar
20 l/h 10 K/min

20 l/h Ar 20 g/h H2O 55
vol% 76

Balzers GAM300
Ar

XDR Seifert PAD II
SEM Philips XL30S
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75. 

KIT CRP ACTOF KIT
KIT

76. 

4.1.4. MTA EK

MTA EK 8 60 mm Zr1%Nb
24 Cr PVD Zr1Nb

Zr1Nb

+
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8 5 Cr 2
1 Cr 28

28. 

IAEA-01 Cr PVD Zr1Nb 1200 3600
IAEA-02 Zr1Nb 1100 3600
IAEA-03 Cr PVD Zr1Nb 1100 3600
IAEA-04 Cr PVD Zr1Nb 1100 10 800
IAEA-05 Zr1Nb 1200 1800
IAEA-06 Cr PVD Zr1Nb 1200 1800
IAEA-07 Cr PVD Zr1Nb 1200 2700
IAEA-08 Cr PVD Zr1Nb 1200 3600

12 vol% Ar
120 1100

77
6 dm3 2

mg/cm2/s 8 mg/cm2/s

77.

135 INSTRON 1195 78
10

2 mm/min -
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78.  /  
 

4.2. CTU/UJP 

29 30 31 Cr Zr1%Nb  

Zry-2
-Zr O 113 m

ZrO2 -Zr O -Zr
150 m ZrO2 162 m -Zr O -Zr

 

MAX 1100 1200
1300

ZrO2 -Zr O  

Zr1%Nb Cr Zry-2
1300 Zry-2-Cr3-51 Cr-Zr

1
Zr1%Nb Cr

Cr Cr
Cr2O3 9Cr3V01

Cr Cr2O3 Cr2O3

Cr
-Zr -Zr O

Cr 2 m ZrN -Zr N O  

AISI 348 SS
AISI 304L 1400

SS-TS-05 Fe3O4

KIT FeCr2O4  
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75



76



77



78



79



80
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90 WG-CP ECR-CP
-Zr O

2 10 20 0.5 mm
-Zr

135 7 mm 29 30
31 Zr1% Nb

ECR Cathcart-Pawel
Zry-4

12%
19% 30 ppm

HV0.1 = 500 550 -Zr O

MAX 1100 1200 1300

120 ppm 1200 685 ppm 1300 1100 1200
HV0.1 260 280 -Zr 1300

HV0.1 583

Cr Zr1% Nb 100% HV0.1
200 1100 /480 min 1200 /75 min 1200 /90 

min Cr Zry-2
Cr Zry-2

AISI 348

79. Cathart-Pawel

/ /

/

AISI 348

KIT

AISI 348

2

AISI 348

KIT

AISI 348

2
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80.

Cr AISI 348 7 mm 135

Cr Zr1% Nb 1300 5
4% Cr Zry-2 Cr Zr1Nb Zry-2

1 /60 1 /5 Cr-Zr 356 
ppm 1300 AISI 348

150 200N

81. 135

Cr Zr1% Nb
Zr Cathcart-Pawel

82 1100 - -
DBT 180 480 ECR-CP 17% 50
1200 60 75 ECR-CP 17% 18

82 Zr
DBT ECR 17%

ECR ECR17% 83
DBT Zr1% Nb

84 Cr-Zr
-Zr

pp
m

0.
1

13
5

AISI 348

KIT

AISI 348

2

AISI 348

KIT

AISI 348

2

AISI 348

2

AISI 348

2



83

84
1000 1

82. Cr Zr1% Nb ECR

83. Cr Zr1%Nb -Zr

84. Cr Zr1% Nb

ECR Zr
DBT

ECR- CP %

0.1

/

/

ECR-
ECR-
ECR-
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4.3. VTT 

4.3.1. Cr Zry-2 

CTU Cr Zry-4 1 1100
60 2 1200 30 3 1300 5

35 30 1100 1200
1300 6 20  

35.  Cr Zry-2 CTU W  

1 Zry-2 
1100°C/60 min 

2 Zry-2 
1200°C/30 min 

3 Zry-2 
1300°C/5 min 

   
 

85 1100 60 Cr Zry-4
10 m  

86 O Zr Sn Cr Fe SEM-EDS SEM-EDS
87 86 SEM-EDS 87 2 SA2
Cr Zr Cr  

 

85.  Cr Zry-2 CTU 1100 60 SEM  
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SE O Zr

Sn Cr Fe

86. 1100 60 min Cr Zry-2 CTU O Zr Sn Cr Fe SEM-EDS

C K O K Si K Zr L Sn L Cr K Fe K Ni K
1 — 1.7 — 94.1 1.3 2.0 0.3 0.5
2 — 2.3 — 38.6 0.3 56.7 1.8 0.4
3 — 3.0 0.2 — 0.2 96.2 0.5 —
4 — 3.1 0.1 — 0.1 96.2 0.4 —
5 — 27.3 0.2 — 0.1 72.2 0.2 —
6 26.0 3.5 1.0 15.8 0.2 52.8 0.8 —

87. Cr Zry-2 CTU 1100 60 min SEM-EDS wt% K L
X

3

5
2

11

4

6
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88 1200 30 Cr Zry-2 CTU SE
15 m 1100

89 O Zr Sn Cr Fe SEM-EDS SEM-EDS
90 89 SEM-EDS Cr Zr 89

2 SA2 1100 Cr

88. Cr Zry-2 CTU 1200 30 SE

SE O Zr

Sn Cr Fe

89. 1200 30 min Cr Zry-2 CTU O Zr Sn Cr Fe SEM-
EDS
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 C K O K Al K Si K Zr L Sn L Ca K Cr K Fe K 

1 — 2.1 — — 93.7 1.4 — 2.1 0.8 
2 — 2.2 — — 38.3 0.4 — 58.6 0.5 
3 — 3.3 — — 0.3 0.2 — 96.2 — 
4 — 28.2 0.2 0.1 — 0.2 — 70.8 0.5 
5 60.7 16.3 0.5 1.6 2.2 — 2.9 2.4 13.4 
6 — 26.7 0.5 0.2 — — 0.2 71.3 1.1 

90.  Cr Zry-2 CTU 1200 30 min SEM-EDS wt% K L
X  

 
91 1300 5 Cr Zry-2 CTU SE

40 400 m
 

92 O Zr Sn Cr Fe SEM-EDS
92 Cr Cr

SEM-EDS 93  

 

91.  Cr Zry-2 CTU 1300 5 SE  

3 

4 

2 

1 

5 

6 
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SE O Zr

Sn Cr Fe

92. 1300 5min Cr Zry-2CTU O Zr Sn Cr Fe SEM-EDS

O K Zr L Sn L Cr K Fe K
1 7.2 91.3 1.5 — —
2 24.5 72.7 1.2 0.8 0.8
3 11.0 35.9 0.4 51.2 1.5
4 25.9 — 0.1 73.5 0.5

93. Cr Zry-2 CTU 1300 5min SEM-EDS wt% K L
X

3

4

2

1



89

4.3.2. Cr/Cr2AlC/Cr MAX PVD Zry-4

MAX Cr2AlC Zry-4/KIT
36 60 5

1300 30%

36. MAX Zry-4 W

SPP4 1100°C/60 min SPP5 1200°C/30 min SPP6 1300°C/5 min
w 6.57 % w 15.19 % w 30.36 %

94 SPP4 MAX 94(a)
94(b)

94(b)
-Zr

94.  1100 60 SPP 4

SPP 4 -Zr
Al

95 SEM-EDS

95 SPP 4 SEM-EDS MAX
ZrO2 Al

Cr2AlC Al
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95. MAX Zry-4 1100 SEM-
EDS

SPP 4 96 1100 60
SEM-WDS 96 SEM-WDS

Zr5Sn4 55.5 at% Sn [83]

SEM-EDS Sn Zr O
Zr5Sn4

96. SPP 4 SEM-WDS

SPP 5 1200 30 ZrO2

150 m
97 -Zr -

Zr -Zr ZrO2 98 SPP 5 -Zr SEM-EDS

4.5

1.5

0.5

-4

Zr C

5 m 2 m
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-Zr -Zr
-Zr [83 84]

97. SPP 5 1200 30 min ZrO2 -Zr
-Zr

98. SPP 5 1200 30 -Zr SEM-EDS

SPP 6 1300 5 99 MAX Zry-4
99

SEM 99(a) 99(b)
99 99(a) 99(b)

SEM

100(a) SPP6 100(b)
SEM -Zr MAX

101(a) 102
101(b) SEM-EDS

1100 SPP 4

102(a) 103
Sn 104 SEM-EDS Sn

105 Zr-Sn Zr-Sn
[85 86]
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(a) (b)

99. SPP 6 1300 5 (a) (b)

(a) (b)

100. 1300 5 SPP 6 (a) 99 (b) 99
SEM-EDS Sn -Zr

(a) (b)

101. 1300 5 SPP 6 (a) SPP 6 (b)
(a)
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102. 1300 5 MAX Zry-4 SPP 6 SEM-EDS

103. 1300 5 SPP 6 SEM
-Zr ZrO2

SE Zr C O

Al Cr Sn

SE
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SE Zr O

Al Cr Sn

104. 1300 5 MAX Zry-4 SPP 6 103
Sn

105. Zr-Sn

4.3.3. AISI 348 SS

3 AISI 348 1100 /60 min SPP1 1200 /30 min SPP2 1300 /5 
min

37

37. AISI 348 W

w = 1.62 % w = 4.74 % w = 5.86 %

Sn %



95

SE BSE 106 SE
BSE

200 m 450
m

107 O Si Cr Mn Fe Ni SEM-EDS
SEM-EDS (SA) 108 SEM-EDS

Fe Cr Fe-Cr
Si Mn Ni

Mn 108 2

SE BSE

106. 1100 60 min SPP 1 SE BSE

O Si Cr

Mn Fe Ni

107. 1100 60 SPP 1 O Si Cr Mn Fe Ni SEM-EDS
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 O K Si K Nb K Mo L Cr K Mn K Fe K Ni K 

1 26.4 0.1 0.1 0.1 0.2 1.6 71.0 0.5 
2 24.8 0.2 0.4 0.1 14.0 2.1 56.8 1.5 
3 23.3 1.6 0.9 0.1 28.0 1.2 40.7 4.1 
4 11.7 0.6 0.4 0.1 18.2 1.2 60.4 7.3 
5 0.8 0.5 0.3 0.1 19.0 1.6 69.1 8.7 

108.  SPP 1 SEM-EDS wt% SA K L X  
 

109 1200 30 SPP 2 SE
BSE SE

BSE
500 m 650 m

 

110 O Si Cr Mn Fe Ni SEM-EDS
SEM-EDS 111  

 
SE  BSE  

109.  1200 30 SPP 2  

3 

2 

1 

5 

4 
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O Si Cr

Mn Fe Ni

110. SPP 2 O Si Cr Mn Fe Ni SEM-EDS

O K Si K Nb K Mo L Cr K Mn K Fe K Ni K
1 23.2 — — — 0.2 2.2 73.9 0.6
2 23.2 0.1 0.2 0.1 0.3 1.9 74.0 0.2
3 23.9 0.7 0.9 0.1 7.0 2.0 64.5 0.7
4 21.3 0.2 0.5 0.1 24.9 1.0 44.5 7.4
5 18.9 0.5 0.6 0.1 26.9 0.9 44.7 7.3

111. SPP 2 SEM-EDS wt% SA K L X

3

4

5

2

1
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112 1300 5 SPP 3 SE
BSE SE

BSE
520 m 1050 m

113 O Si Cr Mn Fe Ni SEM-EDS
SEM-EDS 114

SE BSE

112. 1300 5 SPP 3

O Si Cr

Mn Fe Ni

113. 1300 5 SPP 3 O Si Cr Mn Fe Ni SEM-EDS
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 O K Si K Nb K Mo L Cr K Mn K Fe K Ni K 
1 23.5 0.1 0.2 0.1 0.2 1.8 74.0 0.2 
2 23.7 0.2 0.3 0.1 2.2 1.6 71.7 0.2 
3 22.8 0.4 0.7 0.1 19.9 1.5 49.3 5.4 
4 16.3 0.3 0.5 0.1 21.1 0.9 45.0 15.8 

114.  SPP 3 SEM-EDS wt% K L X
 

 
Fe Mn

F Mn Cr Ni Fe
1100 Fe 71.0 wt% 1200 1300 74 wt%

1100 SEM 200
450 m 1300 520 1050 m  

Cr 113 SEM-EDS
1 SA1 Cr 0.2 wt% Fe 74.0 wt% 2 SA2 Cr 2.2 wt% Fe 71.7 wt%

Cr Fe 114  

4.4. KIT 

KIT ATF
KIT ACTOF CRP KIT KIT

 

4.4.1. Cr PVD Zry-2 

115 Cr Zry-2
1100 Cr

3 

4 

2 

1 



100

1100 1200 1300

1 1 30

1 5

115. Cr Zry-2

116 Cr Zry-2

8.04 8 1100

116. Cr Zry-2 8

1100
117 Cr 22 mCr

H
2

8[
g/

m
2 ]

8



101

5.5 m Cr2O3 Cr 25 m
Zry-2

1200
EDX Cr2O3

[9]
30 Cr2O3 7.3 m Zry-2

1300 5 Cr Cr2O3 8 m
Cr

1100 1 1200 30 1 5

1100 1 1200 30 1300 5

117. Cr Zry-2 SEM

4.4.2. MAX PVD Zry-4

118 MAX Zry-4
130 119

8

Cr Zry-2 7 20

120 SEM
/
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1100 1 1200 30 1300 5

118. Cr2AlC MAX Zry-4

119. Zry-2 8

Cr2AlC Cr2O3

8

H
2

8[
g/

m
2 ]

1350
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1100 1  1200 30  1300 5  

 

1100 1  1200 30  1300 5  

120.  Zry-2 SEM  
 

4.4.3. ZrSi-Cr PVD Zry-2 

ZrSi-Cr 1100 1200
 

 

1100 1  1200 30  1300 5  

121.  ZrSi-Cr Zry-2  
 

122  ZrSi-Cr

73 m ZrO2 ZrSi-Cr Zry-2 ZrO2

Cr2O3 SiO2 1100 1200
130

 

123 ZrO2 ZrO2 Zr O
Si Si Cr  
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122. ZrSi-Cr Zry-2 8

1100 1 1200 30 1300 5

1100 1 1200 30 1 5

123. ZrSi-Cr Zry-2 SEM

4.4.4. AISI 348 SS

AISI 348 1100 124

8

H
2

8[
g/

m
2 ]

1350
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1100 1 1200 30   1 5

124. AISI 348

125 AISI 348
Fe3O4 FeCr2O4

125.  AISI 348 8

1100 1300 AISI 348
1300 AISI 348 126

Fe2O3 Fe3O4

8

H
2

8[
g/

m
2 ]
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1100 1 1200 30 1300 5

1100 1 1200 30 1300 5

126. AISI 348 SEM

4.5. MTA EK

MTA EK 2018 RRT CTU/UJP 127
Cr PVD Zr1% Nb 1100 1200

127. Cr Zr

4.5.1. Cr PVD Zr1% Nb

38

=
2 10000

1.5 (49)
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  m  

  g  

  Cr 52.0 g/mol  

  Cr 7.15 g/cm3  

  cm2  

  32.0 g/mol  

 

38.   

   
 
 

( ) 

 
 

(s) 

 
 

(g) 

 
 

(g) 

A 
(cm2) 

m/A 
(g/m2) 

L 
(mm) 

D 
(mm) 

L 
(mm) 

IAEA-01 Cr 
 

 1200 3600 10.31819 0.07356 18.29 40.2 57.0 9.17 12.2 

IAEA-02 Zr 
 

 1100 3600 11.02454 0.35719 18.64 191.6 58.9 9.12 — 

IAEA-03 Cr 
 

 1100 3600 9.96257 0.01582 17.96 8.8 56.0 9.17 2.7 

IAEA-04 Cr 
 

 1100 10800 10.26797 0.02497 18.25 13.7 57.0 9.15 4.1 

IAEA-05 Zr 
 

 1200 1800 10.98722 0.43748 18.75 233.3 58.9 9.14 — 

IAEA-06 Cr 
 

 1200 1800 10.34523 0.02312 18.29 12.6 57.0 9.17 3.8 

IAEA-07 Cr 
 

 1200 2700 9.83425 0.02837 17.88 15.9 55.8 9.15 4.8 

IAEA-08 Cr 
 

 1200 3600 10.37083 0.03443 18.33 18.8 57.1 9.18 5.7 

 

Cr IAEA-01 Cr 19 m
5 m  

Zr Cr Zr
0.3 0.4 g Cr 0.01 0.04 g  

Cr
128  
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128. Zr Cr

129. 1100 1200 Zr

129 1100 1200
130 Cr

130. Cr

4.5.2. Cr PVD Zr1% Nb

Cr IAEA-01 0.07 g
IAEA-08 0.03 g 38

A.R. A.R. 
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m/A= 40 g/m2 131 130
132 10

491 g/cm2

131. 1200 3600 s Cr IAEA-01

132. Zr 1200 2700 s m/A= 491
g/m2

Cr 133
134

133. Cr
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134. 1200 3600 s Cr IAEA-01

4.5.3.

Zr1Nb Cr

Cr IAEA-03 1100 3600 s
Zr IAEA-02 450N

135

1200 1800 s Zr IAEA-05 300 N 1.5 mm 
Cr IAEA-06 500 N

136

135. Zr 1100 3600s -

N

mm
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136. Zr 1200 1800s -

Cr IAEA-03 IAEA-04
1100 - 3600 s 10800 s Cr
IAEA-06 IAEA-07 IAEA-08 1200 1800 s 2700 s 3600 s -

137 138

137. 1100 3600s 10800s -

mm

N

N

mm
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138. 1200 1800 s 2700 s 3600 s -

139

139. 1200 3600 s -

39

mm

N

N

mm
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39.   

 
mm  mm  mm  

d1 d2 d3 d l1 l2 l3 l v1 v2 v3 v 
IAEA-01-1 9.16 9.18 9.20 9.18 7.98 8.01 8.00 8.00 0.72 0.73 0.72 0.72 
IAEA-01-2 9.23 9.18 9.30 9.24 7.82 7.75 7.83 7.80 0.74 0.70 0.73 0.72 
IAEA-02-1 9.10 9.15 9.09 9.11 8.25 8.26 8.19 8.23 0.64 0.63 0.62 0.63 
IAEA-02-2 9.15 9.21 9.14 9.17 8.20 8.14 8.18 8.17 0.62 0.64 0.62 0.63 
IAEA-03-1 9.12 9.13 9.16 9.14 7.68 7.72 7.67 7.69 0.64 0.62 0.64 0.63 
IAEA-03-2 9.15 9.16 9.19 9.17 8.00 8.10 7.92 8.01 0.72 0.73 0.65 0.70 
IAEA-04-1 9.10 9.18 9.12 9.13 7.40 7.39 7.38 7.39 0.60 0.63 0.70 0.64 
IAEA-04-2 9.17 9.14 9.19 9.17 8.13 8.15 8.17 8.15 0.66 0.70 0.64 0.67 
IAEA-05-1 9.08 9.14 9.21 9.14 7.13 7.14 7.06 7.11 0.64 0.54 0.66 0.61 
IAEA-05-2 9.07 9.12 9.26 9.15 7.30 7.32 7.28 7.30 0.63 0.64 0.64 0.64 
IAEA-06-1 9.20 9.16 9.13 9.16 8.15 8.13 8.15 8.14 0.64 0.65 0.66 0.65 
IAEA-06-2 9.18 9.15 9.17 9.17 7.90 7.90 7.90 7.90 0.64 0.67 0.64 0.65 
IAEA-07-1 9.17 9.18 9.13 9.16 8.19 8.19 8.16 8.18 0.62 0.64 0.66 0.64 
IAEA-07-2 9.15 9.21 9.18 9.18 8.21 8.23 8.20 8.21 0.64 0.62 0.68 0.65 
IAEA-08-1 9.16 9.18 9.24 9.19 8.13 8.09 8.12 8.11 0.63 0.60 0.62 0.62 
IAEA-08-2 9.12 9.15 9.19 9.15 7.79 7.79 7.78 7.79 0.60 0.63 0.64 0.62 
 

40 Cr
500 N Zr 50 

mJ/mm[96] Zr IAEA-05  

40.   

 
 

 N  
 

 mJ/mm  
 

  
 

 mm  
IAEA-01-1 575.0 298.8 135 5.21 
IAEA-01-2 522.6 225.7 135 4.31 
IAEA-02-1 473.0 139.6 135 4.11 
IAEA-02-2 442.9 171.7 135 4.67 
IAEA-03-1 652.5 440.5 135 6.08 
IAEA-03-2 959.8 476.1 135 6.60 
IAEA-04-1 526.8 341.5 135 5.67 
IAEA-04-2 575.4 317.4 135 5.00 
IAEA-05-1 288.5 38.3 135 5.19 
IAEA-05-2 306.1 42.8 135 1.51 
IAEA-06-1 575.1 364.3 135 6.05 
IAEA-06-2 636.2 357.8 135 6.01 
IAEA-07-1 678.1 339.6 135 5.81 
IAEA-07-2 535.8 325.7 135 5.93 
IAEA-08-1 492.8 230.2 135 4.67 
IAEA-08-2 504.9 240.6 135 4.56 

 

4.5.4.  

IAEA-08 1200 3600 s
Oxford X
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EDX EDX
5 30 kV BEI

5 kV
30 m  

140 BEI
BEI  

 

140.  IAEA-08 2000 3500 SEI
BEI  

 
SEI Zr1% Nb

 

 12 16 m  

 2.1 5 m
38  

140 BEI
1 m  

141 BEI EDX 41 EDX
11 C Na S Cl  

41.  IAEA-08 EDX  

/  
wt %  C O Na S Cl Cr Zr 

9 2.62 34.14 — — — 63.17 0.07 
10 1.73 0.69 — — — 97.58 — 
11 22.86 3.24 0.65 0.97 0.26 67.95 4.06 
12 3.03 0.31 — — — 50.51 46.15 
13 4.23 — — — — 2.81 92.96 

7 

1 
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141. BEI IAEA-08 EDX

11

142 BEI

142. IAEA-08 BEI

2 m
Cr 41 12

C K
O K

Cr K
Zr L

13

12

11

9

10

2 m

m

CP
S
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4.5.5.

Cr Zr

IAEA-05 Zr 1200 1800 s 143

IAEA-06 Cr 1200 1800 s 144

OLYMPUS GX53F
136 20 g ASTM 

E384-17 Reichert Me-F2

Zr IAEA-05 Zr1% Nb [97] 143
m

200 m
1200

Cr Zr IAEA-06 Cr
15 20 m Cr Zr

100 m Zr

143. IAEA-05 Zr1Nb
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144. IAEA-06 Cr PVD Zr1Nb

145 146
Zr IAEA-05 - Cr IAEA-06 Cr-Zr

IAEA-05 145
400 900

300

145. IAEA-05
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IAEA-06 100 m 350 400 146
170 240

146. IAEA-06

4.6.

ATF

AISI 348 1100 200 m 450
m 1300 520 m 1050 m Fe

Cr Fe Cr
Mn

0.5 mm AISI 348
AISI 348

CTU Cr Zry-4 1100
10 m 1200 15 m 1300 40 400 m 1100 1200

1200
1300

40 400 m 1300
1100 1200 Cr/Zr
Fe

MAX PVD Zry-4

MTA EK CTU PVD Zr1Nb
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Cr Zr Zr
Cr

1200 Zr
10 m

12 15 m 5 6 m

AISI 348 SS 147 Zr

147. 1100 60 1200 30 1300 5

Cr 1300
1320 1330

DBT
ZrSi-Cr MAX Zr

1100

[g
/m

2 ]

[g
/m

2 ]

s s s

-4
AISI 348

-2
Cr2Al -4
SiCrZr -2

[g
/m

2 ]

-4
AISI 348

-2
Cr2Al -4
SiCrZr -2

-4
AISI 348

-2
Cr2Al -4
SiCrZr -2
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5.  FeCrAl  

5.1.  

2017 6 CRP ACTOF RCM [98]
FeCrAl

FeCrAl
FeCrAl

FeCrAl
 

FeCrAl

ORNL [99 103] C35M
2022 Halden

[103] INL [104]
ATR ORNL Halden ORNL INL

C35M [99 100 102 103 105]

FeCrAl [105]  

FeCrAl-C35M
INL 2017 10

[106] 2.1 FeCrAl
FeCrAl

 

CRPs FUMEX FUMAC
ATF FeCrAl

ATF
 

ACTOF FeCrAl INL BISON NINE
TRANSURANUS JAEA FEMAX I-7 FRAPCON CNEA BACO

TRANSURANUS FRAPCON

TRANSURANUS FRAPCON  
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ACTOF FeCrAl 5.2
5.3

5.4 5.5
5.6  

5.2.  

INL ACTOF [106]
LOCA

 

5.2.1.  

10 FeCrAl
Zry-4 UO2  

118.6 mm UO2 FeCrAl Zry-4 80 
m UO2/Zry-4 UO2/FeCrAl

FeCrAl

Zry-4 FeCrAl [101] FeCrAl
[107] 42  

3 0 25 / 4
35 037 4 3 148

0.14 / /
FeCrAl Zry-4 FeCrAl Zr

FeCrAl
25 / 4

PCMI Zry-4
67 GWd/tU FeCrAl

61 GWd/tU  

42.   

 UO2/Zry-4  UO2/FeCrAl  
mm  118.6 118.6 

mm  8.19 8.57 
mm  0 0 
   

m  80 80 
mm  8.35 8.73 
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42. 

UO2/Zry-4 UO2/FeCrAl
mm 0.575 0.385
mm 9.5 9.5

mm 26 26
mm 1 1

cm3 1.725 1.874
MPa 2 2

He He
% TD 95 95

% 5 5
m 5 5
kg/m2s 3800 3800

k 580 580
MPa 15.5 15.5

148. 25 /

5.2.2.

LOCA FeCrAl AEKI [108] PUZRY
Zry-4

700 1200
50

0.1 MPa 1000
7 10-4 2.6 10-2 MPa/s

PUZRY / 9.3/10.75 mm 725 m Zry-4
ACTOF FeCrAl PUZRY

FeCrAl
385 m 5.2.1 43 LOCA

3 3
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PUZRY CRP FUMAC [109] 44
 

PUZRY

 

PUZRY Ar
FeCrAl-C35M

 

43.  LOCA  

 FeCrAl 
mm  4.65 

m  385 
mm  50 
mm  5 

 Ar 
MPa  0.1 

 
44.  6  

  MPa/s  
8 1000 0.00763 
10 1100 0.00710 
12 1200 0.00723 
18 900 0.01151 
26 700 0.01193 
30 800 0.02630 

 
5.3.  

5.3.1. BISON 

DOE NEAMS CASL
BISON [110]

INL  

BISON INL MOOSE[111] MOOSE
Jacobian-

Free Newton Krylov JFNK BISON
BISON

BISON LWR
TRISO
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BISON BISON
[112] BISON

[110
113] [114]

LOCA

/ [110 113]  

BISON MOX U3Si2 U-Pu-Zr U-10Mo
HT9 316 FeCrAl BISON [110]

 

BISON

[113]  

BISON LWR [115 116]
DBA LOCA[117 118] RIA[119

120] TRISO BISON
[116 121]  

BISON FeCrAl [105]  
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URGAP [135]
[123]
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(a) (b)

232Th 233-236 238U 237Np 238-242Pu 241Am
243Am 242-245Cm [136]
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c)  

149.  

5.3.3. FEMAXI

FEMAXI 20 70
[137]
FEMAXI-7 [138 139]
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/
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45.  UO2  

   
 Halden [140] 

 Halden [140] 
 MATPRO-09 [141] 

 MATPRO-11 [142] 
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 MATPRO-11 [142] 
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 FEMAX I [138] 
 FEMAX I-III [138] 

 1%  
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 MATPRO-11 [142] 

 Itoh [144] 
 

5.3.4. FRAPCON-USP 
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5.3.5. BACO 

BaCo
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IAEA CRPs D-COM FUMEX I II III FUMAC
NEA-IAEA IFPE OECD Halden

BARC PHWR [148] OECD/NEA PCMI [149]  

BaCo PHWR CANDU[150] Atucha[151] PWR
BWR WWER MOX CNEA

PWR CAREM [152] PHWR MOX [153] PHWR
CARA [154]  

UO2 BaCo

Zry
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[146] [147]  

BaCo [146]
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5.4.  

5.2.1
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5.4.1 Zry-4 5.4.2
 

5.4.1. Zircaloy-4  

FeCrAl Zry-4
5.2.1 Zry-4
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(ii)  
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FRAPCON
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Zry-4 UO2
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151. Zry-4
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%

h
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153. Zry-4

PCMI PCMI

[159]

154

[160] EOL 15 20 μm
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155. Zry-4

156 FGR
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156 Zry-4

157. Zry-4

5.4.2. FeCrAl

FeCrAl
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159. FeCrAl

160. FeCrAl
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161. FeCrAl

162 Zry-4 155
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5.5.

LOCA 5.2.2

INL USA BISON

JAEA FEMAXI-7

NINE TRANSURANUS

LOCA

5.5.1. FeCrAl

165 166 LOCA n. 8 1000 n. 12 1200
5.2.2
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s
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166. LOCA n. 12

TRANSURANUS FEMAXI
3 5%

5.5.2. FeCrAl Zircaloy-4

167 LOCA
Zry-4 PUZRY 5.2.2 [108]
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167. LOCA FeCrAl Zry-4
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169
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5.6.
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FeCrAl
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 (iii) FeCrAl
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6. ATHLET-CD SOCRAT QUENCH-19

6.1.  

FeCrAl Kanthal
FeCrAl APM 73%Fe 21.2%Cr 5.8%Al APMT 70%Fe 21%Cr 5%Al

3%Mo 2011 3 FeCrAl

BDBA

FeCrAl
FeCrAl

Cr
13% FeCrAl
ORNL Fe Cr Al

Y
ORNL Kanthal Cr
[165 167] ORNL B136Y 13%Cr

6.2%Al 0.03%Y Fe [168 171]
[169 170]

KIT QUENCH B136Y 2018 8 29 KIT
QUENCH-19 B136Y 4 Kanthal AF 7 KANTHAL 

APM KANTHAL APM [172]
B136 ZIRLO 2
QUENCH-15 ZIRLO

1460°C QUENCH-15
QUENCH-15

9 g 41 g FeCrAl
20 mm

Zr FeCrAl  
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QUENCH-19 FeCrAl

GRS ATHLET-CD [173]

IBRAE SOCRAT [174]

170 46
ROD1 ROD2 ROD3

170.  QUENCH-19

46.  QUENCH-19

ROD1 4 1, 2, 3, 4
ROD2 8 5, 6, 8, 9, 11, 12, 14, 15
ROD3 12 7, 10, 13, 16, 17, 18, 19, 20, 21, 22, 23, 24

0 s
0 mm

6.2. QUENCH-19

171 176 250 1350 mm

QUENCH-19

1 2 3
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171.  ATHLET-CD SOCRAT 250mm

172.  ATHLET-CD SOCRAT 550mm

173.  ATHLET-CD SOCRAT 850mm

s ss

K K K

2

s s s

K K K

21 3

s s s

K K K

21 3

1 2 3

1 2 3

1 2 3
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174.  ATHLET-CD SOCRAT 950mm

175.  ATHLET-CD SOCRAT 1050 mm

176.  ATHLET-CD SOCRAT 1350 mm

s s s

21 3

K K K

s s s

K K K

21 3

s s s
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K K K

1 2 3

1 2 3
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1050 mm ROD1
ROD2 1350 mm

ATHLET-CD ROD1 ROD2 SOCRAT
ROD3

200 K QUENCH-15
50 K  

FeCrAl 1783 K  

6.3. QUENCH-19  

KIT ATHLET-CD IBRAE KANTHAL APMT
ORNL 1323 1473 K[165] 1473 1750 K[166]

[167] ORNL 1323 1750 K APMT
Arrhenius [168]  

= exp         (50) 

Ea=344 kJ/mol A1=7.84 g2/cm4s R  

KANTHAL APMT QUENCH-19
 

B136Y3 ORNL[169]
344 kJ APMT APMT

3 10
B136Y3 [170]  

=
9.62 × 10 [g /cm s], 1473 K

exp                     , 1473 < < 1648  (51) 

Ea=344 kJ/mol A2=15.18 g2/cm4s  

APMT 5.0% Al 21% Cr B136Y 6.2% Al 13%
Cr T>1550 K

B136Y R²=0.94
 

= exp        , 1473 <   <  1648  (52) 

Ea=594.354 kJ/mol A3=3×109 g2/cm4s R  
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T>1648 K Al(OH)3

[171] Al2O3

APMT ATHLET-CD
300 SOCRAT 1723 K

1723 K [169]
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177 178
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178.  QUENCH-19 APMT

MIT B136Y GRS 51 52
52 QUENCH-19 Tpct=1733K

0.07 g 9 g

IBRAE T 1623 K 52

1723 K FeCrAl 50 K [169]
SOCRAT

= exp , T > 1723 (53)

Ea=352513 J/mol A3=4.57×107 g2/cm4s R

1623 K MIT IBRAE 52 53
Arrhenius 53

179 SOCRAT

20 K 12 g

ORNL B136Y3 QUENCH-19

s

g

K

Q19 H2

SOCRAT

Q19 T TFS 8/12
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179.  QUENCH-19 MIT

6.4.

FeCrAl Zr

FeCrAl Zr
QUENCH-15 FeCrAl

QUENCH-19

ATHLET-CD SOCRAT
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FeCrAl FeCrAl

FeCrAl SET
FeCrAl
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