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Abstract  
Time-of-flight ultrasonic measurements were conducted on a thick hexagonal block of 304 type austenitic 
stainless steel, which was used as a reflector in EBR-II and was irradiated to 23 ~ 33 dpa at 370 ~ 410˚C. The 
results of ultrasonic-implied void swelling and carbide-induced densification were compared with those 
obtained by immersion density measurements and transmission electron microscope observations. The three 
types of measurements were found to agree rather well with each other, and the variation in evaluating swelling 
decreases from ~ 0.7 % to ~ 0.3 % when we incorporate the effects of carbide formation. This study confirmed 
that ultrasonic velocity measurement is a powerful non-destructive inspection technique to measure the average 
volumetric changes across a thick component.  
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Experimental Breeder Reactor-II

5% 304

Table 1
EBR-II 8 4.5 16 8.5

243.28mm, 52.37mm Fig.1

370 ~ 
410˚C

60˚C

26-33 dpa 20-23dpa  
 

Table1 chemical composition of the archive materials

(wt.%) 

Alloy C Si Mn P S Cr Ni Fe 

304 SS 0.056 0.43 1.57 0.027 0.03 19.26 8.81 balance 

 
 
 

 
 
 
 
 

Fig.1 Appearance of the irradiated block material 

 
 
2.2

Fig.2 4

Fig.2 (a)

Westinghouse Electric Company
10MHz

0.004˚

XY
0.1mm

Fig.3
75-100mm 3D

69

Fig2.(b) 13

Fig2.(c) Fig.4

10

0.02g/cm3

#7 3mm 0.25mm  
 (TEM : 

Transmission Electron Microscope) Fig.2 (d)
TEM Philips CM30 250kV

 

 

Fig.2 Cutting sequences for this study 

 

  

Fig.3 The equipment for ultrasonic velocity measurements  

 

 
Fig.4 The equipment for immersion density measurements 

(a) Ultrasonic measurements 
from surface

(b) Ultrasonic measurements 
from the cut-face surface

(c) Density measurements 
for 13 pieces

(d) TEM observation
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#10

#11 #12

#13

Ultrasonic probe Water bath

Irradiated sample

10 cm
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TEM

 [1,3]  
 
ρ = ρ0 (1− S + 0.33C)     (3-1) 

 (3-2) 

 

ρ0 , ρ  :  

V0, V :  
S :  

C :  
 

TEM C 0.47%
2

(3-1) (3-2)
C = 0.0

 w/o C = 0.0047
 w  

Fig.5
1.0%

3D 0.83%

1.10% (w/o) 2.08% (w)
 

 

 
Fig.5 Ultrasonic velocity used to determine the inferred 

average swelling measured along the length  

 

 
Fig.6

13
Fig.6

Fig.6

2
Fig.6(b) 

 (Iso-dose strip) 
2.05% 

(w/o) 2.20%(w) Fig.5
1.10%(w/o) 2.08%(w)  

Table 2 3 #6 - #8
15 ~ 17

2

 ~ 0.7%

 ~ 0.3%  
 

 
(a)  

 
(b) 

 
Fig.6 Comparison of (a) ultrasonic velocity and (b) 

immersion density measurements. Blue indicates lower 

swelling and red indicates higher swelling in (a). 
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Table 2 Comparison of swelling determined in the pieces # 

6 through # 8 with and without the carbide contribution 

 

 density measurement ultrasonic velocity 

# 6 
1.95 % (w/o) 
2.10 % (w) 

1.30 % (w/o) 
2.29% (w) 

# 7 2.48 % (w/o) 
2.63 % (w) 

1.90% (w/o) 
2.87% (w) 

# 8 2.01 % (w/o) 
2.16 % (w) 

1.49% (w/o) 
2.47% (w) 

 

#7 TEM
Fig.7  [20]

M23C6

Table 3 Table

C = 0.0047 (3-1), (3-2)
 (w) 

TEM
2.94%

2.63%(w) 2.87%(w)

TEM
 ~ 0.3 %  

2%

FBR
M23C6  [21-23]

FBR

 

 
 

 
 

 
 

(a) 

(b) 

 
(c) 

 
 

Fig.7 Typical microstructure observed by TEM in the piece 

#7. (a) dislocation loop, (b) carbide M23C6 and (c) void 

 

 

Table 3 Microstructural data by TEM for the piece #7 

 Density 
(m-3) 

Average 
diameter (nm) 

 

Void 1.7 x 1021 28.0 Swelling: 2.94% 

Dislocation 

loop 
4.2 x 1021 37.0 

Line length : 

1.55 x1014 m-2 

Carbide 8.0 x 1020 13.0 Volume : 0.47% 
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