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ABSTRACT 
The heat-treated Zr-2.51':b is a pressure tube alloy utilized in prototype advanced thermal reactor 

Fugen. Fugcn surveillance specimens as well as three kinds of modified HT Zr-2.5Nb, i.e. as 
received. 200 ppm hydrogen enriched and radially hydride reorientated specimens, were prepared 

and irradiated in the special fuel assemblies of Fugen up to neutron exposure of 7 X 10:25 n/m2 (E > 
l Me V) at around 560 K. A series of post irradiation examination including tensile test, bending 
fracture test. compact tension test and metallographies have been extensively conducted to 
investigate the effects of neutron irradiation on mechanical property changes of pressure tube. 

Tensile strength of pressure tube increases within the initial stage of 1 X l 025 n/m:, and 
thereafter takes saturation around 1000 .t\lPa and 800 l\·IP:1 at room temperature and at 573 K 
respectively. The fracture toughness of the modified HT Zr-2.5~b pressure tube is improved at 
both unirradiated and irradiated conditions. The fracture toughness is very sensitive to the 
orientation relationship between hydride pli!telets and c::-ack extension axis. The radially 
reorientat~d hydride specimens degrades in fracture toughness. but satisfy the Fugen design value. 
Based on present results. the integrity of the Fugen pressure tube \\·as appropriately demonstrated 

for 30 years operation. 

1. INTRODUCTION 
The prototype advanced thermal reactor. Fugen (power output 165 ?vl\Ve). is a heavy-water

moderated. boiling-light-water-cooled. pressure-tube-type reactor. and has been commercially 
operating since t-.farch 1979. The pressure tubes used in the Fugen are made of heat-treated (HT) 
Zr-2.S~b with high strength and low absorption rate of neutrons, which cont1in fuel assemblies and 
boiling light water coolant at about 550 K under an operating pressure of 7 :\!Pa. 

In order to characterize the material property ch~rnges of the pressure tubes under operation of the 
Fugen, surveillance testing has been continuously conducting using specimens cut from the actual 
pressure tubes. Those surveillance specimens were assembled inside of the special fuel assemblies 
from the initial st:ige of the operation. Up to the present. surveillance specimens had been taken out 
three times in 1984[ I], 1989(2] and 1995 for post-irr.idiation ex4i:mination. 

pr--;c had also tried to improve the mechanical properties of pressure tubes by mean of modifying 
the he3.t-treatment at the finJI stage of Zr-2.5~b tubes 0 which was fom1ed at the domestic 
fabrication vendor from the billets purchased from the l"nited State. 

One of the main concerns in designing the pressure tube so as to pre\'ent unstable fractures 
during op~ration involves the effects of the concentration and orientation of the zirconium hydrides 
on the fracture toughness of the pressure tube. Zirconium alloys pick up hyd:-ogen under reactor 
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operating condition. and circumferential hydride platelets have a tendency to form in the radial -
axial plane perpendicular to the hoop stress direction. These concentrated and radial hydrides cause 
the pressure tube material to significantly decrease in fracture toughncss[3 ][ 4]. To investigate such 
individual effects, Zr-2.5Nb pressure tubes modified with heat-treatment in PNC had been 
irradiated in special fuel assemblies of Fugen, including materials with enriched hydrogen content 
and reoriented hydrides in radial direction. 

These specimens had been transported from Fugen site to the Materials Monitoring Facility in 
the O-arai Engineering Center, and post irradiation examination had been conducted. In this paper, 
results of tests concerning the Fugen pressure tube surveillance specimens as well as modified 
alloys containing enriched hydrogen and reoriented hydrides are described. 

2. ~·L-\ TERI.-\LS 
Fugen pressure tube is in dimension of 118 mm inner diameter and 4.3 mm thickness. Its 

chemical composition and heat-treatment condition are shown in Table 1. HT Zr-2.5%:Nb 
contains hydrogen of 18 ppm and about 1,000 ppm oxygen. They are water-quenched after a final 
solution treatment at a temperature of J.bout l l 60 K, cold-drawn in 5 to l 5 % , and aged 24 h at 773 
K. For tile pressure tube surveillance test of Fugen. tensile specimens, bending specimens. burst 
specimens. corrosion specimens and hydrogen analysis specimens were cut and prepared from the 
actual Fugcn pressure tubes. 

The chemical composition and heat-treatment condition of the Zr-2.5Nb pressure tubes modified 
with heat-treatment ts also shown in Table I. The finJI solution treatment was taken to be slightly 
lower of 1143 K in order to improve the fracture toughness of pressure tube. The other 
specification of modified alloy is the same as that of Fugcn pressure tube. This Zr-2.5:\"b alloy was 
fonned in pressure tube at the domestic fabrication vendor. To investig:.ne the effect of hydrogen 
on the mechanical properties of modified pressure tube. hydrogen was charged about 200 ppm. 
Some of \he pressure tube specimens were added the tensile stress of 150 MPa in hoop direction 
under thermal heal cycles of 543 K to RT at the 30 K/h to reorient the hydrides in radial direction of 
a thickne~s of the pressure tube. In the latter, the tubes were cul in to half sections and flattened by 
using a continuous reverse bending technique. The flattened plates \Vere then stress-relieved at T23 
K for 15 h. Figure I represents three types of hydride morphology of the as-recei_ved, hydrogen 
enriched of 200 ppm and hydrides reoriented specimens. which are optical micrographics at the 
transverse cross section of the pressure tube. The tensile and compact tension specimens \Vere cut 
so as to arrange the tensile axis in parallel with the hoop direction of the pressure tube, which 
corresponds to the most severe condition from the viewpoint of the hydrides reorientation. The 
schematic diagram of the test specimens to be irradiated in the Fugen is represented in Figure 2. 
which indudes tensile test specimens, bending and compact tension specimens for fracture 

toughness evaluation. 

3. IRR.\DIA TIO~ 
The surveillance examination of the Fugen pressure tubes is conducted in accordance \Vith the 

stipulations as established by the Ministry of International Trade and Industry of Japan in the 
Ministeri~il Ordinance 62 and Notification 50 I as well as in accordance with the Surveillance 
Examination Procedufe of Nuclear Reactor SLructural ;\,fa.terial of JEAC 420 l of the Electrical 
Technical Regulation of the Japan Electrical Society. The type of surveillance specimens and the 
time \Vhen such surveillance specimens to be taken out are established with consideration of the 
characteristics of the Fugen advanced thermal reactor. 

The surveillance test specimens as well as modified pressure tube specimens were contained in 
the capsules. The nine capsules containing such test specimens can be inserted into ~he fuel bundle 
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center of the special fuel assembly. There are four special f ucl assemblies loaded in the rotational 
symmetry at the intermediate portion of the Fugen reactor core, which is shown in Figure 3, and 
each special fuel assembly is removed from the core at two to four year intervals for a total of eight 
times during the reactor life. 

The irradiation condition of the surveillance test specimens and modified pressure tube 
specimens. which were post-irradiation examined and presented in this paper, are summarized in 
Table 2. The surveillance test specimens had been irradiated from the initial to the 18 cycle of the 

Fugen, which corresponds to the 3,173 days. The neutron exposure level attains to 7 .Oxl 025 n/m2 

(E> lMc\'). As for the modified pressure tube specimens, irradiation had been started at the 11 
cycle and continued up to the 20 cycle of Fugen, which results in 1,693 days operation and neutron 

exposure of 3. 7x 10~5 n/m2 (E> 1 Me V). 

4. RESULTS AND DISCUSSION 
4.1 Tensile Properties 

The tensile tests are conducted in accordance with AST~-I E-8-79a for RT and AST.M E2 l 

for 573 K. respectively. The strain rate was set to be Sx l 0·5/s up to 0.1 % yield point, and 
changed to Sx I Q-J/s until occurrence of rupture. 

Results of tensile test conducted at room temperature and 573 K are shown in Figure 4. 
These tests were carried out at the tensile stress in parallel with the hoop direction for the 
specimens cut from both Fugen sur\'eillance and modified HT Zr-2.5Nb pressure tubes. As 
compared with un-irradiated specimens. tensile strength increases with neutron fluence and 

saturates at certain level within the neutron fluence of about 1 x l 025 n/m2 (E> D.kV). which can 
be caused by the irradiation hardening due to the accumulation of point defects. i.e. frank loop 
and v;1cancy cluster fonnation. All of these results of irradiated pressure tubes demonstrate that 
one thirds of minimum tensile strength at both RT and 573 K clearly satisfy the Fugen design 
value of Sm. 

HT Zr-2.5~b modified he:1t-treatment exhibits similar tensile strength to that of Fugen actual 
surveillance s··=cimens at both RT and 573 K. From the comparison of as-receiYed specimens 
with 200 ppm hydrogen enriched specimens. both specimens show almost same strength level. 
Those results SL!ggcst that hydrides orientation in parallel with circumferential direction of 
pressure tube. same as stress axis. does not degrade the tensile strength. On the other hand . 
radially reorientlted hydrides specimens have a tendency to be slightly lower strength. \Vhich 
cab be induced by morphoiogy change of hydride platelets perpendicular to the stress axis. 

Figure 5 shows the rupture elongation of tensile tests for the as-received. :200 ppm hydrogen 
enrich~d and hydride reorientated specimens at room temperature. The rupture elongation 
decreases with neutron fluence. corresponding to the irradiation hardening shown in Figure 4. 
As for the radially reorientated hydride specimens. there is slightly lower rupture elongation 
comp~1red ·,.vith as-recciYed and hydrogen enriched specimens. 

4.2 Fracture Toughness 
Fracture toughness values v.,·ere obtained by means of the bending fracture tests for 

surveillance test specimens as well as compact tension tests for modified HT Zr~2.5Nb 
specimens. The bending fracture test specimen, shown in Figure 2, is set \vith both ends on the 
jig indined at I-LS degre~ from the load axis to avoid out-of-plane bending at the notch area. 
Prior to perfom1ing the bending fracture test, the specimen is pre-cracked by fatigue. The 
conditions for pre-cracking and loading rate are according to ASTM Test Method for Plane
Strain Fracture Toughness of ~1et:illic ~faterials (E 399-90). The equation by Brown [5] for the 
three-point bending of flat plate having a crack on one side is used to calculate the stress 
intensity factor.K. for the bending specimens. 



Th~ compact tension tests are conducted according to the AST~1 E 399 and JS:\·1E S001. As 
shown in Figure 2, pre-cracking in the compact tension specimen is introduced by fatigue with 
freqU1.::ncy of 10 Hz up to 1 mm depth by loading of 3.5 to 60 Kg and subsequently 0.5 mm 
depth by loading of 4.5 Kg to 40 Kg. The compact tension test was performed at constant 
loading rate of 200 Kg/min. and corresponding strain was monitored with the clip gages. For 
the compact tension specimen, the following equation \Vas used to calculate the stress intensity 
factor: 

K = lP/(BXW 112)1 X f 

f = (2+ ~ )X (0.886+4.64-; -13.32 ~ 2+ 14.72.; 3_ 5.6; 4)/(1-; )3i2 
where 

P = applied load 
B = thickness 
\V = width 
;=a/W 
a = initial crack length 

Fracture toughness Kc was calculated from the maximum applied load by substituting Pmax for 
P in above equation. 

Fracture toughness values Kc obtained from the bending fracture test and compact tension 
test ar~ shown in Figure 6 at room temperature for as-received. hydrogen enriched and hydride 
reorientated specimens. The fracture toughness values of as-received specimens show the 
opposite tendency to tensile strength as shmvn in Figure 4. and decrease with neutron fluence. 
\Vhich is in agreement with CANDU reactors d:it:i for cold-worked Zr-1.5Nb pressure tubes[6]. 
Because the hydrogen pickup is very small during the initial period of irradiation, the initial 
decre:1se of fracture toughness is considered to be caused by accumulation of defect clusters due 
to neutror-i irradiation. Fracture toughness at 573 K were also obtained. and it \vas demonstrated 
that fr~Lcture toughness values at operating temperature is higher than at RT. 

It is to be noticed from Figure 6 that fractur~ toughness of as-received specimens is 
improved in the modified HT Zr-2.5Nb at both unim1diated and irr:idiated conditions. compared 
with Fugen surveillance specimens. Fracture toughness decreases in 200 ppm hydrogen 
enriched specimens. although the data are sc:1ttered. In the hydride reorientated specimens. 
fracture toughness degrades even at the unirradiated condition. These results suggest that 
fracture toughness is very sensitive to the orientation rel:itionship between hydride platelets and 
crack extension axis, as shown in Figure 1. The hydride reorientated specimens showed low 
fracture toughness values, \\.-hich is caused by the excessive amount of hydrogen of 200 ppm. 
Considering that the actual pressure tube utilized in Fugen 30 years operation could contain 
adequately low hydrogen content as compared with 200 ppm. it can be said that fracture 
toughness obtained was confirmed to satisfy the Fugen design value. 

Using the fracture toughness obtained for the Fugen surveillance specimens at RT and 573 
K, the critical crack length (CCL) was estimated based on the ~ewman·s equ~uion[7]. which 
represents the correlation bet\veen stress and CCL for certain fracture toughness value. Table 3 
summarizes results of calculation, in which design stress of 179.5 NlPa was utilized. The 
estimated minimum CCL are 32 mm at 573 Kand 16 mm at RT, respectively. On the other 
hand. the postulated initial flaw with 5.0 mm length \Vas estimated to extend co 6.30 mm at the 
Fugen life time of 30 years oper~tion on the basis of design analyses. Therefore. it can be said 
that there still exists sufficiently allowable safety margin of 5 for unstable fracture at operation 
condition of Fugen pressure tube. 

5. CONCLUSIO~ 
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Based on the post-irradiation ex::imination of Fugen surveillance specimens as well as modified 
HT Zr-2.5Nb prcssur:: tube specimens, the following results were obtained: 
I. The tl!nsile strength increases initially and saturates with neutron fluence by the irradiation 

hardening. For the tensile stress in parallel with the hoop direction of the pressure tube, the 
radially reorientated hydride specimens have a tendency to be slightly lower strength and lower 
rupture elongation, which are induced by the hydride platelets orientation perpendicular to the 
stress axis. The irradiated pressure tube satisfies the Fugen design limit in tensile strength. 

2. The fracture toughness of the modified HT Zr-2.5Nb pressure tube is improved at both 
unirradiated and irradiated conditions, as compared with Fugen surveillance specimens. The 
fractun: toughness is very sensitive to the orientation relationship between hydride platelets and 
crack extension axis. The radially reorientated hydride specimens degrades in fracture toughness, 
but ~atisfy the Fugen design value. Based on present results, the integrity of the Fugen pressure 

tube was demonstrated for 30 years operation . 
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Table I Specification of Fugen Pressure Tube and Modified Pressure tube 

Item 

Chemical Composition 

Annealing Qu~nch 

Cold Work 

Aging Treatment 

Fugcn Pressure Tube 

Nb; 2.40 - 2.80 wt% 
0 ; 900 - 1300 ppm 
Zr; ballance 

1160 K ± 15 K 
W:itcr Quench below 323 K 

5 - 15 % 

773 K ± 15 K 
24 h in Vacuum 

Modified Pressure Tube 

Same 

ll43K± 15K 
Water Quench below 323 K 

Same 

Same 

Table 2 Irradiation Condition of the Fugen Surveillance and Modified Pressure tube 

- Fugcn Cycle 

Duration 

Neutron Flucncc 

Irradiation Temperature 

Fugcn Surveillance 

I - 18 cycle 

3173 d;iys 
~c: 

7.0.x IO.:.~ 
(n/m2• E> I \ilcV) 

560 K 

Modified Zr-2.5Nb 

1 l - 20 cycle 

1693 days 

3.7x l 0 25 

(n/m2. E> I \le\/) 

560 K 

Table 3 Estimation of Critical Crack Length (CCL) and Safety Margin 
for Unstable Fracture 

Fracture Critical Crack Safety ;\fargin Fugen Design 
Toughness Length (mm) 
(MPa{m) 

at RT 
Initial Flaw Length i\·linimum 37.5 16 2.5 
5.0mm 

Average 43.5 20 3.1 

l 
at 573 K 6.3 mm 
r-v1inimum 65.7 32 5.0 after 30 Years 

67.6 33 5.2 
Operation 

Average 
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Neutron Flucncc ( n/m2, E>l MeV) 

Figure 4 Tensile Strength at Room Temperature and 573 K 
as a Function of Neutron Fluence 

30 

20 

0 : As-received (Fu gen) 

0: As-received (~1odified) 
■ : Hydrogen enriched (Modified) 
A : Hydride reorientated (\lodificd) 

! 0 

2 

~ 

0 
0 

D 
D D 

r-&-r i.....J 
D 

# 

0 

0 

2 

■□ 

4 

Oo 
0 

t',,;eutron Flt.:ence (n/m:: . E:>l.MeV) 

6 

0 
0 

8x. l 0
25 

Figure 5 Tensile Rupture Elongation at Room Temperature 
as a Function of Neutron Fluence 
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