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Abstract 

A new BWR corrosion loop, with two identical rigs, has been designed and installed in the Halden reactor. In these rigs, 
[3 and ~/ emitters were placed to examine the effects of local radiation on cladding corrosion. Two types of cladding tubes, 
the 9 × 9 type made of corrosion-resistant Zircaloy-2 and the 8 × 8 RJ type made of nodular-sensitive Zircaloy-2, were 
irradiated under the same conditions in the two rigs for about one year. The tubes contained UO 2 and A1203 pellets. Visual 
inspections and oxide thickness measurements by eddy current were carried out to see the effects of [3 and ~/ emitters, heat 
flux, and different cladding tubes on corrosion behaviors. Nodular corrosion appeared on the 8 × 8 RJ tube, while a uniform 
oxide layer was observed on the 9 × 9 tube. Beta emitters enhanced the corrosion for both tubes, while ~/ emitters 
accelerated it only on the 8 × 8 RJ tube. The effect of heat flux was unclear from non-destructive inspections. © 1997 
Elsevier Science B.V. 

1. Introduction 

Water-side corrosion of Zircaloy-2 fuel cladding tubes 
in a BWR is affected by a number of environmental 
factors, such as neutron flux, [3 and "/ radiation, heat flux, 
and water chemistry. The main radiation effects regarding 
corrosion are the formation of radical species by radiolysis 
and radiation damage in both oxide film and metal. Fast 
neutron fluxes are known to change the microstructure and 
microchemistry of Zr alloys [1-4]. It was suggested from 
out-of-pile corrosion tests of irradiated materials that fast 
neutron irradiation improved nodular corrosion resistance 
of Zircaloy [5,6], while they accelerated the uniform corro- 
sion rate [7]. There have been a few investigations on the 
radiation effects on oxide films. Electrical conductivity of 
stabilized ZrO 2 was measured under ~ radiation [8] and 
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electron irradiation [9]. Both studies showed increased 
electrical conductivity under radiation. Heat flux may af- 
fect the cladding corrosion behavior [10,11] through 
cladding temperature and boiling in the coolant water, 
which changes dissolved gas contents as well as impurity 
contents. The effects of water chemistry on cladding corro- 
sion have been systematically investigated using a BWR 
simulated corrosion loop [11-13]. These tests showed that 
dissolved oxygen and nitrogen caused nodular corrosion 
and increased the oxide growth rate under the simulated 
BWR conditions. Some investigators have proposed that 
high energy [3 radiation accelerated corrosion due to water 
radiolysis [14,15]. 

In the present work, a new BWR simulated corrosion 
loop, with two identical rigs, has been designed and in- 
stalled in the Halden reactor to investigate the separate 
effects of radiation and heat flux. To examine the effects 
of local radiation on cladding corrosion, [3 and ~/ emitters 
were placed in the flow tubes. Two fuel rods with corro- 
sion-resistant and nodular-sensitive Zircaloy-2 cladding 
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Table 1 
Target values of operating parameters 

Coolant pressure 
Saturation temperature 
Flow rate 
Heat rate (UO 2 region) 

- 9 × 9 fuel rod 

- 8 × 8 RJ fuel rod 

Onset of boiling 
Dissolved oxygen (inlet) 
Dissolved hydrogen (inlet) 
Conductivity 
pH (room temperature) 

7.45 MPa 
290°C 

2 m / s  at rod bottom 

35 kW/m (axial average) 
30-35 kW/m (time average) 
38 kW/m (axial average) 
33-38 kW/m (time average) 
~ 300 mm from rod bottom 
300 ± 50 ppb 
20-40 ppb 
0.1-0.3 p~S/cm: 
6.5-7.5 

Outer Booster rod 
sbe°Ud~pressure 

[@/~ '~L / Downeomer 

 " 2ch---el 
Fuel test rod 
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Outlet coolant thermocouples 

Downcomer thermocouples 
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Flow channd tube 
-- Booster rod 
- Fuel test rod 

Neutron detector 

]5' emitter 

y thermometer 
y emitter 
Inlet coolant thermocouples 

Fig. 2. Schematic of the two identical rigs, 

Table 2 
Dimensions of emitters and cladding tubes 

Cladding 13 emitter "y emitter Cladding tube 

type OD ID OD ID OD 
(ram) (mm) (ram) (mm) (ram) 

8X8 RJ 19.2 18.36 20.45 18.36 12.27 
9 × 9  17.03 16.23 18.6 16.23 11.18 

tubes were irradiated under the same conditions, with both 
UO 2 and AI203 pellets to examine heat flux effect. 

2. E x p e r i m e n t a l  p r o c e d u r e s  

5 X 1017 n / m 2 / s  ( E  > 1 MeV) over a length of 800 mm. 
Platinum and hafnium sleeves were used as 13 and 
emitters, since both materials do not appreciably corrode 
or dissolve in water. The dimensions of emitters and 
cladding tubes are shown in Table 2. These emitters were 
placed at given heights on flow channel tubes. Both fuel 
rods were partly loaded with AI20  3 pellets to see the 
effect of heat flux on corrosion behavior. The configura- 
tion of the fuel rod and radiation emitters are shown in Fig. 
3. 

Two types of Zircaloy-2 cladding tubes were used to 
examine the effect of heat treatment of cladding tubes on 
corrosion behavior. One was nodular-sensitive, BWR 8 x 8 
RJ type Zircaloy-2 cladding and the other was corrosion 
resistant, BWR 9 X 9 type Zircaloy-2. Corrosion resistant 

The BWR simulated corrosion loop system was de- 
signed to operate under typical BWR coolant chemistry 
(300 ppb 0 2) and thermohydraulic parameters as shown in 
Table 1. Schematic representations of the BWR loop facil- 
ity and the two rigs for the fuel rod irradiation are shown 
in Figs. l and 2, respectively. Each rig was inserted into a 
pressure flask capable of withstanding typical BWR pres- 
sure and temperature conditions. The flask was surrounded 
by booster rods which provide a fast neutron flux of 
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/~dysis ~ ~ I A n ~ C  y! 

WC Analysis 

)Pum, 800 mm 

ONB 

UO 2 

A1203 - 
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'i 
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Fig. 1. Schematic of BWR simulated corrosion loop (WC: water 
chemistry). Fig. 3. Schematic of test rod and position of 13 and ~/emitters. 
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Table 3 
Test matrix 

Thermohydraulic conditions Standard conditions Standard + [3 emitters Standard + ? emitters 

Boiling condition heat flux O O O 
non-heat flux 0 - -  - -  

Non-boiling condition heat flux 0 0 0 
non-heat flux © - -  - -  

O: a test condition included in this program. 
- - :  a test condition not included in this program. 

Zirca loy-2  c ladding was  fabricated f rom a heat  t reated 

tubeshell ,  and  the nodular -sens i t ive  one,  f r om a non-hea t  
treated one. 

The  above  test  condi t ions  covered  the effects  o f  boil-  

ing, hea t  flux, [3 and  ~/ emit ters ,  and  heat  t rea tment  o f  the  

tubeshell .  The  test  parameters  are s u m m a r i z e d  in Table  3. 

The  irradiation test  was  cont inued  for two cycles  o f  the  

Halden  reactor  operation.  Af ter  each  cycle,  the  fuel  

c ladding  tubes  were  visual ly  inspec ted  and the oxide  thick- 

ness  was  m e a s u r e d  by  an eddy current  probe m o v e d  a long 

the axial length  o f  the  rods at c i rcumferent ia l  or ientat ions 

60 ° apart. 

Source Interim Final 

| 
| 

Fig. 4. Visual appearances of 8 X 8 RJ type cladding tube. 

lOmm 
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3.  R e s u l t s  

3.1. Operating conditions 

Data from the loop and rig instrumentation as well as 
the water chemistry monitors were logged at 15 min 
intervals. Collected data were coolant temperature, coolant 
flow rate, loop pressure, onset of boiling, steam quality, 
void fraction, fuel rod heat rating, booster rod heat rating, 
thermal neutron flux, ~/ flux, burnup of fuel rod, fast 
neutron fluence ( E  > 1 MeV), dissolved oxygen content, 
dissolved hydrogen content, and conductivity of coolant 
water. The main operating data are summarized in Table 4. 
The average thermal neutron fluxes at 13 and ~ emitters 
were 1 X 1016 n / m Z / s ,  respectively. The coolant pres- 
sure, flow rate, linear heat rate, and temperature were 
almost the target values shown in Table 1. The fast neutron 
flux was a little smaller than the target. The boiling 
conditions were calculated by thermohydraulic data. The 

results indicated that bulk boiling started at about 400 to 
600 mm from the bottom of fuel rod, which was a little 
higher than the target position (300 mm), and void fraction 
at the top was about 45%. Oxygen and hydrogen contents 
in coolant water ranged from about 200 to 400 ppb and 15 
to 45 ppb, respectively. Although these data showed some- 
what larger scattering than target values, the test rods were 
satisfactorily irradiated in this test. 

3.2. Examination results 

Non-destructive examinations of the test rods were 
carried out twice, as interim and final examinations. In- 
terim examinations of the test rods were conducted after 
one irradiation cycle and final examinations were per- 
formed after two cycles. Typical results of visual inspec- 
tions during interim and final examinations are shown in 
Figs. 4 and 5 for the 8 X 8 RJ and 9 × 9 type cladding 
tubes, respectively. Nodular corrosion appeared on the 
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Fig. 5. Visual appearances of 9 X 9 type cladding tube. 
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Table 4 
Operating data 

Item 8 X 8 RJ cladding tube 9 X 9 cladding tube 

Irradiation period (days) 
(EFPD) 
Bumup (GWd/t) 8.8 
Linear heat rate (kW/m) 33-44 
Neutron flux (E > 1 MeV; X 1017 n /m2/ s )  3.5-4.7 
Neutron fluence (E > l MeV; X 1024 n / m  2) 6.2 
Coolant pressure (MPa) 
Coolant flow rate (m/s)  1.5-2.5 
Dissolved oxygen content (ppb, inlet) 
Dissolved hydrogen content (ppb, inlet) 

183 
177 

7.2-7.4 

200-400 
15-45 

9.2 
32-38 
3.7-5.2 
7.2 

1.8-2.8 

8 X 8 RJ type cladding tube and nodule density was higher 
on the surface facing the ",/ emitters than on the other 
regions and it was the highest on the surface facing the 13 
emitters. No nodules were observed in the plenum region. 

30 

A12O,  , ,  ~" 2 5 f 1  Plenum ii U02 / O  2 3 

~, 2ot  [] D D [] 
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Fig. 6. Oxide layer thickness of 8 X 8 RJ type cladding tube (eddy 
current method). Solid line: final inspection, dotted line: interim 
inspection. 
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Fig. 7. Oxide layer thickness of 9 X 9 type cladding tube (eddy 
current method). Solid line: final inspection, dotted line: interim 
inspection. 

There was no clear difference between UO 2 and A120 3 
pellet regions. The cladding surface was brown at the 13 
emitter positions and boiling and heat flux positions, and 
black at the other positions. By contraries, the 9 X 9 type 
cladding tube showed no nodules and it was covered by a 
uniform oxide film only. This cladding tube was black 
along its whole length except for the areas facing the [3 
emitters. These areas were covered with a whitish, uniform 
oxide layer. The effects of ~/ emitters, heat flux, and 
boiling were unclear from the visual inspection. 

The oxide thickness was measured along the axial 
direction of the fuel rods by the eddy current method at the 
times of interim and final examinations. Examples of 
typical thickness profiles are shown in Figs. 6 and 7 for 
8 X 8 RJ and 9 X 9 type cladding tubes, respectively. Both 
figures include the interim and final measurement profiles. 
These profiles indicated that, in general, the oxide layer 
grew rapidly during the first cycle and the oxide thickness 
tended to saturate during the second cycle. The 13 emitter 
positions showed drastic acceleration of corrosion on both 
8 X 8 RJ and 9 X 9 type cladding tubes. This effect was 
more distinct for the 9 X 9 than for the 8 X 8 RJ type 
cladding tubes due to the former having a thinner oxide on 
the other areas. The ",/ emitter positions showed acceler- 
ated corrosion on only 8 X 8 RJ type cladding tube and no 
distinct effect on 9 X 9 type. Regarding heat flux, it was 
difficult to see the effect on corrosion from the eddy 
current profiles for both claddings. 

Thus, the results of visual inspection coincided well 
with those of eddy current measurements. Based on these 
results, 13 emitters enhanced the corrosion of both types of 
cladding tubes, but ~/ emitters affected corrosion of the 
8 X 8 RJ type only, and heat flux did not show any clear 
effects for both types of cladding tubes. 

4.  D i s c u s s i o n  

A difference in corrosion behavior was observed be- 
tween the two types of cladding tubes. The 8 X 8 RJ type 



304 E Etoh et al. / Journal o f  Nuclear Materials 248 (1997) 299-305 

Zircaloy-2 cladding tube was sensitive to nodular corro- 
sion in this experiment, while the 9 X 9 type Zircaloy-2 
cladding tube had high nodular corrosion resistance. Nodu- 
lar corrosion resistant Zircaloy-2 cladding tube was pro- 
duced from heat treated tuheshell. This heat treatment is an 

+ [3 quench from the outer surface and it affects the size 
distribution of the second phase particles in Zircaloy-2. 
Nodular corrosion resistant, 9 X 9 type Zircaloy-2 had 
smaller size particles than nodular corrosion sensitive, 
8 X 8 RJ type Zircaloy-2. TEM measurements of the parti- 
cle gave 85 nm for the 9 × 9 type Zircaloy-2 and 207 nm 
for the 8 X 8 RJ type Zircaloy-2. 

Zircaloy-2 consists of Zr, Sn, Fe, Cr, and Ni. The last 
three elements were added to improve corrosion resistance 
but their solution limits are very small in the a -Zr  or 
Z r - S n  matrix [16]. Most of the added Fe, Cr, and Ni exist 
in the second phase particles. Nodular corrosion resistance 
was improved by increasing dissolved Fe, Cr, and Ni 
contents [5,6]. Second phase particles, consisting of Z r -  
F e - C r  and Z r - F e - N i ,  dissolved during irradiation under 
BWR conditions [1-4]. Therefore, a smaller particle size 
leads to faster dissolution of these elements and improves 
nodular corrosion resistance during irradiation. This is one 
possible explanation for the effect of tubeshell heat treat- 
ment on nodular corrosion resistance of Zircaloy-2. 

The acceleration of corrosion by [3 emitters was clearly 
observed for both types of cladding tubes. The acceleration 
effect of 3' emitters was confirmed for only the 8 × 8 RJ 
type. These radiation effects might be due to formation of 
a high concentration of radicals near the surface of the 
oxide film by radiolysis of water [14,15] a n d / o r  an in- 
crease of electric conductivity in the oxide film [8,9]. For 
normal BWR conditions, coolant water includes dissolved 
oxygen of several hundred ppb, so that oxidizing radical 
species would be formed under irradiation. Therefore, a 
severer oxidizing environment would be produced near the 

[3 and 3' emitters, and corrosion would be accelerated. 
Measured electric conductivity of stabilized ZrO 2 [8,9] was 
considered to be induced by ionic diffusion. It might be 
considered that radiation accelerated the diffusion of O z-  
and enhanced the oxidation rate. These two mechanisms 
and their synergistic effect are possible explanations for 
the effect of [3 and 3' emitters on corrosion of Zircaloy-2. 

The heat flux effect was expected [10,11] but no clear 
difference between UO 2 and AI20  3 pellet positions was 
observed from both visual inspections and oxide thickness 
measurements by the eddy current method. From the eddy 
current profile, a little bit thinner oxide thickness was 
observed at the A120 3 pellet positions of the 9 x 9 type 
cladding tube. But it is difficult to confirm that this 
difference is due to the heat flux effect. For the 8 X 8 RJ 
type cladding tube, scattering of thickness data was larger 
than for the 9 x 9 type due to the formation of nodular 
corrosion and the heat flux effect could not be observed. 
This result indicated that the heat flux effect was too small 
to detect by the eddy current method. 

5. Conclusions 

A new BWR simulated corrosion loop has been de- 
signed, installed and operated in the Halden reactor and the 
effects of [3 and 3' emitters, heat flux and heat treatment of 
cladding tubes on corrosion were investigated. The irradia- 
tion test gave the following results. 

(1) Nodular corrosion appeared only on the 8 X 8 RJ 
type cladding tube. A uniform oxide layer was observed on 
the 9 x 9 type cladding tube. 

(2) Both types of cladding tubes showed the accelera- 
tion of corrosion on the surface facing the [3 emitters. 

(3) Only 8 x 8 RJ type cladding tube showed accelera- 
tion of corrosion on the surface facing the 3' emitters. 

(4) The effect of heat flux on corrosion behavior was 
not clarified by non-destrnctive examinations. 
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