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SUMMARY 

A three-pins, Zicaloy-4 clad, sphere-pac bundle was irradiated in a 
280°C PVR loop in the HFR at Petten during 131 effective full power 
days to a bundle average burnup of 0.84 Z FIMA. The pins contained a 
mixture of 61.5 w/o of 1050 yn (U,Pu) O2 spheres, 18.5 w/o of 115 yn 
UO2 spheres and 20.0 w/o of <38 \m UO2 spheres. 
The as-fabricated smear density of the vibratory compacted mixture was 
81-85Z T.D. The pressure of the pin filling gas was I bar helium for 
pin 306 and 25 bar heliua for the pins 308 and 309. The cladding was 
Zircaloy-4 tubing, stress relieved for 4 hours at 540 C, with an inner 
diameter of 9.30 mm and a wall tickness of 0.73 mm. Exposure of the 
pins in the loop started in the as-pickled, degreased surface condition. 
The pins operated at an average heat rating of 335 W/cm and at a peak 
rating of 620 W/cm. The end-of-life peak rating was 425 W/cm. 

Unfavourable water chemistry conditions of the coolant during the last 
weeks of the irradiation, in particular low NH-j concentrations resul
ting in low pH values, caused the deposition of heavy crud layers on 
the pin surfaces. This crud layer caused a small cladding defect in 
pin 306 at the axial position of the peak heat rating. The Zircaloy-4 
vail failed by complete oxidation, which started at and progressed 
from the outer, coolant side, surface. Immediately after the detection 
of fission product activity in the loop water, the irradiation of the 
bundle was terminated. 

Surprisingly the microscopic investigations on cross sections of the 
pins 306 and 309 revealed the presence of oxide pits at the outer sur
face of the Zircaloy-4 wall. The penetration depth of these pits rea
ched maximum values of 15-30Z of the wall thickness. The deapest pits 
were located in the areas where the high heat ratings occurred. 
Mi croprobe investigations of the Zircaloy oxide that filled the pits 
showed high concentrations of manganese and molyDdenum. 
These high manganese and molybdenum contents probably originate from 
loop decontamination treatments with alkaline solutions containing 
permanganate. These treatments were necessaiy at regular times to 
keep the loop accessible for maip'.enance and repairs. Remnants from 
these treatments, e.g. manganate and molybdate ions, and nitrate, 
formed by the radiolytic decomposition of ammonia, were incorporated 
in the crud layer. These highly oxibising ions, probably in coopera
tion with chloride ions, initiated and sustaines the growth of oxide 
pits, in particular at the edges of already existing oxide nodules 
where coolant flow disturbances are likely to occur. 

Netherlands Energy Research Foundation, ECN 52 pages, 
24 figures. 1978. 

Keywords : Z1RCAL0Y-4, PITTING CORROSION, FUEL CANS, FUEL PINS, 
CHEMICAL RADIATION EFFECTS, MANGANESE, URANIUM DIOXIDE, 
WATER CHEMTSTRY. 
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I. INTRODUCTION. 

Zirconium alloys, in particular Zircaloy-2 and Zircaloy-4, are Che 

most commonly used cladding Materials for the fuel pins in BWK's 

and PUR's. In contact with the high temperature coolant water the 

outer cladding surface is subjected to oxidation and hydrogen uptake 

phenomena. The reaction rates depend in a complex way on teaperature, 

temperature gradient, coolant chemistry conditions* neutron and 0-

and y- irradiation intensities, coolant hydraulic conditions, pre-

irradiation cladding surface condition and mechanical stress j1-6| . 

The majority of the corrosion studies performed in «any nuclear re— 

ï»earch establishments concerned unfuelled sheet and tubing specimens. 

In LUR's, operating at normal conditions, the Zircaloy cladding of 

fuel pins shows oxide film growths similar to that of unfuelled speci

mens. Maximum growth was found at the position of maximum fast neu

tron fluence accumulations [6, 8 [. 

When the coolant contains dissolved oxygen both B~Y and fast neutron 

irradiation enhances the oxide film growth, in particular at the 

higher temperatures |2, 3, 5[ . 

A low pH-value, a high oxygen content and a high crud level of the 

primary water system give locally large enhancements of the oxide 

film growth rate on the fuel pins. Occasionally these enhancements 

resulted in cladding failure at positions near the irradiation and 

temperature maxima of the pins {7—9|, 

A similar type of cladding failure occurred during testing of some 

mixed oxide sphere-pac pins in our PWR loop |l0|. 

There were spots in the vicinity of the failure location where the 

Zircaloy outer cladding surface showed pitting corrosion features. 

A neighbouring unfailed pin had similar corrosion pits. This report 

gives a description of these observations. 

A tentative explanation of the cause of the pitting corrosion is also 

given. 
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2. EXPERIMENTAL. 

2.1. Irradiation facility 

The fuel pins were irradiated in the PVR loop of the High Flux Reactor 

HFR at Petten, The Netherlands. A full description of the loop is given 

in [llj. The loop consisted of an in-pile, AISI-318, U-tube placed in 

the H-5 and H-6 reflector position of the HfR. The water flowed down

wards in the H-6 leg at an inlet temperature of 280 C and upwards in 

the H-5 leg at an inlet temperature of 285 C. The loop coolant was 

demineralized water with a pH 7-9.5 at 25 C, obtained by adding am— 

Donia. 

The coolant operates at a pressure of 140 bar and the flow rate in the 

in-pile part was 14.7 a. /hr. 

The main water chemistry conditions were: NH- « 0.5-5 ppm, Cl~~ 0.1 -

0.3 ppm, 0- - 0.05-2 ppm, H. - 0.5-2 ppm and 0 x H - 0,05-2.0 but 

predominantly 0.11 •/- 0.01. The ppm's concern concentrations by weight. 

Each leg of tha in-pile U-tube could accomodate a bundle of three pins 

using a pitch of 17.3 mm. Pins ware replaceable during reactor stops. 

The bundle was surrounded by a stainless steel shroud tube with an 

inner diameter of 38 mm. A schematic drawing of the loop is given 

in figure 1. The cross section of the in-pile part shows the position 

of the pins, 

Finally some remarks on the loop itself. It was an all stainless steel 

loop with a bypass purification circuit to remove dissolved and sus

pended radioactive species from the coolant. 

However, to limit the radiation level in the out-of-pile part so that 

maintenance work could be performed it was necessary to decontaminate 

the complete hot water circulation system at regular intervals. 

The first loop test run was performed in April 1965. During the HFR 

summer stop in 1968 a new in-pile section was installed. Decontami

nations were performed in the spring of 1967, 1968, 1970 and 1972 and 

in the autumn of 1973. Each decontamination consisted of a treatment 

with a 3% KMnO, + 20% NaOH solution at 90°C during 2 hours followed 

by a treatment during 2 hours with an ammonium oxalate/citrate solu

tion at 85 C. Before, in between and after these treatments the loop 

system was thoroughly cleaned with demineralized water. The gamma 

radiation decontamination factors were between 3 and 60 with average 

values of 15-30 per decontamination. 
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2.2. Fuel pin bundles. 

Three bundles, R-109/1, 2 and 3, were irradiated in Che loop Co bundle 

average burnups of respectively 0.84, 0.41 and 0.42Z FIMA. Only 

bundle R 109/1 vith the highest burnup had a pin with a cladding de

fect. The other bundles did not show abnormal corrosion phenoaena. 

Therefore only the characteristics and the observations of the R-I09/I 

bundle are considered in this report. 

The pins, schematically drawn in figure 2, contained a mixture of 

spheres with 61.5 w/o of 1050 ym (U, Pu)0. spheres, 18,5 w/o of 115 

urn U0- spheres and 20.0 w/o of <38 urn UO_ spheres. The vibratory com

pacted mixture had a smear density of 83 t 2Z of the theoretical den

sity of U0_. This rather low density was caused by the presence of ni

trogen filled holes in the largest spheres. The helium filling gas 

pressure was 1 bar for the pins 306 and 307 and 25 bar for the pins 

308 and 309. The fuel column length was 523 - 4 mm. The gas volume 

in the plenum was 2.8 cm . The cladding material consisted of Zirca-

loy-4 tubing, stress relieved for 4 hrs at 540 C, with an inner dia

meter of 9.3'J mm and a wall thickness of 0.73 mm. Before assembly of 

the pin the outer cladding surface was pickled and the inner surface 

was sandblasted. Exposure of the pins in the PWR loop started in the 

«-pickled, degreasedsurface condition. The bundle did not certain 

a fuel pin spacer. 

2.3..Irradiation.conditions 

Irradiation of the R-109/1 bundle, loaded with the pins 306, 307 and 

309 in the H-5 leg of the loop, commenced on September 19th., 1974. 

After one reactor cycle, 17.4 equivalent full power days, pin 307 

was replaced by pin 308. 

During the first start-up of the bundle the HFR power was increased 

at a rate of 20 MW per hour up to 35 NW. Further increase to full po

wer of the HFR up to 45 MW was performed at a rate of 10 MW per hour. 

After all reactor stops, scrams and power set-backs in which the HFR 

power got below 35 MW for more than 5 minutes the subsequent power 

increase rate was limited to 20 MW pet hour at HFR powers larger than 

35 MW. Thus the risk of a pin failure induced by a fuel-cladding-inter

action was kept small. 
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Hcvever, on February 11th. 1975, due to the demands of another expe

riment the HF1 power was raised at a rate of about 60 Nf per hour up 

to 48 MW. Then the reactor was scrammed. 

Aproximately 20 ainutes after the subsequent start-up, up to 35 KU 

only, the (ansa radiation monitors of the loop detected fission pro

duct xenon, krypton and iodine. The calculated total ;«•> activity 

of the fission products in the loop water was about 9 Curie. As a 

result the irradiation of the R—109/1 bundle had to be terminated 

prematurely after 131 equivalent full power days, EFPD, for the pins 

306 and 309. Because the pins 307 and 308 did not show any symptoms 

of an incipient cladding failure this report will be restricted to 

the pins 306 and 309. 

The peak linear powers were obtained at the beginning of each reactor 

cycle. The peak power achieved, expressed in W/cm, were as follows 

for respectively the pins 306 and 309: 600 and 640 at the beginning 

of life (B0L) and 400 and 425 after 113 EFPD during the last cycle. 

In the last hour of the irradiation the end of life (EOL) peak powers 

were 410 and 440 W/cm for the pins 306 and 309 respectively. The 

axial power factor had a maximum value of about 1.40 at the beginning 

of each reactor cycle. During the next 1-2 days this factor decreased 

to !.30 - 0.05. The corresponding axial power distributions, indica

ted as BOL en E0L, are given in figure 2. The measured maximum flux 

densities at full power vera 1.4.10 n~ s thermal and 0.60.10 
-2 -1 

m s fast. The inlet and outlet coolant temperatures for the 

R-109/1 bundle were 281 and 286°C respectively. 

The water chemistry conditions of the coolant during the last weeks 

of the irradiation wtrerpH - 8.7 - 9.3(25°C), NH. « 2 - 4 ppm,Cl"0.2 ppm, 

0- - 0.08 - 0.12 ppm, H. * I ppm, Fe • 7 - 10 ppb, Mn » 11 ppb, 
3 

Mo - 2 - 7 ppb and Si « 200 - 700 ppb. A water sample of 200 en, 

taken from the coolant five minutes after the first gamma activity 

alarm, contained 3.6 uCi Xe-133, 0.76 »Ci 1-133, 0.24 yCi 1-132 and 

1.03 uCi 1-131. The gamma radiation level was $ R/hr and the alpha ac-

tivity was less than 0.6 yCi/m . A crud sample collected from the 

filter in the bypass purification system consisted of 80.2 w/o 

Fe304, 17.5 w/o NiO and 2.2 w/o C r ^ . 
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^^i^uel^in^examinations 

After the irradiation the pins were subjected to the normal sequence 

of post-irradiation examination procedures, i.e. bundle dismantling, 

visual inspection, photography, removal of non-adherent crud, photo

graphy, neutron radiography, gamma scanning, dimension measurements, 

puncturing, microscopy on pin cross sections, burnup analysis, re

sidual fission gas determination and hydrogen analysis of cladding 

samples. A survey of the non-destructive examinations was given in |l0|. 

This report deals only with the p.i.e. results that are rele

vant to the observed corrosion phenomena at the outer claading sur

face of the pins 2">6 and 309. Pin 08 was not subjected to the des

tructive post-irradiation examinations. 

The appearance of the pins 306 and 309 directly after the bundle dis

mantling is shown in figure 3. Crud deposition was heaviest in the 

regions of high power rating. The depositions had a black, dull ap

pearance. From the low power region of pin 309 a crud sample was 

collected by careful scraping with a plastic knife. The amount of 
2 

crud obtained was 4.9 grams/dm . During handling most of the loosely 

adherent crud flaked off. After cleaning with soft brushes and tissues 

the surface condition was photographed in more detail. 

Figure 4 shows the surface of pin 306 at different elevations from 

the pin bottom end. A shiny black oxide in the upper weld and gas-

plenum region (53-60 cm), some adherent crud in the upper fuel region 

(35-50 cm), more adherent crud and a cladding defect in the middle 

fuel region (20-30 cm) and some adherent crud and a pustulous oxide 

appearance in the lower fuel region (2-15 cm). A detail o.t' the surface 

at the position of the cladding defect in pin 306 is presented in fi

gure 5. 

The neutron radiograph of pin 306 was largely similar to that of the 

pins 308 and 309, which did not contain a cladding defect. The 

axial gaps in the fuel column of pin 306 in the vicinity of the clad

ding defect appeared as sharp white-grey lines in the dark grey-

black fuel column. However, in the lower fuel region (4-8 cm) the 

axial gaps were vague. These observations suggest that pin 306 did 

not suffer from gross ingress of coolant water in the pin interior 

during and after the irradiation. 
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3. RESULTS. 

3i_[i_Crud_thickness_and_comgosition; 

The crud thickness vas determined on basis of the photographs made 

directly after the dismantling of the bundle. On the lover half 

of the pin, 10-30 cm, the measured thickness was 700-900 um. On the 

upper half, at an elevation of 35-50 cm, the crud thickness was 300-

600 ur.. This figure combined with the collected 4.9 grams crud collec

ted per dm in this upper region gives a calculated crud density of 
3 

0.8 - 1.6 gr/cm . 

The chemical analysis of the crud sample showed that it contained, 

in weight %; 6% water, 8% volatiles (800°C), 80% Fe_0,» 4.7% NiO, 

0.4% Mn_0,, 0.2% Cr^., 0.1% Co-O- and 0.02% CuO. The radioactivity 

measurements indicated that more than 99% of the total gamma acti

vity was caused by Co-60. Minor contributions came from Mn-58, Co-58, 

Fe-59, Cs-134 and Cs-137. Essentially no alpha activity was detected. 

3il2^_Cladding_defect_appearancg. 

Fuel pin 306 had a cladding defect at an elevation of 248 mm. Figure 

6 shows a pin cross section at an elevation of about 245 mm. Details 

of the heavily corroded area are given in figure 7. At both sides of 

the region with the thick Zircaloy oxide layer a zirconium hydride 

rim is present at the outer cladding surface. This rim is covered with 

a thin, irregular oxide film. 

Figure 8 shows some pictures of the normal Zircaloy oxide film at the 

inner and outer cladding surface. The location of these pictures is 

indicated with arrows at the opposite site of the defect area on the 

cross section in figure 6, The greater part of the inner oxide film 

is detached from the cladding. Both at the outer and at the inner 

surface the normal oxide film has a thickness of 6-12 um. 

Comparison of the upper pictures in the figures 7 and 8 shows that the 

thickness of the Zircaloy oxide film at the inner cladding surface is 

almost equal at the defected side and at the not defected, opposite, 

side of the same cross section. This suggests that, at least after 

failure, also the temperatures at the inner cladding surface were almost 

the same at the defected side and at the not defected side. 
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The thickness of the adherent crud layer on the outer surface had 

a maximum of 150 um. Note that the crud layer has a very porous struc

ture. This could be expected with a bulk density of the crud as low 
3 

as 'V' 1 gram/cm . 

Figure 9 shows the defect appearance at an elevation of 248 mm. The 

details,presented in figure 10, indicate that the cladding is fully 

transformed to oxide at the most defected spot. The defect structure 

strongly suggests that a rapid cladding oxidation started at and progres

sed from the outer surface. It is evident that water or water vapour 

could enter the pin via the many cracks in the thick Zircaloy oxide 

layer. Much less likely is the reverse, the transport of small fuel 

sphere fragments to the outer pin surface and the flowing coolant. 

The detection of Cs-134 and Cs-137 in the loop water indicates that 

water soluble fission products, like cesium ans iodine, leaked out 

from the pin interior into the coolant water. 

The oxide thickness at the inner surface of the Zircaloy-4 cladding 

of pin 306 were 6-12 urn within an axial distance of 75 mm from the 

defect, 4-6 um at an axial distance of 130 mm and 2-4 urn at axial 

distances beyond 150 mm from the defect. 

Microscopy on cross sections of pin 309 revealed the presence of a 160 

vim thick Zircaly oxide layer on the outer surface at a distance of 

68 :nm from the pin bottom end. The wall thickness in this area had 

a minimum value of 0.53mm. So 27% of the wall thickness had been trans

formed to oxide. The Zircaloy oxide film at the inner cladding surface 

had a th*' ^ness of 2-4 urn at axial distances of 25-300 mm from the 

pin bottoin end and of 1-2 ym at the higher pin positions. 

These small values, in comparison with those of pin 306, indicate that 

during the short operation of pin 306 with a defect some water vapour 

entered pin 306 and caused a rapid growth of the oxide film on the inner 

surface of the Zircaloy cladding. 

Figure 11 shows the cross section of pin 306 at an elevation of 205 mm. 

The arrows point to the position of the corrosion pits. Micrographs of 

these pits at magnifications of 100 x and 250 x are presented in the 

figures 12 and 13 respectively. The maximum thickness of the adherent 

crud layer was approximately 130 urn. The normal Zircaloy oxide film 
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has a thickness of 12 pm, both at the inner and at the outer cladding 

surface. 

The pit penetration depths were 30% and 16% of the wall thickness for 

the upper and lower pit shown in figure 13 respectively. The micrographs 

indicate that during the growth of the pits Zircaloy metal was pressed 

aside in an outward direction. 

Figure 18 shows the cross section of pin 309 at an elevation of 239 mm. 

The arrow points to the position of the largest corrosion pit. 

A micrograph of this pit, see figure 19» reveals the presence of an 

oxide spot in the Zircaloy metal matrix at a distance of about 150 um 

from the cladding surface. Figure 20 shows these features at a higher 

magnification. The large pit looks similar to the pits in pin 306. 

The penetration depths of the pit and of the oxide spot correspond 

to 24 and 30% of the wall thickness. At the radial position of the 

oxide spot an increase of the wall thickness with 4.3% was measured. 

The other micrographs in the figures 19 and 20 show some smaller pits 

that were observed in the neighbourhood of the large pit. These small 

pits mostly occur at the edge of an oxide nodule. 

After further grinding of this metallographic specimen the oxide 

spot in the cladding had vanished. The large pit however, appeared 

as a wider pit with a connection at the surface to an adjacent pit, 

see figure 23. The maximum penetration depth at this position was 

about 160 urn. The lower micrograph in figure 23 shows another example 

of a shallow pit at the edge of an oxide nodule. Possibly these small 

pits at the edges of a nodule serve as incipiences for the growth 

of a large pit. 

The hydride orientation, hydride concentration and grain structure 

in the Zircaloy matrix surrounding the pits were not sinificantly 

different from that in the areas of the cladding at the same cross 

section but free from pits. Only in the direct vicinity of the pits,see 

figure 19, the number of hydrides was small and their orientation was 

perpendicular to the pit-matrix boundary. Apparently the growth of the 

pit forces the adjacent Zircaloy matrix to expand. 
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3.4. Microprobe invastigations. 

Microprobe analysis of the pits, the surrounding crud layer and the 

neighbouring Zircaloy matrix was performed with a shielded Cameca-

MS-46. The electron beam diameter was 1 ym. The sample thickness was 

4-6 mm. Line scans were made with a full-scale sensitivity of 100 or 

300 counts/sec. and with a linear sample speed of 10.8 or 21.6 i W 

minute. Figures 14 and 15 show the scans of the lines marked 1 and 

2 in figure 13. The manganese and molybdenum concentrations increase 

continuously on scanning from the metal through the oxide to the sur

face of the pit. Near the surface pieces of non-oxidezed Zircaloy 

cause relatively large zirconium, tin and iron concentrations. 

Figure 16 shows X-ray images of the small pit marked 3 in figure 12. 

Again, the zirconium oxide pit is significantly enriched in molybdenum 

and manganese. This is also illustrated by the line scans through 

this pit shown in figure 17. The crud layer consists, as expected, 

mainly of iron, chromium and nickel. However, occasionally also spots 

of uranium were found in the crud layer. These uranium spots occurred 

predominantly at 'he Zircaloy oxide-crud layer interface. 

Figure 21 and 22 show some X-ray images of the large oxide pit in 

pin 309 at magnifications of 250 x and 675 x respectively. The 

microphotograph of thii pits is presented on the upper picture in figure 

20. The pit consisted ot practically pure Zircaloy oxide. At the outer 

surface of the pit spots of uranium, manganese, iron and chromium 

were detected. 

Analysis on chlorine, fluorine, copper, lead, mercury, antimony and 

nitrogen revealed that of th^se elements only trace amounts could have 

been present. 

At several positions an oxygen scan was made, going from the bulk Zir

caloy matrix via the oxide-metal interface into the oxide. Not one 

of these scans indicated the presence of an oxygen gradient in the 

Zircaloy matrix adjacent to the oxide film or oxide pit. 

Figure 24 finally gives the scans following the line between the arrows 

in figure 23. Again, the manganese concentration increases continu

ously from the metal to the outer surface of the oxide. The molybdenum 

content however remains constant. 
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4. DISCUSSION 

The results presented in the previous chapter suggest that the corro

sion pits observed in the Zircaloy walls of the two fuel pins are 

related to the presence of thick crud deposits on the pin surfaces. 

This is possibly also the case for the occurrence of a small corroyion 

penetration in the cladding of one of the pins. Thickness and composi

tion of crud deposits on fuel pin surfaces are normally governed by 

the water chemistry conditions of the water circulating system. 

During irradiation the presence of crud deposits on fuel pin surfaces 

may result in high Zircaloy oxidation rates. This may be due to oxidi

sing compounds incorporated in the crud and/or the higher temperatures 

at the Zircaloy oxide-metal boundary. Thus, first the water chemistry 

aspects have to be considered to obtain a basis for the understanding 

of the observed severe Zircaloy corrosion phenomena. 

4iJ^i_Water_chemistr^_asgects 

Ever since, in 1943, water was chosen as the coolant for nuclear re

actors many problems associated with its use were identified, inves

tigated and, in most cases, solved [l2[. An inherent disadvantage of 

the use of high temperature water is its chemical reactivity with 

the /all materials of the coolant circulating system. The reaction 

products consist of the oxides of t'..? constituents in the wall mate

rials. The greater part of these oxides form a film that tightly 

adheres to the system walls. However, a small quantity of the oxides 

are released to the flowing water due to dissolution in the water 

and due to detachment of less adherent films by erosion, friction, 

wear and temperature fluctuations, suspended crud. When passing 

through the in-core parts of the system this crud becomes radioactive. 

The continuous deposition of crud on aid release from the walls 

and the continuous ion exchange between mobile crud and adherent 

species at the walls cr-»cs the growth of a radioactive crud layer 

on top of the oxide :ilm on all in- and out-of-core system walls. 

To keep the quantities of crud to a minimum, both in the coolant 

and on the system walls, favourably water chemistry conditions are 

maintained and a bypass purification system removes as much dissolved 

and suspended crud from the water as possible. 
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The crud compositions, given in the paragraphs 2.3 and 3.1 show that 

magnetite, FeJ) , represents approximately 80Z of the crud. As a 

result the behaviour of the crud is largely determined by that of the 

magnetite. Therefore the following considerations will be predominant

ly focussec on the behaviour of magnetite. 

T?«e solubility of magnetite in water depends mainly on the temperature 

and on the pH of the water at the operating conditions of the coolant. 

Sweeton and Baes, |l3[, measured the solubility of magnetite in high 

temperature water at different pH values. In 280 C water with about 
3 

10 cm Hj/kg the solubility, expressed in ug Fe/kg H_0, ir> 4.8 at pH = 

7.1, 5.5 at pH = 6.7 and 7.9 at pH = 7.6. More important is that at . 

pH (280 C) lower than approximately 6.9 the solubility decreases with 

increasing temperature in the range from 240 to 300 C. Besides, this 

solubility is a function of the H_ concentration.The solubility of F* 30, 

decreases with decreasing hydrogen concentration. If the pH is lower 

than 6.9 a transport of the crud takes place from the low-temperature 

out of core surfaces to the high-temperature fuel pin surfaces in the 

in-pile section.At pH (280 C) values larger than 6.9 the reverse pro

cess takes place. In a series of experiments with an in-pile loop 

Burril, j 14|, proved the occurrence of the process described above. 

At pH (280 C) values lower than 6.9 crud deposition on the fuel pins 

was most severe where the coolant temperature was highest. 

The pH of the water in our loop was controlled by means of ammonia 

additions, because NH- serves simultaneously as a source of hydrogen 

when it is radiolytically decomposed in the in-pile section. Ammonia 

is a volatile, weak base. A good performance as a pH- and |H„|-

regulator requires a leaktight system. Leakage rates however were 

sometimes high so that frequent additions of ammonia were necessary. 

This resulted in a ra^?r irregular history of the pH values. 

During the last weeks of the irradiation of the R-109/1 bundle the 

ammonia concentration was 2-4 ppm by weight. This concentration corres

ponds with a pH (280 C) value of 6.3-6.5. Thus it can be concluded 

that the water chemistry conditions in the loop favoured the deposi

tion of crud layers on the hot fuel pin surfaces. 

Moreover, due to the high leakage rates and the resulting low ammonia 

concentrations the formation of amounts of nitrate relevant for cor-
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roüion occur by radiolytic reactions |l5[. 

Because of the many different types of experiments performed in the 

loop the contamination rate was high. This made it necessary to per

form at regular times, see paragraph 2.1., a two step decontamina

tion treatment. Although much effort was made to clean the system 

thoroughly with demineralized water after each decontamination it 

cannot be excluded that in the system some crevices and pockets, fil

led with stagnant water, could not easily be reached with the water 

rinsing procedures. Possibly crud bursts from these crud filled pockets 

contributed to the extraordinary extent of the crud deposition on our 

fuel pins. 

Besides, during the first step of the decontamination treatment the 

crud deposits and oxide films on the stainless steel walls are partly 

dissolved or suspended in the solution. Also a lubricant like Moly-

kote, MoS_, dissolves easily in the permanganate-sodium hydroxide 

solution. The basic chemical reactions are: 

2 Fe,0. + 2 MnoT • 8 0H~ —> 3 Fe„07 + 2 MnOT + 4 L 0 (1) 3 4 4 _ 2_4 4 2 
Cr203 + 6 MnO, + 10 OH —> 2 CrO~ + 6 Mn0° + 5 H20 (2) 

MoS0 + 24 MnOT + 24 0H~ —> MoO, + 24 MnOT + 12 H,0 + 2 S0T(3) 
2 4 4 4 2 4 

In less accessible pockets and crevices of the system the lower pH 

will cause precipitation of MnO- particles in which manganate, 

molybdate and sulfate ions are absorbed. Upon further operation of 

the loop these pockets may occasionally release some of their content 

to the circulating water of the loop. During operation of the loop with 

low pH water these released particles, together with magnetite, are 

predominantly deposited on the hottest areas of the fuel pin surfaces. 

For the occurrence of pitting corrosion the most important characteris

tic of this kind of crud deposit will be its highly oxidising nature. 

4i?i_Cladding_defect_corrosion_mechanismi 

Fuel pin 306 failed after 131 days of irradiation. The post-irradiation 

examinations showed that thi3 pin had only one defect. The microscopic 

investigations on pin cross sections revealed that the defect was caused 

by local, excessive, oxidation of the Zircaloy-4 cladding, originating 
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or. the outer surface. In the surroundings of ths defect spot the clad

ding of pin 306 and also that of trie adjacent pin 309 experienced at 

several locations similar features of abnormally rapid oxidation. How

ever, complete penetration of the wall did not occur in pin 309. 

The oxide film en the inner cladding surface, at axial positions corres

ponding with that of the defect spot, had a thickness of 2-4 Mm in pin 

309 and of 6-12 urn in pin 306. The pin surface in the defect area was 

covered with an adherent, porous, crud layer which had a maximum thick

ness of 150 urn. 

Similar Zircaloy cladding failures occurred earlier in the same loop, 

|9|, in the Big Rock Point BWR,J7|, and in the Saxton PWR,l8J. Failure 

of the Zircaloy-2 clad fuel pins in the BRP reactor occurred after 13 

full power days and was attributed to crud deposition, 25-50 pm thick 

layers, and local flow disturbances. This caused cladding overheating 

and accelerated corrosion at peak power locations, ultimately leading 

to cladding wall penetrations. The estimated cladding temperature in 

the defect region was 750 C. 

The appearance of the defects in the Zircaloy-4 cladding of the Saxton 

pins showed a striking resemblance to that of the defect in pin 306. 

After 154 days of irradiation the surface of the Saxton pins was cove

red with little or no crud. However, after termination of the irradia

tion at 246 days the failure locations were covered with an inner, 

5-25 urn thick, dense crud film and an outer, about 75 Pi thick, porous 

cruü layer. This heavy crud deposition was attributed to a change in 

water chemistry conditions during the last 100 days of the irradiation. 

In the vicinity of the defect the inner surface of the Zircaloy-4 wall 

exhibited 35-75 ym of oxide film, a characteristic of a defected pin 

which has operated for an extended period following failure. It was 

concluded that the mode of failure was by abnormally rapid oxidation 

of Che Zircaloy wall, originating on the outer surface, vhich was re

lated to an anomalous crud condition. 

The earlier failure in the PWR loop at Petten,[9[, concerned a vipac 

pin that failed after 237 days of irradiation. Wall penetrating Zirca

loy oxidation took place at elevations of 20, 29 and 30 cm fron the 

pin bottom end. The first wall penetration occurred at the position, 20 

cm, of maximum rating, halfway the spacer and the bottom fixation of 
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the pin. The three failure spots were located exactly on a vertical 

line. Pin Loving towards the neighbouring Zircaloy basket, resulting 

in flow disturbances, probably assisted the cladding defect mechanism. 

However, the failures were primarily attributed to loop operation with 

a low pH of the water, resulting in 45-75 pm thick, porous crud depo

sits on the pin surface, and to the rather high heat ratings. The 

oxide film thickness on the inner cladding surface, at axial positions 

corresponding with those of the defects, was 8-10 pm in the failed pin 

and 4-5 pin in the neighbouring not-failed p\n. At positions located 

6 and 20 cm higher than the most upper defect in the failed pin the 

inner oxide film had a thickness of 5-6 pm and of 2-3 pm respectively. 

Typical for all these earlier cladding failures was a pin surface heat 
2 

rating of 150-180 W/cm and a crud layer thickness of 25-75 pm at the 

failure spots during the last period of the irradiation. For the 
2 

failure spot in pin 306 the corresponding figures were 120 W/cm and 

a maximum of 150 urn. Apparently also at lower heat ratings cladding 

failure by complete, local, oxidation of the Zircaloy wall can occur 

if the crud layer thickness is large enough. 

Another typical feature observed on cross sections of the primary de

fect in the various pins concerns the small curvature of the oxidatiur. 

front line, see the figures 6 and 9. This suggest that the oxidation 

front moves as an almost straight, tangential line into the tubing 

wall. In high temperature steam the oxidatior rates of Zircaloy in

crease rapid with increasing temperature, a fictor of about 10 per 

100 C at T = 450-700°C. Thus the temperature differences in the wall 

ahead of the penetrating oxidation front must have been small. 

Unfortunately, for all defected pins considered in this paragraph 

neither the effective exposure times in the reactor before failure 

occurred nor the temperatures of the Zircaloy wall in the defect area 

are known exactly. Complete oxidation of a 730 pm thick Zircaloy wall, 

when exposed isothermally and out of pile in pure steam of 1 bar, 

requires approximately 20 days at 700 C, 50 days at 650 C or 100 days 

at 600 C. During exposure in an LWR the conditions prevailing at the 

surface of a fuel pin which is covered with a thick crud layer are 

such that these numbers of days will be reduced by a factor 1-2. 
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Failure of pin 306 occurred at a heat rating of 120 W/cm at a positioi; 

where a 150 um thick crud layer covered the pin surface. Taking into 

account a heat conductivity of 0.4 W/m C for the crud layer, these con

ditions result in an outer surface temperature of 720 C for the Zirca-

loy wall. This temperature is not very different from the 750 C esti

mated by Ogawa |7[ on the basis of grain growth observations in the 

Zircaloy cladding at the positions of high heat rating and heavy crud 

deposition. In view of the 13-16 days exposure before failure of the 

BRP pins and because of the time of about 10 days needed for complete 

oxidation at 700 C in an LWR environment it seems reasonable to as

sume that this type of wall penetrating oxidation is effectuated in 

5-20 days exposure time. 

Anyhow, prerequisite for the occurrence of this type of wall defecting 

mechanism are high heat ratings, heavy crud depositions and possibly 

also local flow disturbances. In pin 306 this failure mechanism was 

possibly initiated and/or assisted by the same features that, at 

lower positions, resulted in the formation of oxide pits in the outer 

Zircaloy surface. 

4i3i_Zirca^o^_£itting_corrosion_considerations 

Earlier observations of a pitting type of attack on zirconium alloy 

surfaces exposed in-pile to high temperature water, ^280 C are 

scarce. Nelson, |l6J, observed preferential oxidation of some grains 

at the Zircaloy-2 cladding surface of intentionally defected fuel 

pins after 179 days exposure in the Vallecitos BUR. The maximum pit 

penetration depth was about 15 vim. The pits were completely filled 

with zirconium oxide. Jenks and Baker, |l7|, obeserved pitting attack 

of Zr-33%Nb specimens after 33 days "n-pile exposure at 280 C i»i 

the 0.17 M U0.S0, solution of the L-2-15 loop in the LITR. The 

maximum penetration depth was 50 \im. The pits contained practically 

no zirconium oxide. Burns, |18|, observed some oxide spikes in 

Zircaloy-2 specimens after 264 days in-pile exposure at 280 C in the 

G-7 loop of the ETR. The maximum penetration depth was 50 um and the 

spikes were completely filled with zirconium oxide. 
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From these three observations only the small pits observed by 

Nelson were similar to but a factor three smaller than the pit shown 

on the bottom picture in fugure 19. Daniel et al,|l9|, reported that 

intentionally defected Zircaloy-4 clad U0„ elements were covered 

with a silvery white, 14-60 pm thick, zirconium oxide film and with 

a black, 25 pm thick, crud layer after 440 da>s exposure in the 270 C 

water of the X-3 loop in the NRX reactor. This accelerated corrosion 

and crud deposition was attributed to the release and subsequent 

deposition on the elements of fissionable species and fission pro

ducts. 

These observations indicate that the Zircaloy cladding of fuel 

pins is prone to a locally excessive acceleration of the corrosion 

if the surface is covererd with a crud layer in which fissionable 

species and/or fission products are absorbed. It is also generally 

known,|1-5j, that exposure in high temperature water of Zircaloy 

cladding leads to enhanced oxidation if the fast neutron flux is 
13 2 

larger than about 10 n/cm .sec. This is in particular the case 

when this exposure occurs in oxygenated water. However, none of the 

observations mentioned so far concerned corrosion pits surb as ob

served in our pins 306 and 309. 

Corrosion pits with an appearance similar to the pit shown on the 

lowest photograph in figure 19 were observed by Cox, [Z0j. Spherical 

nodules, rather than the more common lenticular ones, were obtained 

when fully-recrystallized Zircaloy specimens were exposed out of pile 

at 300-500 C in fused nitrate salt that was contaminated with traces 

of chloride ion. During a 48 days test at 300 C these nodules penetra

ted in the Zircaloy metal at a rate of 0.4 ym/day. In 300 C nitrate-

chloride salt mixtures the penetration rates were 70 urn/day for un

stressed specimens and 250 pm/day for stressed specimens, |2l|. Greatly 

enhanced surface oxidation, leading to intergranular oxidation, resul

ted in disintegration of the 1-2 mm thick Zircaloy specimens in about 

8-10 days. This very rapid oxidation was attributed to the early deve

lopment of a porous, non-protective, oxide. As a result halogen from 

the salt mixture could react directly with the metal at the oxide-metal 

interface. Cox showed that a surprisingly small amount of chloride, 



-23-

9 

C.5 -ug/dnT deposited on Zircaloy tubing specimens, was able to give 

local oxide pits in preoxidezed specimens. 

Electro chemical investigations on the resistance of zirconium alloys 

against pitting corrosion showed that small concentrations of oxidi

sing compounds, e.g. 0.08 m ferric ions, in a 0.03 m chloride solution 

caused pitting corrosion,|22[. 

Both Cox and Jangg et al |22| emphasize the key position of chloride 

ions, or other halogen ions, during the initiation and growth of oxide 

pits in Zircaloy specimens. 

The microprobe investigations on the oxide pi*s, and their surroun

dings, in the Zircaloy cladding of our pins 306 and 309 did nor reveal 

the presence of chlorine and fluorine. However, the detection limit of 

the microprobe for chlorine is about 500 ppm. Thus the presence of 

traces of chloride in the oxide pit cannoc be detected with the micro

probe. Because the loop water contained 0.1-0.3 ppm chloride ions it is 

very likely that the small amounts of chloride contamination on the 

Zircaloy cladding, needed to initiate and to sustain pitting corrosion 

would indeed have been present. 

Except chloride ions also oxidising compounds must be available in the 

oxide pits to enable growing of the pit. The microprobe investigations 

of the pits in the pins 306 and 309 showed the presence of relatively 

high concentrations of manganese and molybdenum. These concentrations 

decreased going from the outer surface to the bottom of the pit. Ob

viously manganese- and molybdenum- compounds were transported inwards 

during the growth of the pit, probably via the many pores in the oxide 

that filled the pit. The water chemistry conditions, see paragraph 4.1., 

favoured the occurrence of oxidising ions like nitrate, manganate and 

molybdate in the crud on the pin surface. 

A futher contribution may possibly originate from oxidising compounds 

formed when oxygen containing water, as was present in our loop, is 

bombarded with high energy beta particles, |5|. The 100% naturally 

abundant isotope of manganese, Mn-55, has a cross saction of 13.3 barns 

for its (n,y ) transformation into Mn-56. This Mn-56 isotope has a 

lifetime of 2.6 hours and emits 1.03 MeV(34%) and 2.84 MeV(47%) beta 

particles. Thus the manganese in the oxide pits satisfies the require

ments of a high yield, a short lifetime and a high particle energy to 

contribute to the energy deposition rate in the oxide pit. 
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According to Cox, |20;» this beta dose rate is not nearly high enough 

to affect the corrosion rate. Experiments done with electron beams, 

representing beta dose rates of an order of magnitude larger than the 

rates from decay reactions in crud deposited on a :uel pin, have 

shown variable, but generally small effects. 

The considerations presented in the paragraphs 4.1-4.3 lead to the 

conslusion that the observed pitting corrosion of Zircaloy fuel pin 

cladding, exposed in-pile in high temperature, oxygen containing water, 

was caused by the simultaneous occurrence of an exceptional combination 

of operational conditions, namely: 

- a low NH.. concentration of the water resulted in a nearly neutral 

pH at 280 C and caused low hydrogen and high oxygen and nitrate 

concentrations of the water. 

- these unfavourable water chemistry conditions caused t">e deposition 

of thick crud layers on the fuel pins, in particular in areas cf 

high flux and high power rating and at positions of local flow dis

turbances. 

- remnants from the regularly performed loop decontamination treatments 

and nitrate from the radiolytic decomposition of ammonia caused the 

incorporation of highly oxidising compounds in the crud layer. 

- these oxidising compounds, in cooperation with chloride ions, ini

tiated and sustained the growth of oxide pits, in particular at the 

edges of already existing oxide nodules where flow disturbances 

are likely to occur. 

- the non-uniform, but generally thick crud layers, probably in com

bination with flow disturbances, caused locally an increase of the 

cladding temperature with 300-400 C so that wall penetration by com

plete oxidation occurred in 5-20 days at tue peak rating position of 

the failed fuel pin. 
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5. CONCLUSIONS. 

1. A three-pins Zircaloy-4 clad, sphere-pac bundle was irradiated in a 

280°C PWR loop in the HFR at Petten during 131 EFPD's until a bundle 

average burnup of 8.7 MWd/kg M. 

2. Unfavourable water chemistry conditions caused heavy crud deposi

tion on the pin surfaces, in particular at the positions of high 

heat ratings, 400-450 W/cm at the end of the irradiation. 

3. On one pin this heavy crud deposition resulted in a small cladding 

defect, at the peak rating position, by complete oxidation of the 

Zircaloy-4 wall, starting at and progressing from the outer, coo

lant side, surface. 

4. In addition, the failed pin and an adjacent pin contained several 

corrosion pits filled with Zircaloy oxide. The penetration depths 

of the pits were 15-30% of the wall thickness. 

5. Microprobe investigations showed high concentrations of Manganese, 

and to a lesser extent also of Molybdenum, in the Zircaloy oxide 

that fillei the pits. 

6. These high Manganese and Molybdenum concentrations probably origi

nate from loop decontamination treatments that were needed regu

larly to keep the system accessible for maintainance and repairs. 

7. Remnants from these decontamination treatments, e.g. manganate and 

molybdate ions, and nitrate, formed ty radiolytic decomposition of 

the ammonia in the nearly neutral pH water, caused the incorpora

tion of highly oxidising compounds in the thick crud layer. 

8. These oxidising compounds, probably in cooperation with chloride 

ions, initiated and sustained the growth of the oxide pits, 

in particular at the edges of already existing oxide nodules where 

coolant flow disturbances are likely to occur. 
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Fig. 1 Overall view and cross section of the in-pile oa't of the pressurized water loop 

in theHFR at Petten. 
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Fig. 2 Fuel pin drawing and axial power distribution. 
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Fig 3 Oud depostion on pin 309. left picture, and on pin 306, 

middle and right picture (lx). 
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Fiq. 4 Appearance of pin 306 at different elevations from the pin bot tom end. 
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Fig. 5 Appearance of cladding defect in pm 306 at 245 mm from the pin bottom end f 7.3 x ) 
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Fig. 6 Transverse cross section of pin 306 at 245 mm from the pin bottom end (15 x). 
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Fig. 7 Details of figure 6 showing the defect in pin 306 (t>b x/ S/5 x) 
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Fig. 8 Micrographs of the not defected cladding, marked with arrows in figure 6 (65 x / 325 x }. 
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Fig 9 Micrographs of the cladding defect in pin 306 at 248 mm from the bo t tom end (25 x / 100 x ) 
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Fit). 11 Transverse cross section of pin 306 at 205 mm from the pin bottom end (14 x). 
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Fig. 12 Details of figure 11 showing the Zircaloy corrosion pits (100 x). 
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Fig. 13 Details ot figure 12 showing the Zircaloy corrosion pits (250 x). 
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Fig, 14 Line scans across the corrosion pit at the position marked 1 in figure 13. 
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Fig. 15 Line scans across the corrosion pit at the position marked 2 in figure 13. 
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Fig. 16 X-ray images of a small corrosion pit at the position marked 3 in figure 12 (650 x). 



- 4 5 -

oiür mtï l i 

Jiyyn 

Woiyböenurn 

Chromium 

!Sl) 

Fig. 17 Line scans across the small corrosion pit at the position marked 3 in figure 12. 
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Fig. 18 Transverse cross section of pin 309 at an elevation of 239 mm from the pin bottom end (14 x). 
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Fig. 19 Details of figure 18 showing the Zircaloy corrosion pits (100 x / 250 x). 
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Fig. 20 Details of figure 18 showing the Zircaloy corrosion pits (400 x / 250 x). 



Fig. 21 X-ray images of the corrosion pi 

Oxygen 

shown on the upper photograph in figure 20 (250 x). 
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Fig. 22 X ray images of the surface area the corrosion pit shown in figure 21 (675 x). 
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Fig. 23 Zircdloy corrosion pits in pin 309 at an elevation of about 240 mm from the pin bottom end (400 x / 250 x). 
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Fig. 24 Lint scans «cross the large corrosion pit shown in figure 23. 


