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SUMMARY

The overview of corrosion and hydriding behaviors of Zr-based alloy under

the conditions of the in-reactor service and in the absence of irradiation is

introduced in this report. The metallurgical characteristics of Zr-based alloys

and the thermo-mechanical treatments on the microstructures and the

textures in the manufacturing process for fuel cladding are also introduced.

The factors affecting the corrosion of Zr alloy in reactor are summarized.

And the corrosion mechanism and hydrogen up-take are discussed based on

the laboratory and in-rector results. The phenomenological observations of

zirconium alloy corrosion in reactors are summarized and the models of

in-reactor corrosion are exclusively discussed. Finally, the effects of

irradiation on the corrosion process in Zr alloy were investigated mainly

based on the literature data.
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Fig. 2. 1. a) The Zirconium-Oxygen phase diagram(a) and the Zirconium-Tin

phase diagram(b).

Fig. 2. 2. The zirconium eutectoid phase diagram (a-Fe, b-Cr, c-Ni).

Fig. 2. 3. Microstructure of the Zr(Fe, Cr)2 precipitates with characteristic

stacking faults.

Fig. 2. 4. The Zirconium-Niobium phase diagram.

Fig. 2. 5. Typical microstructure of 0 -quenched Zr alloy with precipitates

present at former /? grain boundaries.

Fig. 2. 6. TEM observation of recrystallized Zircaloy-4 cladding tube with

Zr(Fe, Cr)2 precipitates.

Fig. 2. 7. Typical microstructure of Zr-2.5%Nb pressure tubes.

Fig. 2. 8. Microsturucture of pressure tubes: a) partially recrystallized

Zr-2.5%Nb; b) partially recrystallized Zr-1.0Nb-1.3Sn-0.4Fe(E635)

alloy.

Fig. 2. 9. Microstructure of /? -quenched Zr-2.5%Nb and a' martensite.

Fig. 2. 10. Microstructure of fuel cladding tubes: a) recrystallized Zr-l%Nb

alloy, with uniform distribution of /? -Nb precipitates in the matrix

and at grain boundaries; b) recrystallized Zr-lNb-l.3Sn-0.4Fe

(E635) alloy with Zr(Nb, Fe)2.

Fig. 2. 11. (0002) Pole figure of cold rolled Zircaloy-4 sheet.
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Fig. 2. 12. Type of deformation, resulting strain ellipse and the derived basal

pole figure for different tube values (schematically) (a) RW /RD>1,

(b) RW/RD=1 and RW/RD<1 (ASTM-STP-754, p.14).

Fig. 3. 1. Oxidation of zirconium at 400-600 °C in oxygen at 10cm Hg

pressure, a. linear plot, b. parabolic plot[21].

Fig. 3. 2. Variation of the parabolic oxidation rate constant with temperature

fitted to the data in Figure 3.1. [21].

Fig. 3. 3. Oxidation of Zircaloy-2(billed Z8006) in steam at 300-400°C, 1 atm.

pressure [22].

Fig. 3. 4. Weight gain versus time curves for Zircaloy-2 specimens biased

during oxidation in fused salt at 275 and 300°C[29]. Normal refers

to open circuit, 0.0V to short circuit and -1.75V refers to the metal

negative with respect to the oxide.

Fig. 4. 1. Ellingham diagram of thermodynamics of Zr/O and other relevant

systems [44].

Fig. 4. 2. Variation in the microhardness as a function of depth of penetration

of oxygen in zirconium (50g. load) [26].

Fig. 4. 3. Curve for the penetration of oxygen, established using the 16O(d,

p)17O* nuclear reaction with Ed=900keV, and compared with a

calculated curve (error function complement) for a zirconium

specimen oxidized at 850 °C for 400 hour [26].

Fig. 4. 4. Oxygen distribution in the region between the oxide-metal interface

and the metal interior (darkest part) of zirconium, oxidized in

- 12 -



oxygen-18 at 600°C for 2.7xl05s [48].

Fig. 4. 5. Effect of the load used in microhardness testing on zirconium

oxidized at 600 °C for 1.8xi06s. Dashed lines, 15g. load; solid lines,

130g. load. a. Variations in the size of the indentations, b. Effect on

the results in the neighbourhood of a grain boundary: the size of

the metal grains was small compared to the depth to the depth of

penetration of oxygen [48].

Fig. 4. 6. Relation between weight gain on single crystals of van Arkel

zirconium (after a min. in steam at 500 °C, 1 atmosphere) and surface

orientation [49].

Fig. 4. 7. (a, b). Oxide ridges formed at metal grain during the oxidation of

van Arkel zirconium in steam outside surface.

Fig. 4. 7. (c, d). Oxide ridges formed at metal grain during the oxidation of

van Arkel zirconium in steam oxide-metal interface topography.

Fig. 4. 8. Development of a rough oxide-metal interface. The centre of the

central grain is still showing a relatively planar interface, whereas

roughening of the interface has spread over the rest of the

interface. The straight ridges of thicker oxide are at twins and the

curved ones are along grain boundaries. Mean oxide thickness: 0.4/an

(2000 x) [50].

Fig. 4. 9. The shape of the Zircaloy-2 oxidation curve [158].

Fig. 4. 10. Transmission electron microscopy of zirconium oxide films. Top:

Bright field view of oxide adjacent to the oxide-metal interface

(section parallel to the interface), Bottom: Dark field view of oxide

crystallite morphology in a thin oxide formed at 300 °C in oxygen
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on zirconium.

Fig. 4. 11. Variation in X-ray peak intensities(Dhid) observed on the (0001)

face of a zirconium single crystal during oxidation [25].

Fig. 4. 12. Oxidation of Zircaloy-2 (Ac) in water at 200-300°C [59].

Fig. 4. 13. Corrosion weight gain of Zircaloy-4 in water at 633K [60].

Fig. 4. 14. Reaction of Zircaloy-2 with water vapour at 450°C. Effect of

pressure on the propagation of the cubic to linear transition [61].

Fig. 4. 15. Short-time corrosion weight gain of Zircaloy-4 in water at 633K

[60].

Fig. 4. 16. Influence of thermal cycling on pre-transition corrosion of

Zircaloy-2 [66].

Fig. 4. 17. Corrosion of alloys with 2-5% niobium in water and superheated

steam at various temperatures [68]. 1. Zr~2%Nb; 2. Zr-2.5%Nb; 3.

Zr-5%Nb; 4. Zr-2.5-3%; 5. Zr-2.5%Nb.

Fig. 4. 18. Corrosion of zirconium alloy with 1% niobium in water and

superheated steam at various temperatures [68].

Fig. 4. 19. Corrosion of heat-treated Zr-2.5%Nb (batch Bg) in 200-300*0

(473-573K) water [70].

Fig. 4. 20. Corrosion of bare Zr-2.5%Nb (left) and Zircaloy-2 (right) pressure

tube specimens in 568K water in the U2 loop of NRU [524].

Fig., 4. 21. Corrosion of Zr-l%Nb in water, water+steam and in steam at
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285 °C. 1. Water; O2=0.2-0.9mg/l; 2. Water+steam, O2=0.36mg/1,

20-30%steam; 3. Steam, O2=10-36mg/l [72].

Fig. 4. 22. Corrosion of Zr-l%Nb in water and in water+steam at 350 °C. 1.

Water, O2=0.2-0.9mg/l; 2. Water+steam, O2=0.03mg/1; 3. water+steam,

Q2=20-30mg/l, 20-30% steam [72].

Fig. 4. 23. Corrosion of Zr-l%Nb in water and solutions at 310°C. 1.

Deionized water. pH 5.8: 2. NH4OH, pH 7; 3. NH4OH, pH 9; 4.

NH4OH, pHll; 5. H2SO4 pH 5; 5. NaOH, pH 7; 7. LiOH, pH 9; 8.

NaOH, pH 9; 9. KOH. pH 9 [72].

Fig. 4. 24. Corrosion weight gains versus exposure time in LiOH solution

containing (top) 70 ppm lithium (0.01M) at 633K, (bottom) 700 ppm

lithium (0.1M) at 589K. Alloy B is Zr~2.5%Nb; Alloy C is

Zr-l%Nb; and Alloy E is ZIRLO [74].

Fig. 4. 25. Corrosion weight gain versus exposure time at 633K in LiOH

solutions. Lithium concentration was 3.5 ppm (0.0005M) for 112

days, then 70 ppm (0.01M) for an additional 28 days (Alloys B, C,

and E are the same as in the previous Fig.)[74].

Fig. 4. 26. Schematic diagram of the oxide film on Zircaloy-2 and the

processes occurring in it during oxidation [26].

Fig. 4. 27. Log I versus V^2 (Schottky) plots for forward electronic (metal

negative) characteristics of: +Zircaloy-2 oxidized in steam (800psi)

at 350 °C to a to weight-gain of 19mg/dm2; O, Zircaloy-2 oxidized

in dry air at 350 °C to a weight-gain of 19mg/dm2; O, as before

but with prior subtraction of an ohmic component of 4xi06i3 at

175 °C and 3.2xi05i2 at 350 °C, D Zircaloy-2 oxidized in air at

350 "C to a weight gain of 19mg/dm2 and then coated with
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magnetite (~10nm) in 300°C water containing Fe(OH)2J A, an

anodic Z1O2 film (30nm) on crystal-bar zirconium coated with

Fe3C>4. Specimen areas: 8.5cm2 [33].

Fig. 4. 28. Diffusion coefficients for oxygen in zirconia (for references see

original) [20].

Fig. 4. 29. Potential versus time curves for Zircaloy-2 in fused salt (Bh and

Ba refer to the designations of two batches of Zircaloy-2) [29].

Fig. 4. 30. Iron profile for three different lengths of oxidation at 573K, within

the oxide film formed on a ZrsFe precipitate [76].

Fig. 4. 31. Schematic view of the various oxidation states of the intermetallics

in Z1O2. (a) After 3 days oxidation (ljtan). (b) After 40 days

oxidation (4/an). (c) After 420 days oxidation (14/an) [42].

Fig. 4. 32. Various states of the precipitates located in the bulk of a 4 /an

thick oxide layer (at about lpaa from the metallic interface), (a)

Unoxidized precipitate. Dark-field from a <1013>hcp Zr(Fe, Cr)2

reflection, (b) Microcrystalline oxidized precipitate. Dark- field from

a tetragonal Z1O2 spot, (c) Amorphous precipitate. The first ring of

the amorphous diffusion pattern corresponds to a first neighbour

distance of 0.28nm [42].

Fig. 4. 33. Rejection of iron during precipitate oxidation, (a) Microcrystalline

oxidized precipitate located at the water-oxide interface of a I/an

thick oxide layer, (b) Dark-field of a <110> bcc iron

agglomeration reflection and some of the adjacent tetragonal spot

[42].

Fig. 4. 34. Oxide film formed on Zr-2.5%Nb alloy, (a) Schematic diagram of
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scale features; (b) bright-field and (c) dark field images of

metal/oxide interface region; (d) dark-field image for amorphous

contrast above interface; (e) bright-field image from near to the

top of the scale showing amorphous region disrupting columnar

oxide structure [83].

Fig. 4. 35. Zircaloy-2 surface after oxidation in steam at 350°C (billet Z8006,

192 days at 350 °C, weight gain 40mg/dm2). Specimen surface was

uniformly covered with cracks at about this frequency (6000 x) [26].

Fig. 4. 36. Zircaloy-2 surface after oxidation in steam at 500 °C (billet Z105, 12

days at 500 °C, weight gain 360mg/dm2). Only a few small cracks

like this were seen on the whole surface (16000 x) [26].

Fig. 4. 37. Development of porosity in oxide films formed on Zircaloy-2 in

400 °C steam. Note appearance of porosity prior to normally accepted

weight gain at transition (~30mg/dm2). Ro is initial resistance, Rp

is resistance at any pressure (p) ; Rf is final resistance at max.

pressure [63].

Fig. 4. 38. Comparison of porosimeter results on oxided films on Zircaloy-2

and Zr-2.5%Nb [98].

Fig. 4. 39. Partially stabilized zirconia containing t-ZrCfe particles; (b)

Transformed Z1O2 particle in AI2O3; (c) Mechanism of microcrack

formation during twinning on transformation [87].

Fig. 4. 40. Zircaloy weight gain in concentrated lithium hydroxide solutions

(360 °C in static autoclaves) [102].

Fig. 4. 41. Influence of LiOH on corrosion of Zircaloy in pressurized water at

350°C [125].
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Fig. 4. 42. Polarization curves in fused salt at 300 °C measured on oxide films

formed in water or LiOH [505].

Fig. 4. 43. Out-reactor corrosion of Zr-2.5%Nb (quenched from 880 °C, cold-

worked and aged 6 hours at 500 °C) and Zircaloy-2 in 360 °C water

[12].

Fig. 4. 44. Effect of applied stress on the extent of Zircaloy-2 in atmospheric

pressure steam at 475°C [121].

Fig. 4. 45. Effect of LiOH on corrosion of Zircaloy at 350 °C, and the Li

content in the grown oxide layer [125]. References in this are given

in the original paper [125].

Fig. 4. 46. Effect of boron on corrosion of Zircaloy-4 in a concentrated LiOH

solution 114].

Fig. 4. 47. Behaviour of Batch 1 clad in simulated hideout environments

containing 220 ppm of lithium and boron additions in the range 0 to

8000 ppm [114].

Fig. 4. 48. Local white-oxide formation along intermetallic stringers in

Zircaloy-2 after 14 days, 400°C steam test (2000 x).

Fig. 4. 49. Critical hydrogen fluxes for surface hydride layer formation [227].

Fig. 4. 50. Redistribution of tritium at the oxide-metal interface (portion of

the oxidized sample annealed in argon at 800 °C for 2 hours, air

cooled). Note the absence of tritium in the metal zone adjacent to

the oxide due to the high dissolved oxygen level there, and tritium

enrichment in the next metal zone with a low oxygen content
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[139].

Fig. 5. 1. Change in hydrogen uptake rate with oxide film thickness for

Zircaloy-2[158].

Fig. 5. 2. Hydrogen pickup by Zircaloy-2 and Zircaloy-4 as a function of

hydrogen over-pressure after 14 days exposure in 343 °C water. 100%

uptake is not exceeded for these specimens and conditions until

40-50 ppm hydrogen has been absorbed[160].

Fig. 5. 3. Effect of niobium in zirconium alloys on the absorption of hydrogen

in water for 18000 hours at 350°C[72].

Fig. 5. 4. Effect of temperature on the oxidation (a) and (b) of Zr-1% Nb in

steam, water and water + steam [72]:a) 1 - O2 = 20 - 40 mgA, 3,000

h; 2 - O2 = 0.2 -0.9 mg/1, 10,000 h; 3 - O2 = 10 - 40 mg/1, 10,000 h

and b) 1 - 3,000 h; 2 - 10,000 h.

Fig. 5. 5. Effect of the oxygen content of the water on hydrogen uptake by

Zircaloys in 360 °C water.

Fig. 5. 6. Effect of some alloying elements in intermetallic form on hydrogen

uptake percentage [26].

Fig. 5. 7. Autoradiograph showing a uniform tritium content in a thin zirconia

film formed in T2O for long enough to saturate the oxide (oxidized

in O2 AT 400'C for 66.5 hours to weight gains of 12.7 mg/dm2;

oxidation continued in 1^0 at 400 "C for 48 hours to total weight

gain of 14.4 mg/dm2). Compare with non-uniform tritium distribution

in Fig.5.17 [139].

Fig. 5. 8. Surface autoradiograph showing tritium content proportional to

oxide thickness. Note that in a black and white print the "darkness"
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of the interference coloured oxide is not proportional to the thickness

of the oxide, the correlation must be done using a colour print.

Oxidized in T2O at 400 °C to a weight gain of 1.9 mg/dm2 [139].

Fig. 5. 9. Deuterium through-oxide-thickness depth profiles following

exposures to D2O and D2 at 300 °C. The solid lines represent a

Fickian diffusion model fitted to the 1, 2 and 4 hour profiles for

Zr-2.5%Nb oxide films. The inferred apparent diffusion coefficient is

approximately 1 x 10"18 m! • s"1 [167].

Fig. 5. 10. Deuterium and hydrogen through-oxide-thickness profiles (after

exposure at 33 °C for 168 hours) to a stream of argon bubbled

through D2O. The samples were pre-filmed by steam autoclaving

at 400 °C for 48 hours. Note that hydrogen and deuterium in the

oxide on the Zr-2.5%Nb alloy specimen can be exchanged

quantitatively without any change in the profile [167].

Fig. 5. 11. Comparison of the permeability data of T. Smith with other

estimates of the apparent hydrogen diffusion of hydrogen in Z1O2

films [189].

Fig. 5. 12. Hydrogen uptake of Zr-l%Fe in steam at 500°C, 1 atm (up to 5

mg/dm2). Note that a small error in the knowledge of the initial

hydrogen content of the alloy could account for the apparently zero

initial uptake [176].

Fig. 5. 13. Incubation times for absorption of hydrogen gas at 400 °C by

zirconium with various initial oxidation treatments [181].

Fig. 5. 14. Plot showing the influence of the oxidation rate during exposure to

H2/H2O mixtures at 400°C on hydrogen uptake [184].
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Fig. 5. 15. Plot of the electrical resistance for Zircaloy-2 exposed to gaseous

environments at 450 °C [184].

Fig. 5. 16. Aotoradiograph showing lack of tritium absorption by a thick oxide

film formed in O2 when subsequently exposed to T r Oxidised in O2

600 °C for 66.5 hours to a weight gain of 684 mg/dm2; exposed to T2

gas at 800 °C for 16.5 hours [139].

Fig. 5. 17. Autoradiograph showing tritium incorporated locally in a thick

oxide film formed in 02 when subsequently exposed to T2O.

Oxidised in 02 at 600 °C for 66.5 hours to a weight gain of 727 mg

/dm2; exposed to T2O vapour at 400 °C for 72 hours, additional

weight gain 5 mg/dm2 [139].

Fig. 5. 18. Decrease in thickness of interference-coloured oxide films as a

function of annealing time in vacuo at 400°C [188].

Fig. 5. 19. Oxide-metal interface of stripped oxide films showing cracks

induced by the stripping process (3,000 x). Note that these cracks

do not follow the oxide ridges observed in these thin films [189].

Fig. 5. 20. Oxide-metal interface of a specimen after oxidation and subsequent

vacuum annealing at 500 °C. Note the break-up of the oxide ridges

and the formation of pores along the prior metal grain boundaries,

(a) 1,000 x r (b) 3,000 x [189].

Fig. 5. 21. Replica of the zirconium oxide surface of a specimen heated in a

low oxygen partial pressure environments (He). A similar array of

pores is observed to those seen in the previous Fig.. Note that the

diameter of the pores at the surface appears to be smaller than that

observed at the oxide-metal interface, (a) 4.000 x ; (b) 10,000 x [189].
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Fig. 5. 22. Increase in the deuterium concentration at the inter ends of two

Zr~2.5%Nb alloy pressure tubes in the Pickling reactors as a result

of diffusion from the end-fitting steel[157].

Fig. 5. 23. Post-transition oxidation rates versus estimated hydrogen content

for long oxidation of Zircaloy-2 in 500 °C atmospheric pressure

steam. Note that severe cracking of the specimens occurred (with a

corresponding increase in available surface area) for weight gains

above about 1000 mg/dm2 [233].

Fig. 5. 24. The effect of the initial hydrogen content on the oxidation of

Zircaloy-2. Specimens were pre-hydrogen at 400 °C; half of them had

their surfaces re-prepared by abrading and attack polishing (to

produce a smooth surface without the gross pitting that occurs if

pre-hydrided specimens are pickled); all were oxidized in 500°C

atmospheric pressure steam in the same furnace [158] .

Fig. 5.25. Effect of the hydrogen content of pre-hydrided specimens on

corrosion of Zircaloy-4 in 360°C(633K) water, (a) Comparison of

633K corrosion weight gains for three samples with different initial

hydrogen concentration, (b) 633K corrosion weight gains for all

specimens at 17, 150 and 387 days as a function of initial hydrogen

concentration [236].

Fig. 5. 26. An almost continuous band of solid hydride adjacent to the

oxide/metal interface in a specimen of Zircaloy-4 fuel cladding

cathodically polarised in 300 °C Na2SO4 for 120 days .[31].

Fig. 5. 27. A comparison of various experiments an increase in oxidation rate

with hydrogen content where different hydrogen ingress methods

were applied, (a) Normal H increase during 500°C oxidation [233].

(b) Prehydriding in H2 gas at 400°C [236]. (c) Cathodic polarisation
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during 300 °C aqueous corrosion [31].

Fig. 6. 1. Interaction of operating parameters, performance criteria, fabrication

process parameter and material properties of Zircaloy cladding [239].

Fig. 6. 2. Effect of tin on out-of-pile corrosion of zirconium-based alloys with

Fe and Cr in hydrogenated water at 350 °C [240].

Fig. 6. 3. Effect of various alloy constituents on corrosion on 400 °C, 105 bar

steam [241].

Fig. 6. 4. Influence of tin on in-reactor corrosion of zirconium alloys

processed at high temperature (HTP) or low temperature (LTP)

[242].

Fig. 6. 5. Effects of tin, carbon and silicon on corrosion in PWR [243]. PC A

denotes low tin alloys.

Fig. 6. 6. Corrosion experience with low tin Zircaloy-4 cladding [246].

Fig. 6. 7. Corrosion experience with ELS cladding [246].

Fig. 6. 8. Corrosion of ELS-DX in lOmmol LiOH at 350°C [246].

Fig. 6. 9. Corrosion of experimental alloys for fuel cladding in a pressurised

water reactor environment [245].

Fig. 6. 10. Effect of test temperature on cracking for nodular corrosion [249].

Fig. 6. 11. Effect of tin on the corrosion of Zr-Sn-Fe-Cr-alloys in BWRs

after 4 cycles of exposure (WTR coupons) [249].
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Fig. 6. 12. Effect of Si and Sn on the corrosion of Zircaloy-4 in BWRs after

4 cycles of exposure (WTR Coupons) [249].

Fig. 6. 13. Effect of Cr and Sn on the corrosion of Zircaloy-4 in BWRs after

4 cycles of exposure (WTR Coupons) [249].

Fig. 6. 14. Influence on corrosion of the A-Parameter from in-pile and

out-of-pile measurements [259]. a) Out-reactor corrosion at 350°C,

b) Corrosion of Zircaloy-4 in PWR.

Fig. 6. 15. Correlation of corrosion to the mean diameter of second phase

particles in Zircaloy. Comparison of in-pile and out-of-pile results

[260].

Fig. 6. 16. Comparison of precipitate diameters calculated with the SOCAP

and the A-Parameter [267]. The points are calculated from the

SOCAP relationship (Table 6.4); the band enclosed by the two

solid lines is from a correlation between the A-Parameter and

precipitate size.

Fig. 6. 17. Comparison of corrosion parameter E' for different annealing

parameters for in-pile corrosion [268]. a As a function of cumulative

annealing parameter (Q/R=40,000K), b As a function of cumulative

annealing parameter (Q/R=31,500K). c As a function of second-order

annealing parameter (SOCAP).

Fig. 6. 18. Effect of B -quench rate on corrosion of Zircaloy-4 in PWRs,

BWRs and out-of-pile experiments [242].

Fig. 6. 19. Comparison of stress relieved and recrystallized Zircaloy-4 tubing

tested in 400 "C Steam [269].
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Fig. 6. 20. Degradation of the corrosion resistance of Zr-l%Nb following

annealing at above the monotectoid temperature.

Fig. 6. 21. Oxidation of Zr~l%Nb in water at 350t (1,2) and steam at 400°C

(3,4). (1.3) annealing at 580 °C and (2,4) annealing at 700 °C.

Fig. 6. 22. Typical microstructures of Zr-2.5%Nb pressure tubes showing the

a grains elongated in the axial direction.

Fig. 6. 23. Corrosion kinetics-effect of void fraction on corrosion in lithiated

solutions.

Fig. 6. 24. Azimuthal corrosion in the Cirene loop.

Fig. 6. 25. Corrosion kinetics-effects of LiOH and void fraction.

Fig. 6. 26. EPRI recommendations on PWR primary coolant chemistry regimes

: pH values calculated at 300 °C [281].

Fig. 6. 27. Various lithium-boron modes of operation in PWRs (from WOOD

C. Approaching consensus in the optimum pH for PWRs. (Nucl.

Eng. Int., August 1990, p.28).

Fig. 6. 28. WWER recommended primary coolant chemistry regimes for Czech

(NRI) and Russian (VNIAES) Plants: WWER-440 Units(left).

WWER-1000 Units (right) [305].

Fig. 6. 29. Thicknesses of oxide layer and ff-Zr[O] layer on Zircaloy-4

cladding from high temperature steam oxidation [314].

Fig. 6. 30. Long term oxide weight gain on Zr-l%Nb cladding at 300-350°C

[69].
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Fig. 6. 31. Corrosion profile in an out-of-pile loop.

Fig. 7. 1. Example of effect of different single phase heat transfer correlations

on predicted clad wall temperatures (NE predictions using VIPRE

Code).

Fig. 7. 2. Example of effect of different oxide thermal conductivity values on

predicted oxide thicknesses (NE-ZIRC Code predictions).

Fig. 7. 3. Comparison between predictions and measurements as a function of

axial elevation, new ABB Atom Model [336].

Fig. 7. 4. An example of comparisons between oxide thicknesses for exposur-

es to normal lithium chemistry in North Anna-1 PWR and elevated

lithium chemistry in Millstone-3 PWR. Measured values scaled to

NE ZIRC Code predictions.

Fig. 7. 5. Comparison between post-transition oxidation rate for early models

[340].

Fig. 7. 6. Comparison between post-transition oxidation rates for early models

reviewed in section 7.3.2.

Fig. 7. 7. Comparison between predicted oxide thicknesses for the models

reviewed in section 7.3.2.

Fig. 7. 8. Schematic diagram of irradiation corrosion mechanism assumed in

Cox's new mechanistic model [118].

Fig. 7. 9. Oxide thickness versus fuel burn-up for: a) RBMK: I -nodular

corrosion; II-uniform corrosion; b) I-WWER-1000; H-WWER-440.
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Fig. 7. 10. Comparison between dependence on pH of (a) calculated solubilities

of zirconium corrosion products and (b) measured values of corrosion

rate.

Fig. 7. 11. The vapour content influence on linear corrosion rates in various
_ r y _•*

environments (mdd=mg • dm • d ).

Fig. 7. 12. Correlation between calculated and measured nodular corrosion

thicknesses for WWER coolant chemistry.

Fig. 7. 13. Correlation between calculated and measured nodular corrosion

thicknesses for RBMK coolant chemistry.

Fig. 8. 1. Displacement cascade formation in an intermetallic compound. The

blue atoms are slightly displaced from their normal lattice sites, the

yellow atoms are knocked out, forming vacancies, and the red are

the resulting interstitial atoms.

Fig. 8. 2. The different types of irradiation point defects in an intermetallic

compound.

Fig. 8. 3. Point defects in an ionic compound.

Fig. 8. 4. Incorporation of intermetallic precipitates in the zirconia layer for 1,

2 and 3 PWR cycles.

Fig. 8. 5. Amorphous transformation of a Zr(Fe, Cr)2 precipitate after

irradiation in a power reactor to 8 dpa.

Fig. 8. 6. Corrosion enhancement during post-irradiation autoclave testing

[320].
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Fig. 8. 7. Accelerated corrosion of Zr alloys after irradiation in a power

reactor and machining for removal of the oxide grown during

irradiation[392].

Fig. 8. 8. Spur formation by high energy electrons.

Fig. 8. 9. G-valves for primary species as a function of temperature:

(a)=g(OH), (b)=g(e~aq), (c)=g(H2) + g(H), (e)=g(H2O2),

(f)=g(H2), (d)=calculated g(H); after Elliot[421].

Fig. 8. 10. Typical result of a computer simulation for radiolysis of pure

water at 250 °C (G-values from Burns' data and dose rate=4.5xio4

R • h"1).

Fig. 8. 11. A computer simulation showing the the effect of H addition for

water radiolysis at 250°C. Same G-values and dose rate as for Fig.

8.10.

Fig. 8. 12. Effect of 7*-rays on ECP, (a) under simulated normal BWR water

chemistry, (b) under simulated hydrogen water chemistry [448].

Fig. 8. 13. Thermal impact of crud deposition.

Fig. 8. 14. Effect of thermal-hydraulic conditions on the deposition of

corrosion products.

Fig. 8. 15. Chimneys in crud.

Fig. 8. 16. X-ray dispersive analysis of the crud composition.

Fig. 8. 17. Accidental localisted corrosion for very high crud deposition.
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Fig. 8. 18. Loose crud obtained under heavy deposition conditions.

Fig. 8. 19. SEM view of the inner side of crud removed from the cladding

described in Fig.

8.18.

Fig. 8. 20. Increase in oxide thickness due to an increase of void fraction in

the coolant with increasing elevation.

Fig. 8. 21. Li concentration profile (SIMS) in a zirconia layer grown in a loop

simulating PWR water.

Fig. 8. 22. Crud build-up on Trojan fuel assemblies during the first three

cycles of operation.

Fig. 8. 23. Weight gain for Zr specimens biased during oxidation in fused

salts at 275 and 300*0 [29].

Fig. 8. 24. Corrosion of Zr~l%Nb cadding.

Fig. 8. 25. Kinetics of 1 kcal film oxidation after irradiation during 496(a),

745(b) and 1370(c) effective full power days.

Fig. 8. 26. Corrosion of Zr-l%Nb cadding(WWER-1000 condition).

Fig. 8. 27. Fuel corrosion in PWRs and WWERs (top) and BWRs and

RBMKs (bottom).
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