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Corrosion of zirconium fuel cladding is a Iimiting factor in deciding the useful lifetime of 

fiel bundles for high bumups. Under irradiation conditions, the oxidation rate of zirconium 

is greatiy enhanced. At present it is not clear how the alloying elements are incorporated into 

the oxide, and therefore, how they affect the corrosion behaviour. This prompted great 

interest in the investigation of the incorporation of alloying elements and impurities in the 

oxide during the zirconium oxidation process. 

Due to the low solubility of the alloying elements in the matrix oxide, the Energy Dispersive 

X-ray (EDX) technique does not have the sensitivity needed for their detection in areas away 

fkom the second phase particles where most of the transition metal additives (Fe, Cr, Ni) are 

segregated. In this study scanning electron microscopy and cathodoluminescence techniques 

are used to gain some insights into the effect of elements such as iron on the corrosion 

behaviour of zirconium alloys. Iron appears to migrate away from the second phase particles 

relatively easily, and to diffuse to fiee surfaces such as cracks within the oxide films. In these 

conditions it stimulates the cathodoluminescence locally. Other elements present in 

zirconium alloys either stimulate (Cu, Mo,Ti, Tb) light emission or suppress it (Sn, Nb), but 

do not appear to be locaiised in the oxide in the sarne way that iron is. 
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1. Introduction 

Zirconium is a widely used material in the cores of nuclear fea~fors. Its uses range fkom 

fuel cladding to fuel grid spacers. The material is mostly used in alloys with some other 

elernents for improved performance; it lacks the required mechanical and corrosion properties 

in a high temperature water envirotunent in its pure fom. Early reactors used stainless steel as 

the fuel cladding, but problems with stress corrosion cracking and the high neutron capture cross- 

section forced the switch to zirconium alloys. Zirconium alloys on the other hand have low 

neutron capture cross-sections and good corrosion resistance at the required operating 

temperatures, thus making them the material of choice in these applications. At low 

temperatures zirconium has a hexagonal close packed structure (a-Zr) which transforms to a 

body-centred cubic phase @-Zr) at 1 133 K. 

To meet the required corrosion resistance and mechanical properties needed for use in 

nuclear applications, zirconium is usually alloyed with Sn, Fe, Cr and Ni. Tin is completely 

soluble in the metal ma& while Fe, Cr and Ni have very low solubility at application 

temperatures. Most of the insoluble alloying elements end up in interrnetallic precipitates; 

Zr(Cr,Fe)2 and Zrz(Ni,Fe) in Zircalo y-2 and Zr(C r,Fe), in Zircalo y-4. The corrosion behaviour 

of these ailoys depends greatly on the distribution and size of these precipitates; the spatial and 

size distribution of the precipitates in turn depends on the thennomechanical treatments the alloy 

previously re~eived['-~l. How the precipitates are incorporated into the oxide phase during 

oxidation, especially under irradiation is not well established research work suggests that some 

of the alloying elements diffuse out of the precipitate at high oxidation temperatures. It is not 

clear how this affects the corrosion behaviour since where these alloying elements end up is not 

well established. Due to the low solubility of some of these dloying elements in the oxide 

matrix phase most of techniques capable of microcompositional analysis do not have the 

sensitivity needed to study the redistribution of them. This thesis is motivated by this lack of 

understanding of the alloying elements redistribution and is an attempt to gain more insights in 

the redistribution process. 



1.1 Extraction of Zirconium 

Nearly ai1 zirconium is extracted fiom zircon; a beach sand that occurs al1 around the 

worId, but zircon h m  Australia is preferred because of fewer impurities. zircon is basically a 

complex zirconium, W u m  silicate (&Hf SiO,), with a zirconium to hafnium ratio of about 

50. The extraction process b e g h  with the conversion of zircon into ZrCI, in a carbo- 

chiorinaiion process performed in a fluidized bed h a c e  at 1473 K. The zirconium-hafnium 

tetrachloride is selectively condensed and the silicon tetrachloride is sold as a by-product. 

Due to the hi& neutron capture cross-section of &un, it must be removed so that any 

metd produced fiom such a process could be used in nuclear applications. There are two 

techniques available for this purpose, the f k t  method developed in the 1950's involves a liquid- 

liquid extraction scheme and the second, a more recent method, uses a distillation process. 

In the liquid-liquid extraction process, the tetrachlorides are dissolved in dilute 

hydrochlonc acid. Ammonium thiocyanate is then introduced to form a complex with the 

zirconium and hafnium ions. Haniium is then extracted with methylisobutyl ketone (MLBK, 

which gives the name to the process) in a counter-current Iiquid-Iiquid extraction process. The 

zirconium containing phase is then mixed with sdfuric acid to precipitate the zirconium as a 

sulfate which is then converted to hydroxide with ammonium hydroxide. The precipitate is then 

filtered and calcined to an oxide. Most of the impurities are removed either in the carbo- 

chlorination process or the liquid-liquid extraction process so that the resulting oxide is very 

pure. The pure oxide is again carbo-chlorinated to produce tetrachloride. The whole process is 

descnbed in detail by W. W. Stephend"l. 

The second method of removing hamiurn fiom zirconium is by distillation of hafnium 

tetrachloride fiom a potassium-alufninum chioride molten salt solution. hpurities are lefi in the 

salt solution which is replaced periodically. 

To obtain zirconium metal, the tetrachloride is reduced in gaseous form by liquid 

magnesiurn at about 1 123 ES in an oxygen free environment. The resulting metal takes the form 

of sponge cake, which is then mixed with alloying elements and melted in a consumable 

electrode vacuum fimace. 

Most of the present day commercial alloys of zirconium are associated with the name 



"Zircaloy". It generaily represents the alloys of zirconium where tin, iron, chromium, and nickel 

are the major dloying elements. These alloying elements have different effects on the 

mechanical and corrosion properties of the ailoy. in the early days of the alloy development, 

some of the elements such as carbon, oxygen and silicon were considered as impurities. They 

have now been found to be essentiai ailoying elements that play an important role in the 

metallurgy of the ailoys. 

1.2 Zirconium Allovg 

The first Zircaloy (Zucdoy- 1. never used commercidly) was simply zirconium with 

2.5% tin. Tm was £kt  introduced to counteract the adverse effects of the relatively high nitrogen 

content of the early zirconium on its corrosion resistance. As an added bonus, it aiso 

significantiy increases the mechanical strength of the alloys. However, advancements in 

zirconium production methods reduced the nitrogen content in the rnetal so that only 0.2% tin["I 

is now needed to tie up the nitrogen. To increase the strength a tin content of greater than 0.2% 

is used in commercial alloys. Tin is known to be an alpha phase stabilizer and, despite it's phase 

diagrarn, completely dissolves in the matrix because of the slow nucleation and precipitation of 

Zr,Sn at typicai final annealing temperatures of 773 to 872 K. 

In later Zircaioys, namely Zircaloy-2 and Zircaloy-4, iron, chromium, and nickel are 

added to increase the corrosion resistance. How these elements actually promote corrosion 

resistance is not yet fully understood. These elements are known to be beta phase stabilizers, and 

at temperatures above 1073 K are completely soluble. At lower temperatures, the solubilities 

of these elements drop to about a hundred parts per million. Any excess is precipitated as 

intermetallic particles. The size and distribution of these particles depend strongly on the cooling 

rate. For example, in commercial alloys where the cooling rate has k e n  hi& smail precipitates 

in the order of a few nanometres to 0.2 pm are unifonnly distributed. At slower cooling rates, 

such as fumace cooled, the precipitates tend to be relatively large, in the order of few 

micrometres, and are distributed at grain boundaries. 

Hydrogen absorption in zirconium alloys as a consequence of the conosion reaction with 

water and steam is a major concem for the ailoy. At room temperature, hydrogen solubility is 



low, less then one part per million by weight The solubility increases with increasing 

temperature, at 673 K, the solubility is around 200 parts per d l i o n  by weight. Whenever the 

hydrogen content exceeds the solubility limit, a hydride phase will be precipitated Suice this 

phase is brittle, it c m  have detrimental effects on the mechanicd properties on the alloy. The 

extent to which this phase embritties the alloy depends on the volume hct ion of the hydride 

present, its orientation within the alloy with respect to the principle stress direction, and the 

degree of comectivity of the precipitates. Nickel was found to promote the absorption of 

hydrogen, the mechanism of how this is faciiitated is not yet well established. As a consequence 

of this obsewation, Zircaloy-4 was developed by eliminating the nickel, but required additional 

iron in place of the nickel to maintain good corrosion resistance. Table 1-1 shows the main 

constituents of the alloying elements for Zircaloy-2 and Zircaloy-4. 

Table 1.1 -Composition of Zircaloy-2 and Zircaloy-4 in weight percent 
I I 1 i 

1 Tin 1 1 -20-1.70 1 1 -20- 1.70 1 

Nickel 

It is vev difficult to study independently the effect of each dloying element because of the inter- 

element interaction. The best one cm do is to study one element at a time by independently 

doping themi' l J .  

Oxygen 

Silicon 

O. 18-0.3 8 - 
0.09-0.16 

0.005-0.0 1 2 

0.09-0.16 

0.005-0.0 12 



2 Corrosion of Zirconium 

Presently, corrosion of zirconium fuel cladding is the main Limiting factor in determinhg 

the usefid lifetimes of fuel b~.ndles[~! Despite the many studies that were undertaken to shidy 

the oxidation process, the overail pichire of the corrosion mechanism remains largely elusive. 

. Evidence indicates that the oxidation kinetics may be divided into two stages. In the first stage, 

calleci the pre-transition phase, a dense non-porous oxide is formed, this oxide layer consists of 

mostly monoclinic oxide with smal1 arnount of tetragonal oxide. The rate of oxidation follows 

the cubic law, that is it dec~eases continuously as the oxide thickens. When the oxide thickness 

feaches between 2 to 3 p, the oxide becomes porous, almost entirely monoclinic in structure, 

and the rate of oxidation increases to follow a constant rate. Figure 2.1 shows some typical 

shapes of the Zircaloy-2 oxidation c w e s  oxidised at 633 K and 773 K, the graph plots weight 

gain in mg/dm7 as function of oxidation tirne. The weight gain can be approximately converted 

to thickness using the theoretical density of ZrO, ( 1 pm oxide = 1 5 mg/dmZ oxygen weight gain). 

Accuracy of this technique is infiuenced by several factors: the theoretical density of the oxide 

(known to be inaccurate), amount of oxygen dissoived in metal and integrity of the oxide film. 

The arnount of oxygen dissolved in metai is greatiy afTected by the oxidation temperature, a 

much higher proportion of the oxygen is dimlved in the metal at higher tempenihues (>673 K). 

This technique assumes that ail of the oxide forrned remains on the specimen, which may not be 

tme under al1 conditions. Although weight gain measurements do not give an accurate thickness 

of the oxide, they do allow cornparison between samples. As can be seen fiom the graph, 

çamples oxidised at 773 K clearly show the two oxidation kinetics, i.e., pre-transition and post- 

transition; however, the sample oxidised at 633 K shows cyclic behavior. How this cyclic 

behavior cornes about is not well understood and is still under debate. One possible explanation 

for this is that the discontinuous weighing technique acnially causes the cycles, another theory 

suggests that the cyclic behavior represents the growth of successive layers of pre-transition 

bamer layer following a breakdown. Clearly more detailed study is needed to explain this 

phenomenon, although recent expenments have shown that cycles do occur during continuous 

experiments in 623 K water.["' 
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Figure 2.1 - Graph showing the shape of the Zircaloy-2 oxidation cuves['? 

2.1 Effect of Preci~itate Size and Distribution 

The rate of corrosion is greatly Uifluenced by the size and distribution of the intermetdlic 

precipitates. The size of these precipitates is controlled by the quenching rate from the P- 
temperature range and the subsequent annealing processes in the a-range. Higher quenching 

rates produce smdl evenly distributed precipitates. Figure 2.2 shows the conosion rate of 

Zircaloys as a function precipitate size under various conditions. the top graph shows oxidation 

in-reactor and the bottom graph shows oxidation out of reactor. It can be clearly seen that 

different reactor conditions require different distributions of particle size - in this case 

pressurised water reactors require small (0.1-0.2pm) precipitates, while boiling water reactors 

require very fme (<O. 1 pm) precipitates for improved corrosion resistance. 

Since the alloys have fixed arnounts of alloying elements, the size distribution of the 

precipitates determines the precipitate number density in the alloy. This means a fast quench 

would produce a small precipitate size and hence a hi& precipitate number density. 
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Figure 2.2 - Graph showing Zircaloy corrosion rate versus the size of intermetallic 
precipitate? a) in reactor, b) out of reactor(l3]. 
P WR = Pressurized Water Reactor B WR = Boiling Water Reactor 



2.2 Oxidation of Preci~itatq 

Nmerous papers on the subject of intermetallic precipitate interaction with the matrix 

under both un-irradiated and irradiated conditions have been published in recent year~[~$-"'~~. 

In non-irradiated samples, both unoxidised and oxidised precipitates were found in the dense pre- 

transitional oxide a few hundreds nanometers away from metal-oxide interface. The unoxidised 

precipitates have the sarne crystalline structure (hcp or fcc) and the same FeKr (1.7) ratio as in 

the metallic matrix. The oxidised precipitates are composed of nanocrystallites with FdCr ratios 

of slightly l e s  than 1.7, indicating an iron depletion. Electron dimction patterns indicate that 

the oxidised precipitate is cubic (or tetragonal) in structure. with a smail amount of monoclinic 

oxide. Further out from the metdoxide interface, at about 1 p, ail of the precipitates, except 

a few arnorphous ones have k e n  oxidised. The precipitates have the same structure as described 

above, but their FeKr ratio has decreased to less than 1 indicating f ider  dissolution of iron out 

of the precipitates. In the pst-transitional oxide (>2 pm away from metal/oxide interface), al1 

of the observed precipitates are oxidised with FeKr ratio less than 1. The various states of the 

precipitate are illustrated in Figure 2.3 

Figure 2.3 - Schematic diagram showing the various states of precipitates during oxidationt3! 



From these observations, it c m  be generalised that the oxidation of the precipitates is 

delayed with respect to the metai matrix, i.e., the zirconium matrix oxidises first, and when the 

precipitates are oxidised. iron and small m ~ : i n t s  of chromium are observeci to be dissolving out 

of the precipitate and segregate at the precipitatdmatrix boundary. In some cases where the 

precipitate is still in the dense oxide layer, rneta.Uk bcc iron is observed at the outer edges of the 

precipitates. In the porous oxide layer, no metallic iron is observed indicating the oxidation of 

the iron and its incorporation into the oxide matrix, or the formation of iron oxide particles. 

The delayed oxidation of the precipitates can be explained in terms of the partial oxygen 

pressure amss  the oxide layer, the equilibriurn partial pressures of oxygen for Zr/ZrOZ, Cr/Crz03 

and Fe/FqO, at 673 K are 1 O-" atm, IO"* atm and 1 05' atm. respectivelyf '". If we consider the 

partial oxygen pressure in the system at the metdoxide interface to be 1 0-75 atm. and the partial 

oxygen pressure at the oxide/environment interface to be 1 O-'' atm., then if the partial oxygen 

pressure varies linearly across the oxide, it is clear that the equilibrium partial pressure of oxygen 

for Cr/Crz03 and Fe/Fe,O, lie somewhere in the middle of the oxide. In this type of scenario, 

illustrated in Figure 2.4, zirconium would oxidise fïrst, followed by chrornium and finally iron. 

Figure 2.4 - Figure showing the oxygen potential as a function of the oxide thickness fÎom 
metalloxide and oxide/envuonment interfacesr3]. 



2.3 Effects of Radiation 

The oxidation problem is compounded by irradiation enhanceci corrosion, see Figiire 25. 

In a reactor environment where the dloy is constantly bombarded by fast neutrons, which have 

the abiiity to displace atoms, whenever an atom is displaceci, a point defect pair is generated, the 

accumulation of these point defects rnay lead to morphological, structural and chemicai changes 

in the alloy. The displaced atom rnay be pushed into an interstitial site creating a Frenkel defect 

Studies performed on Y203 stabilized zirconia irradiated at different temperatures (up to 1025 

K) to a fluence of 4.4 x I F  nom-' have shown a bulk swelling of about 1 .s%["~. After such an 

irradiation, a much higher corrosion rate is observed. Recently, many studies were undertaken 

to gain a better understanding of the effect of radiation on the oxidation mechanism. These 

studies revealed once again that intermetallic precipitates appear to play critical roles in the 
process[~-9. 14  1s. 16. 191 

Fast neutron radiation induces an amorphous transformation in the preci pitates in the 

metal ma&. Early st~dies[~*'~lon Zircaloy-2 and Zircaloy-4 revealed that the crystalline to 

amorphous transformation is highly dependant on the irradiation temperature. At Iow 

temperatures, a53 K, both Zr(Cr,Fe)? and Zr2(Ni,Fe) becarne amorphous at a low fluence (< 5 

x 1 e4 mm-3 of fast neutron irradiation. At intermediate temperatures (= 523 K) only Zr(Cr,Fe)? 

became amorphous while Zr,(Ni.Fe) remained stable in its crystalline fom (neither dissolved 

nor became amorphous). At higher temperatures (Xi73 K), both types of precipitates dissolve. 

The amorphous transformation process starts at the precipitate/metal matrix interface and grows 

inward at a constant rate, proportional to the neutron fluxl'l In most cases, the transformation 

of the precipitate into the arnorphous state is accompanied by the diffusion of iron and sometimes 

chromium out of the precipitate. The mechanisrn of this transformation, where linear time 

kinetics are found, can be explained by the contribution of ballistic mixing induced by the 

neutron flux1"! It is interesting to note, however, that Zr,(Cr,Fe) precipitates obtained in low 

t h  alloys with a very high Fe/Cr ratio were shown to remain very stable under irradiationIXl. 



Figure 2.5 - Graph showing the effect of irradiation on oxidation rate (673 K for 271 days in 
1500 psig steam)[']. 

Crystalline to arnorphous transformations may be obtained with simulated neutron 

irradiations such as high voltage electrons and accelerated heavy ionsi"-'? Transformation 

under these circumstances can take place in Zircaloy-2 and Zircaio y-4 wi thout any composition 

change and at much higher irradiation damage rates. These observations suggest that the 

amorphous transformation is not induced by the composition changes due to a possible 

irmdiation-induced diffusion of the alloying elements, but to the high density of point defects 

induced by neutron damage. Accumulation of the point defects provides the driving force for 

the phase transformation from crystalline to amorphous. The phase transformation leads to a 

chernical potential imbalance of the alloying elements between the amorphous precipitate and 

the matrix. and hence re-solution is necessary for a retum to chernical eq~ilibrium["~. Another 

theory"] based on work done on irradiated Zircaloy-2 and Zircaloy-4 in Boiling Water Reactoe 

(BWR) proposed that the main cause of the crystalline to arnorphous transition was the 

deposition of energy in the crystal due to the deviation of stoichiometry caused by Fe depletion. 

The radiation induced dissolution of alloying elements is then attributed to the increased number 

of vacancies in the matrix which thereby increased the solubility limits of Fe, Cr and Ni. 

The diffusion of alloying elements out of the precipitates under neutron irradiation has 



profound effects on the evenhial oxidation of the precipitates and hence the corrosion behavior 

ovemll. Materials that were exposed to low levels of radiation (i.e., early in their in-reactor iife 

or at least before the second reactor irradiation cycle) still have their Fe content intact in the 

precipitate and may dope the surrounding zïrconia with up to 6% when oxidation take 

place. This has the effect of chemically stabilising the tetragonal phase of the zirconia 

surrounding the precipitate. For materials that received an higher irradiation dosage (after 2nd 

irradiation cycle), where most of the Fe has diffused out of the precipitates durhg the ciystalIine 

to amorphous Wonnation,  no tetragonal phase can be found surrounding the precipitates. It 

is well established that high Fe content in the matrix provides resistance to noduiar corrosion. 

Since the Fe was incorporateci into the metal r n a h  before oxidation, nodular corrosion was not 

seen in these highiy inadiated materials. From these obsewations it can be seen that how the 

alloying elernents are incorporated into the oxide has a strong impact on the charactenstics of 

the final oxide. Where the alloying elements are distributed in the final oxide is of great 

importance in the overail understanding of the role of the alloying elements in the overdl 

oxidation process. The difficulty of locating these elements is determined by the fact that the 

solubility limit in the oxide matrix may be only in the range of a few hundred parts per million 

and the detection limits of most of the cornmonly used methods for chernical microanalysis are 

much above that. Therefore a different method must be used in order to be able to facilitate their 

detection. 

2.4 Luminescence Characteristics of Zirconium Oxide 

Luminescence techniques seern to be suited for this purpose, the detection limit for this 

technique is in the order of 10" ato~n/crn'["~, well below the solubility of the alloying elernents 

in zirconia A large arnount of literature is available on the luminescence properties of stabilised 

zirconia and zirconia fil~ns[~"~l. These studies were motivated by various usages of the material, 

ranging fiom gemstones to photosensitizen used for the photo dissociation of water under U V  

irradiation. Interest in using the material in radiation dosimetry has produced several papers on 

the thermoluminescence properties of the materialr36131. These results indicate three tnip levels 

within the bandgap, however, photoluminescence emission scans on oxidised Zr samples only 



showed one emission peak. The three trapping leveis demonstrated fkom the 

thennolumiuescence experiments on bulk Prconia are illustrated in Figure 2.6, the figure shows 

two graphs, the graph on the left shows the TL glow curve during the first scan and the graph on 

the right is the gIow curve taken immediately after the first m. The sample was first irradiated 

by sun Iight for one hour with a 30 minutes waiting period before readout. Peak at 343 K, 

373 K and 508 K are clearly visible in the graphs 

Figure 2.6 - Typical TL glow curves of Zirconia measured 30 minutes d e r  1 hour 
irradiation under sunlight, a) first readout, b) second readoutl3'I. 

Even when the samples were doped with different elernents, the peaks for the most part 

remained the sarne, only the intensity changed. This observation, and the correlation between 

the intrinsic absorption and the treatrnent of the oxide under reducing Led to the 

conclusion that the luminescence centres are c a w d  by oxygen vacancies, the addition of other 

elements merely created more oxygen vacancies, without creating any new type of recombination 

centre. Another research g r ~ u p [ ~ l  conducted time-resolved photoluminescence experiments on 

yttria-stabilized zirconia, their results also suggest that oxygen vacancies or their complexes are 

responsible for the luminescence. 

A Russian research g r o ~ p [ ~ '  investigated the thermoluminescence technique as a 

possible method for the study of zirconium corrosion to gain a better understanding of the 



corrosion mechanism. Experimentation on the thermoluminescence of oxidised zirconium. 

zirconium dloys and zirconium oxides doped with various additives as a function of oxide 

thickness, irradiation dosage and concentration of additives were perforrned. Many of the 

samples doped with additives revealed a strong correlation between thermoluminescence 

intensity and the amount of additives present in the oxide matrix, leading the research group to 

the conclusion 
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that the dopants are responsible for the luminescence. 

, 

Figure 2.7 - a) photoluminescence emission of undoped zirconium oxide, 
b) photoluminescence emission of zirconium oxide doped with 0.1% E~,O?'~. 

In al1 cases, whether the samples were prepared for thermoluminescence or 

photoluminescence they produced similar emission spectra, al1 the ernissions centred around one 

apparent peak, with a slight shoulder, samples of such emissions are show in Figure 2.7. 

The similarity of the ernission peaks for samples doped with different elements suggests 

that the emission peaks are intnnsic properties of the zirconium oxide. At this point it is 

important to note that no luminescence signal has k e n  observed in high purity zirconium oxide. 

It is reasonable to conclude from these obsexvation that the luminescence signal &ses due to the 

combination of some inhinsic property of the oxide and the addition of other elements. This 

seems to support the hypothesis of the complexing of an oxygen vacancy with the additive 

elements. Presently there are three models proposed for this intrinsic property, named ~-ciefd ' ) '*  
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wq, having an energy level of 2.2 eV (560 nm emission) above the valence bardei1. Based on 

resuits h m  EPR experiments, one model attributes the defect to a localiseci energy state of 29' 

ion with two nearest neighbour oxygen vacancies in the opposite cube a s d l a r  

model based on CI? ion in a six-fold pseudo-octahedral site, trigonally distorted was also 

proposed for this defectr3? A different research group, attributed this defect first to a singly 

ionized oxygen vacancy bound to Y ionsIJ61, but later attributed it to some unknown impurities fl 
The fact that hi& purïty zirconia does not give a luminescence signai suggests the involvernent 

of impurity elements. 



2.5 Pumose 

in order to Mly understand the corrosion mechanisms of the zirconium alloy system, a 

clear picture of the distribution of the alloying elernents in the oxide film is needed. 

Observations on the second phase intemetallic precipitates clearly demonstrated that the 

redistribution of alloying elements plays a critical role in the overall corrosion process. Since 

the solubility of most of the alloying elements in the matrix is well below the detection lirnit of 

most of the methods that are capable of micro analysis, it is necessary to search for an alternative 

technique for this shidy. Luminescence techniques appear to have the required sensitivity for this 

task, therefore, the purpose of this thesis is to attempt to use the luminescence techniques in 

conjunction with other existing techniques to study the distribution of alloying elements in L5e 

oxide rnatrix. Results of a literature survey revealed that there is no clear consensus as to the 

ongin of 1unninescence centres in the zirconium oxide system, it was hoped that this study would 

yield more information on this argument. Despite the lack of agreement on this, the fact that 

there is a clear correlation between luminescence intensity and the concentration of various 

addition eiements suggests that this technique could still be used in the characterisation of the 

distribution of the alloying elements in the oxide matrix on oxidised zirconium alloys. 

There is virtuaily no information available in literature on the luminescence properties 

of zirconium oxide films formed Erom the metal matrix and very little on oxides in the 

monoclinic fom which comprise the bulk of the oxide film fomed from the rnetal matrix. The 

lack of information means that most of the work involved in this thesis will be devoted to the 

characterisation the zirconium oxide irrespective of the corrosion process. 



3 Introduction to Luminescence 

Having introduced the luminescence properties of the zirconium oxide, it is usehi now 

to give a brief introduction to the phenornenon of luminescence. The process of luminescence 

can be described as the emission of radiation as the resdt of the absorption of an incident 

radiation. When radiation is incident on a materiai some of its energy may be absorbed and re- 

emitted as Iight of a longer wavelength. Interaction between the charged local state and the 

lattice may lead to phonon emissions which in turn results in the shift to a longer wavelength in 

the radiative emission (cailed Stokes  hif fil^^^). The characteristics of the emitted light are 

independent of the incident radiation, in other words, the characteristics of the emitted radiation 

are a property of the luminescent matenal. Luminescence is in general caused by srnaii amounts 

of dopants knows as activaton or defects. As mentioned earlier, this technique is sensitive at 

1 OI4 atom/cm3['7, making it 1 O' times more sensitive than micro X-ray analysis. 

Luminescence is classified into different categories depending on the mode of excitation 

and the time delay between excitation and emission (illusûated in Figure 3-1). 

(Photo-, mdio-, cathodo-, cherni-, 
tri&-, ektro-, bio-. sono-) 

luminescence 

Figure 3.1 - Schematic diagram showing the classification of the luminescence 
p h e n ~ r n e n a . ~ ~ ~ ~  



Luminescence is 6ust classified according to the exciting method as can be seen from Figure 3.1, 

the major exciting modes are: photo (excitation by visible or ultra-violet light), radio (excitation 

by nuclear radiations, Le., y-rays, P-rays, X-mys, etc.), cathodo (excitation by energetic 

electrons), cherni (excitation by chemicai energy), tribo (excitation by mechanical energy), 

elecîro (excitation by electrical energy), bio (excitation by biochemical energy) and sono 

(excitation by sound waves). The process is m e r  categorised according to the characteristic 

time at which the energy is reemitted after absorbing the incident radiation, t,. If, r, c 1 O%, then 

it is classified as fluorescence ernission. For. s, > 100 the transition is classified as 

phosphorescence. Phosphorescence is M e r  divided into two categories depending on the 

characteristic time, when 7, is greater than 104 seconds, the phenornenon is tenned 

Tbennoluminescence, where the time delay can be in billions of years. 

3.1 Luminescence Mechanism 

Luminescence is the result of electronic transitions between quantum mechanicai States 

of different energies. illustrated in Figure 3.2. 

Incident 
Energy 
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Treps 4-L 

Figure 3.2 - Schematic diagram showing excitation, trapping, and recombination 
mechanisms in luminescence with trapping levels for both electrons and 
holes .["1 



The luminescence process involves the creation of electron-hole pairs, as cm be seen fiom 

Figure 3.2. An electron is first excited into the conduction band upon receiving au incident 

energy (e.g., fbm another energetic electmn). Ifthe electron fdls back to the valence band and 

recombines with the hole, then the transition is termed intrinsic, and the emitted light is an 

inûinsic property of the material. The photon energy fiom this transition equals the fùndamental 

energy gap, E,. When transitions involve dopants. such as the recombination centre shown in 

Figure 3.2, they are t e d  extrinsic, and the emission characteristics are those of the particda. 

dopant (ais0 know as activators). 

Luminescent materials are divided into two categones depending on the location of the 

maximum of the valence band and the minimum of the conduction band when the energy of the 

bands are plotted as a fùnction of the wave vector k An example of such plot is shown in Figure 

3.3. M e n  the maximum of the valence band and the minimum of the conduction band occur 

at the same value of k, the material is termed direct gap. In this type of material, mdiative 

transition is most likely. If they do not occur at the same k value, the material is termed indirect 

gap. The recombination of electron-hole pairs in this type of material requires the sirnultaneous 

emission of a photon, and a phonon for momentum conservation. 

Conduction 
Conduction 
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Figure 3.3 - The energy transitions in (a) direct- and (b) indirect-gap materiais between 
initial States E, and final state E, For indirect transitions the participation of a 
phonon ( E d  is required.['q 



Once an electron-hole is generated, it may recombine in numerous number of ways, 

Figure 3.4 shows the simplified set of radiative transitions that lead to emission in materials 

containing dopants. 

Figure 3.4 - Schematic diagram of radiative transitions between the conduction band (E,), 
the valence band (E,) and exciton (E3, donor (E,) and acceptor (EJ levels in a 
semicond~ctor.['~ 

A brief description of the transitions described in Figure 3.4 is given below. 

Transition 1 shows an electron excited well above the conduction-band edge, dribbles down and 

reaches thermal equilibriurn with the lattice. This process may lead to phonon-assited photon 

emission but, more likely, phonon emission ody. Transition 2 shows the direct recombination 

between an electron in the conduction band and a hole in the valence band. resulting in the 

emission of a photon of energy hu= E, Thermal distribution of carriers in these States will lead, 

in general, to a broad band emission s p e c m .  Transition 3 shows the exciton decay (both free 

and bound excitons) observable at low temperatures. Transitions 4-5 and 6 involve the dopants 

that exist in the material. The processes either start and/or finish on locaiized states of dopants 

(e.g., donors and accepton) in the gap; these produce extnnsic luminescence. Transition 7 

represents the excitation and radiative deexcitation of a dopant with incomplete inner shells, such 

as rare-earth ion or a transition metal. 



It is not always clear in luminescence which dopants give rise to what emission, the 

resuitant emission may be the product of the combination of defects and the ma& material. in 

the case of the micro X-ray analysis, signals are emitted fiom transitions that involve the inner 

electrons (where there are no overlapping orbitals between atoms), these signals are directly 

characteristic of the material involved and are not infiuenced by the environment. The element 

responsible for the X-ray emission can generally by identified by Moseley's law, which relates 

the frwluency v of a .  X-ray line to the atomic number Z (v 29. Luminescence transitions take 

place at different levels fiom those of X-rays. In this case signals arise nom eiectronic 

transitions involving the outermost electron orbitals and may involve severai different 

components. These different rnechanisms are illustrated in Figure 3.5. 
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Figure 3.5 - Schematic diagram showing the energy diagram of a one-dimensional lattice. 
CL is the region of energy where cathodolurninescence takes place.['" 

Although the luminescence techniques have much better sensitivity than micro X-ray analysis, 

there is no simple unified theory that permits quantitative analysis. In addition, as mentioned 

above, luminescence emissions can not be immediately identified with any specific dopant or 

defects without M e r  expenmentation. Dopants in different marrix environments will have 

different luminescent behaviours. 



4. Ex~erimentai Setuns and Materiais pro ces sin^ Procedures 

Several different techniques were used in this study, descriptions of each of the apparati 

used are given below. Materials used and sample preparations are presented in the following 

section. 

4.1 Experimental Setuos 

This section describes the hardware used during the course of the study. The fm few 

subsections describe the basic working principles of some of the devices used in the 

experimental setups. 

4.1.1 Photomulti~lier 

A typical head-on photomultiplier configuration is s h o w  in Figure 4.1 

.1-10 = OYNODES: I I  = ANODE 

Figure 4.1 - Schematic diagram of a head-on photomultiplier conf ig~rat iod~~~.  

This device is used in the detection of opticd signais in the UV and visible region of the 

electromagnetic spectrum. The main components of this device are: a semitransparent 

photocathode, a senes of positive electrodes (called "'dynodes") and an anode. When an incident 

radiation impinges on the semitransparent photocathode, photoelectrons are ernitted and are 



directeci by the focussing electrode to a positive elecûode, 1 Figure 4.1). The positive electrode 

has a high secondary emission gain so that for each impinging photoelecîron several, usually 

between 3 and 6, secondary electrons are released. These secondmy electrons are multiplied 

hrher by the use of additional "dynodes" (2 to 10 in Figure 4.1 ), the greatiy multiplied signals 

eventualiy reach the anode which is connected to an externai meaniring instrument. Gaui factors 

in the region of 1 O6 to !O7 are usudly sought in these devices. 

4.1.2 Monochromator 

Monochromators are used to isolate çpecific parts of the eiectromagnetic spectrum. The 

schematic diagram of a simple monochromator is shown in Figure 4.2. 

Figure 4.2 - Schematic diagram of the main components of a rnono~hmmator'~'! 

The main components of this device are: an input slit, focussing mirrors, diffraction grating and 

an output port. The working principle of the device is based on the phenornenon of difiction 

and interference. Light entering through the input port is refiected via a series of rnirrors to the 

difikacion grating. The dihction grating has the function of splitting up the incident light into 

its component wavelengths. 



The d i i t i o n  grating is made up of a reflective surface which is d e d  with many fine 

opaque lines very close together that act iike many paralle1 dits. The dif icted Light fomis 

interference fringes and the principal maxima of these f i g e s  are govemed by the following 

expression, 

d sin 0 = r d  

where 
d = spacing between grooves 
0 = exit angle perpendicular to the grating 
m = order nurnber 
l = wavelength 

Since d is a constant, then if the first maximum is taken, it becomes cIear from the above 

equation that different wavelengths will have maxima at digerent angles, 0, resuiting in the 

dispersion of light into its basic wavelengths. By changing the angle of the diffraction grating, 

difierent wavelengths of light are selected at the exit. 

4.1.3 Scanning Electron Microsco~e 

The Scanning Electron Microscope (SEM) is a very useful tool in studying the 

microstructure of materials. The working theory of the SEM was first reaiized by Knoll in 

1935'~~~ and the fim workhg SEM was built by V. ~rdeme~"' in 1938. The main components 

of that SEM consisted of two magnetic lenses for beam focussing and two sets of magnetic coils 

to scan the beam across the specimen in a manner sirnilar to that of the television beam. A 

simplified block diagram of the main component of a SEM is shown in Figure 4.3. 



Figure 4.3 - Schematic diagram of the main components of a SEM[? 

The basic principle behind a SEM is to scan the specimen surface with a focussed 

electron beam, when electrons from the beam hit the specimen, they interact with the specimen 

and in the process give off secondary electrons, back-scattered electrons and characteristic X- 

rays. The intensities of these emissions are measured and are used to detennine the brightness 

of a correspondhg point on a CRT. By synchronising the CRT display with the scan generator, 

an image of the specirnen's surface cm be constructed. 

4.1.4 Photoluminescence A~paratus 

Photoluminescence (PL) experiments were performed on some of the commonly used 

commercial zirconium alloys. This type of experiment is used to obtain the luminescence 

excitation and ernission characteristics of materials being examined. in this type of experiment 

light is used as the excitation source 

btially it was not clear whether any detectable luminescence signals wodd be given off 

From thin oxide films grown on a metallic substrate. To answer this question, 

photoluminescence experirnents were conducted on a photoluminescence apparatus fiom the 

Department of Chemistry, SPEX fluorolog 2 1 2 spectrometer. A schematic diagram of this setup 

is shown in Figure 4.4. 



W Source Monochromator Sarnple Monochromritor Photomultipfiw 

Figure 4.4 - Schematic diagram of the photoluminescence setup. 

The main components of this setup are: a UV light source, two monochromatoa, and a 

photomultiplier. The UV light source is a 150 Watt xenon bulb. Monochromators are 1 /4 

meter, double gratings with 1200 grooves/mm. The photomultiplier has a sensitivity range of 

18ûnm to 650nrn and the output is fed to a photon counter. The whole apparatus is operated by 

SPEX Fluorolog software. In an experiment, panchromatic light fiom the xenon bulb is passed 

through the monochromator on the lefi hand side. The monochromator has the function of 

selecting the desired wavelength of the incident light, and this light is then reflected by a mirror 

ont0 the sarnple. Emission fiom this sample as the resdt of excitation by the monochromatic 

light is then reflected by the mirror on the right hand side to the second monochromator where 

the photomultiplier is mounted on its exit port. 

Two types of experiments can be performed on this setup, one can Vary either one of the 

monochromatoa. Ifone monochromator is allowed to vary, the other would be fixed at a certain 

wavelength. For example, if the monochromator near the UV light source is allowed to vary and 

the monochromator near the detector fixed, then we can scan for the wavelengths giving the 

greatest excitation, and hence this scheme wouid be called an excitation scan. Mien the 

monochromator near the detector is allowed to Vary, the wavelength of the excitation source can 

be h e d  and scan for the sample emission. and hence the name emission scan is assigned to this 

type of experiment. 



4.1.5 Thermoluminescence se tu^ 
ùi this type of experiment, the energy trapped at locaiised states inside the band gap is 

released by heating. This method c m  be used to identiQ deep level energy states inside the 

bandgap as weLi as the energy level of these localised state. Matenals used in this experiment 

would k t  be irradiated with a hi& energy source. The basic components of this setup are 

s h o w  in Figure 4.5. 

Photomultiplier 

Specimen 

Heater 

Figure 4.5 - Thermoluminescence setup. 

In a thermoluminescence experiment, the sample would be heated at a rapid rate, 10-30 Kelvin 

per second. Trapped electrons/holes would be thermally excited to the conductioo/valence band 

and recombine. Light given off would be recorded and saved as a function of the temperature. 

4.1.6 UV-VIS Saectrometer 

A Perkin-Elmer Lamba 3 W-VIS spectrometer was used in measurïng the 

absorption/transmission properties of various zirconium oxides. This is done by passing a 

monochromatic light beam through the sarnple. any signal loss From this beam would be due to 

absorption and reflection. A simplified schematic diagram of this apparatus is illustrated in 

Figure 4.6. 
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Figure 4.6 - Schematic diagram showing the UVNIS spectrophotometer. 

The basic components of this setup are: light source (two bulbs, one for the UV regime and one 

for the visible regime), a monochromator and a detector (1 90-900 nm). in an expenment, light 

nom one of the lamps is selected by a mechanical switch on the filter rack. in addition, the filter 

rack aiso has the function of filtering out any undesired wavelengths. Light fiom the selected 

lamp then passes through a monochromator which selects the desired wavelengths. The filter 

rack mechanism for switching between lamps is connected to the monochromator, so that when 

the rnonochromator reaches wavelengths outside the range of the curent lamp, it switches to the 

other lamp automatically. In this way, the system is capable of supplying a continuous 

wavelength range from 190 nm to 900 m. The monochromatic light at the exit port of the 

monochromator is then chopped with a mirror chopper, i.e., the beam would be reflected to the 

reference ce11 by the chopper part of the time. The reflected bearn simple passes through air in 

the specimen chamber, this serves as the reference beam which reduces noise in the system. 

When the bearn is not king rediiected, it is allowed to pass through the sarnple in the specimen 

chamber, the transmitted Iight would be rneasured by the photomultiplier and recorded by a 

personal cornputer. By varying the wavelength of the incident bearn with the monochromator the 

spectroscopie transmission properties of a sarnple may be obtained. 



4.1.7 Cathodoluminescence se tu^ 

Cathodoluminescence is a form of luminescence where the excitation source is energetic 

electrons. The electron beam inside a SEM is well suited for this type of experiment. The core 

of the cathodoluminescence (CL) setup is based on a Hitachi S-570 mode1 Scanning Electron 

Microscope (SEM). The unit was not equipped with a CL attachmenâ, so a home made system 

was consmicted. The decision to use a home made system was due to the hi& cost of acquiring 

a commercially available CL setup. Since the CL properties of the zirconium system are not well 

known, the CL signal was utilised in different ways, reflecting the improvement in the 

instrumentation of the technique over the .  This is illushated in the next three diagrams, Figures 

4.7 to 4.9. 

Figure 4.7 - Schematic diagram showing the capture of the CL signal on film. 

As in the case of photoluminescence, it was also not clear whether CL signals would be 

detectable under the conditions ofTered by the SEM. To determine the feasibility of the 

technique for the characterisation of zirconium oxide, a glas window was purchased and 

installed on one of the ports on the specimen chamber of the SEM. With the electron beam 

himed on, one can physically look into the chamber and observe the CL signal directly with the 



unaided eye. The CL signal can also be recordeci with a reguiar optical camera, but because the 

area bombarded by the electmns is srnall, the camera would have to be equipped with elaborate 

sets of zoom lenses and optical extenders. 

Once the observability of the CL signal intensity was confimed with the above setup, 

it was clear that measurements with other instruments that are able to quanti@ the signal would 

be desirable. Simply placing a detector (silicon diode) near the window is not sutlicient to detect 

the CL signal. To improve the optical gathering efficiency, a g las  fibre bundle was comtructed. 

The bundle is approximately 1.5 cm in diameter and 10 centimeter in length, capable of 

transmitting light of wavelengths fiom 400 nm to 1 Fm. This fibre bundle conducts light 

emitted fkom the specimen to the glas window. This setup is show in Figure 4.8. 

Figure 4.8 - Schematic diagram showing the CL system with optical fibre and current metre. 

The fibre bundie increased the light collection dramatically, it is possible to measure the CL 

signai intensity with a simple photodiode and a high gain current meter. Since the main 

component of this apparatus is a SEM, it would be veiy usehl and not too difficult to obtain CL 

images, this can be done by feeding the CL signal back into the SEM'S electronic system. When 

the CL signai is in synchronization with the scan generator, an image of the CL intensity rnapped 



out in 2-D is generated. This setup is show schematicaily in Figure 4.9. As can be seen from 

the figure, several more components have been added to increase the capabiliîy of the system. 

The extra components in this setup are: a moaochromator, a photomultiplier and a high speed 

amplifier. The CRT display system of the SEM requises that the input be in a specific voltage 

range, the photodiode does not have the required sensitivity and, therefore, is not capable of 

generating output in the required voltage range given the signal strength nom the samples. It 

is then replaceci with a photomultiplier. sensitive in the range of 200-800 m. The signal nom 

the photomultiplier is then fed into an amplifier before feeding it into the display system. The 

CL images obtained in this way are compared with topographicd secondary electton (SE) and 

occasionally back scaîtered electron (BSE) images in order to identify feahnes givïng rise to CL 

features. 

Figure 4.9 - Schematic diagram showing the CL configuration for imaging. 

When panchromatic images are desired, the photomultiplier is coupled directly to the 

glas window. This is very usefbl when the signal strength emitted by the sarnple is too low for 

detection after passing through the monochromator (Even with the best monochromators, only 

a hct ion of the original light may reach the detector). With samples emining strong signals, it 

is possible to pass the signal through the rnonochromator and still be strong enough for the 



display system, in this case, monochromatic images can be obtained. Whenever the 

monochromator is connected to the system, a set of lenses is required to focus the light into the 

monochromator to minimize losses. 

Ernission spectra of samples can be obtained with the use of a computer. The 

monochmator is controlled by the computer through a serial intexface and the CL signal is fed 

into a digital voltmeter which is controlled via an EEE 488 interface. The digitised CL signal 

is then recorded as a function of wavelength and saved on disk. 

4.1.8 Liauid Nitroggn S ta~e  

In an attempt to resolve the emission peaks better, a liquid nitmgen stage was built to 

cool the sample down so that the emission peaks would be narrowed and the emission intensity 

would be increased. The stage was built with 1/8 inch copper tubes, compression fittings using 

Teflon rings were used to seal the copper tubes at the entry points to the inside of the 

microscope. Liquid nitrogen is passed through the tube under slight pressure and exits at one end 

to open air. 

4.2 Materials and Sample Preparation 

This section descnbes the materials used in the study and the techniques used in 

preparing the samples. 

4.2.1 Samoles Used in Preliminaty Study 

Coupons approximately the size of 20~20~1.95 mm were used in the initiai investigation 

of the photoluminescence properties of zirconium and zirconium alloys. The types of material, 

their chernicai compositions and their oxidation conditions are listed below in Table 4- 1. 



Table 4-1 - List of materials used in the preliminary investigation1531. 

Be5 1 Hi& Purity Zr 1 673 K Steam 1 16 1 
Sample Alloy Type 

Bel50 

Bh14 

Ac838 

E5 1 

Aw155 1 2 ~ 2 . 5 %  N b  1 873 K S t e m  ! 16 
I I I 

Oxidation Condition 

Hi& Puri@ Zr 

Zircaloy-2 

Zircaloy-2 

Aw 143 

Oxide Thickness (pm) 

Zr-2.5%Nb 

573 K Fused Nitrates 

673 K Steam 

773 K Steam 

Zr-2S%Nb 

Aw273 

Bb5 1 Zr-0.5%Cu-O.S%Mo 1 673 K S t e m  1 10 1 

1 -5 

1 

1 1  

573 K Air 

Aw278 

Detailed chernical analyses for high purity Zr and the Zr alloys are given in Table 4-2. The 

oxide thicknesses listed in this table, and al1 other tables that follow, are based on estimates f?om 

weight gain measurements. which are in turn based on the assumption of a theoreticai oxide 

density (which is know to be slightly inaccurate). Despite this shortcorning, it does allow 

cornparison between samples. These specimens had already been oxidised as part of earlier 

st~dies[*~~. 

In a photoluminescence expenment, the whole sample would be mounted inside a 

specially designed sample holder. For each sample, both the excitation and ernission types of 

experiments were performed. 

12 

873 K Steam 

Zr-2 S%Nb 

16 

Zrœ2.5%Nb 

573 K Air 2.6 

573 K Steam 2.6 I 



Table 4.2 - List of alloying elements and major irnpurïties in high purity Zr and Zircaloy-2. 

4.2.2 Simples for Thermoluminescence 

C 

Batch 

Sn wtYo 

Nb Wto! 

Fe WYO 

Cr WYO 

Ni wtYo 

Cu wtYo 

Mo wtYo 

O W. ppm 

Wwt. ppm 

Due to the hi& heating rate required for this type of experiment, small sarnple size was 

required to minimize thermal mas .  The same materials w d  in the photoluminescence test were 

used here. Small pieces of the original coupons were cut into 3 mm square samples, with their 

thickness reduced to 0.5 mm by grinding away one side without darnaging the oxide on the side 

to be tested. The small sarnple would then be irradiated either with y or üV energy sources. in 

the case of y inadiation using the GammaceIl in the Department of Chernical Engineering, the 

sarnple would be tint irradiated and measured the next day. For UV irradiated samples, the 

measurements would be taken within 1 O minutes after irradiation. Much of the initial stored 

energy in the less stable sites decays during the delay period so that reproducible measurements 

of the more stable peaks cari be obtained. 

4.2.3 Doged Oxide Powder 

Zirconium oxide powders doped with various elements from a concentration of 1,000 to 

Tiwt.ppm 1 -=20 1 O 1 46 1 30 1 20 1 400 

Be 

4-02 

~ 0 . 0  1 

0.008 

0.002 

~0.00 1 

<0.0025 

<O.OO 1 

50 

75 

Bh 

1.45 

4.0 1 

0.14 

0.09 

0.05 

<0.002 

~0.00 1 

1 O00 

60 

Ac 

1.53 

- 
O. 12 

O, I 

0.06 

0.003 1 

~0.00 1 

II50 

5 1 

Bb 

- 
- 
0.03 

~0.003 

<O.O I 

0.50 

0.55 

800 

<ZOO 

E 

- 
2.59 

0.0435 

<0.002 

0.0022 

<0.002 

- 

1025 

<75 

Aw 

- 

2.7 

0.0960 

0.0025 

0.0040 

0.0035 

- 
1050 

67 



10,000 parts per million (ppm) by weight were produced using a CO-precipitation method. 

Powders of the various elements in the form or nitrates or chiondes were mixed in water and 

precipitated with ammonium hydroxide. For example, if one wishes to produce zirconium oxide 

doped with zinc oxide and the starting materids are their respective nitrate hydrates, one would 

fïrst mix the two elements in an aqueous solution, and then aàd the ammonium hydroxide to co- 

precipitate the metals as hydroxides, which are insoluble in water. The chernical reaction for this 

can be written as: 

ZrO(N0,)2-xH20 -> Z&* + NO," + H20 

Zn(NO,),*xH,O --> Zn" + NO," + HtO 

W40H --- > NH,+ + OH- 

zS2' + 20H- - -  >Zr(OH), (insoluble in water) 

Zn" + 20H- --- >Zn(OH)2 (insoluble in water) 

The resultant mixed hydroxide is insoluble in water and precipitates out of the solution. The 

solution was then boiled dry, leaving behind the hydroxide which is then heated at elevated 

temperature to convert it to oxide. For example, if we wish to produce one gram of Zirconium 

Oxide doped with 1000 ppm of Zinc, we would do the following calculation: 

Zirconyl Nitrate Hydrate required: Ig / 0.329 = 3.04g 

Zinc Nitrate Hydrate required: 3 .04/ 1 000/0.229 = 0.0 13g 

Since the required arnounts of dopants are small and therefore dificult to weigh accurately, large 

weighed amounts of the material were fmt dissolved in 250 ml of water. Then the required 

amount would be extracted using a graduated syringe. The table 4.3 lists the various alloying 

elements used in the CO-precipitation process. 



Table 4.3 - Table showing elements used in the precipitation of binary zirconium oxide powders. 

i EIement Chernical Name Chernical Formula Purity (96) 

fi Zirconyl Nitrate Hydrate ZrO(N0,)I-xH20 99.99 

1 Zn Zinc Nitrate Hydrate Zn(N03)2-xH20 99.999 

Fe 1 Imn III Nitrate Nonahydrate 1 Fe(NO,),-9H20 1 99.99+ 

Ni Nickel II Nitrate Hexahydrate Ni(N03)2.6H20 99.999 

Sn Ti II Chloride SnCI, 99.99 

Tb Terbium III Nitrate Hexahydrate Tb(N03)3-6H20 99.999 

Ti Titanium III Chtonde (l.9M in 2 M HCI) TiC13 - 
Cr Chromiurn I I  1 Nitrate Nonahydrate 1 Cr(NO,),-9H20 99.99+ 

I 

Cu Copper Nitrate Hydrate CU(NO,)~-~H~O 99.999 

Hf Wafiium Chloride HfCI, 98 

Cs Cesium Nitrate CsNO, 99.99 

Ce Cerium I I I  Nitrate Hexahydrate Ce(N0,),.6H20 99.99 

Y 1 Yttrium Nitrate Tetrahydrate 1 Y(NO,),-4H,O 1 99.999 

The procedure to produce a sarnple can be described as follows: 

Cation 

Analysis (&A) 

Zirconyl Nitrate Hydrate was first weighed and put inside a clean beaker containing a 
small amount of water. 

The required quantity of dopant was extracted from the bulk solution and added to the 
Zirconyl Nitrate Hydrate solution. 

Mixture was then thoroughly stirred with a magnetic stirrer for 5 minutes. 

Ammonium Hydroxide was added to the solution to precipitate the desired elements in 
the form of hydroxides. 

Solution was allowed to boil dry. 

Precipitate was collected and crushed in an alumina crucible 



7 Precipitate was heated at 1273 K for one hour to M y  dehydrate the hydroxide to oxide. 

8. Zirconium oxide powder was then mounted on double sided sticky tape for examination 
under the Scanning electron Microscope. 

4.2.4 Bina- Zirconium Alloys 

Small buttons of binary alloys of zirconium and various elements of interest were made 

using a non-consurnable tungsten arc h a c e  at concentrations of 0.1% and 0.5% by weight. 

The base zirconium metal was in the form of thin sheet which was used as the starting matenal. 

Each d o y  was made by wrapping the zirconium foi1 amund the dopant and melting it in the arc 

fumace. Each sample was flipped and remelted 4 tirnes before removal from the arc fumace for 

M e r  processing. The chernical purïty of the materials used is listed in the table below. 

Table 4.4 - List of the materials used in making metallic b i n q  alloys. 

1 Zr ( 99.94 1 Thin Sheet 1 

I 

EIement 

1 Fe 1 99.9 1 W ire 1 

Cr 

Ni 

Purïty Fonn 

- - - - 

99 

99.99 

Sn 

Tb 

The resultant melt takes the form of a flattened spherical button. To facilitate cutting, the sample 

was flattened M e r  in a hydraulic press and cut with a diamond impregnated disk saw into 

smaller pieces. The smaller pieces were then flattened again into thin (1-2 mm thick) sheet 

before king vacuum sealed inside a f k d  silica tube for annealing. Samples were annealed for 

24 hours at 1273 K and allowed to cool in the h a c e  (P-slow-cooling) to obtaui the large easily 

- - - - 

Pieces 

W ire 

Ti 

Hf 

99.9985 

99.9 

Wire 

Thin Sheet 

99.99 

99.97 

Wire 

Wire 
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recognizable Widmanstatten grah structure. Commercial alIo ys would usudly be quenched to 

obtain a mal1 grain size, however for cathodoluminescence studies the relatively low resolution 

required a coarse structure to readily distinguish the sites of the intermetallic particles which 

precipitate at the coarse platelet boundarïes in the Widmanstatten structure. 

4.2.5 Samoles for O~tical Transmission Measarements 

A few oxidised samples were studied in order to measure their oxide opticai transmission 

properties. For these samples, the metal part would be removed h m  a small area by chernical 

etching to l a v e  a window of exposed oxide. Samples produced here were either oxidised at 723 

K or 873 K in air for different times to obtain different oxide thicknesses. The procedure to 

produce these samples was as follows. 

1 Grind sarnple f'rom 400 to 600 grit grinding paper, then polish with 1 pm diamond paste. 

2 Oxidise sample in air at either 723 K or 873 K air to desired oxide thickness 

3 Cut sample into 3 mm diameter discs with a core tube and diamond paste 

4 Grind one side of the sarnple until diickness is less han 120 pm 

5 Mask the metal side of the sample with Yiquid tape" so that only a small area in the centre 
of the sample is visible to the environment 

6 Etch the sample in a solution consisting of 5% hydrofluoric acid, 45% Nitric acid and 50% 
water (by volume) until oxide is exposed 

7 Remove '-liquid tape" and wash the sample in acetone 

A rectangular metal mask with a srndl hole in the centre was used to assist in the 

transmission measurements. Since the incident beam from the UV-VIS spectrophotometer is 

approximately 1 mm in width and 1 cm in length, and the exposed oxide patch is much less than 

1 mm' in are% the amount of light transmitted through the small patch of oxide in the centre of 

the sample would be negligible compared to the original reference beam. Therefore, the mask 



serves to reduce the difference in active sudace area and to allow a more precise computation 

of area so that normalised transmission data can be cdculated. 

4.2.6 Sarnples Used in Oxidation nt 723 K and 873 K 

SrnaIl coupons h m  the binary alloys and as received materials were oxidised at 723 K 

and 873 K to study the distribution of ailoying elements in the oxide and temperature effects. 

For ai1 the buiary aiioys, each coupon was first anneded in vacuum for 24 hotus at 1273 K and 

fumace cooled before king oxidised. Small pieces of the as received samples were also 

afufeaied by the same process. The samples were first oxidised at 723 K and then had their oxide 

removed and were reoxidised at 873 K. Dw to the prohibitive cost of producing large nurnbers 

of coupons, each sample was oxidised for a period of time and then taken out for examination 

and reintroduced into the fumace. Each time the sarnples were removed weight gain 

measurements, secondary electron images, X-ray analysis of the precipitates and CL images were 

taken. To eliminate any artifacts that might be generated due to thermal cycling a s  a result of 

ternoval from the h a c e  for examination. a set of coupons from the base Zr material (99.94% 

Zr) was produced and oxidised continuously in the fumace until the same total oxide thickness 

had been reached. The table below Iists the samples produced for this experiment. The first 

batch of samples (A, B, C, D, E, F, G, AR) were produced pn'marily for the purpose of studying 

element distribution and the second batch of çamples (TA, IC, IE, IG, IAR, IARA) were prepared 

for the purpose of studying the luminescence signal intensity as a function of the oxide thickness. 



Table 4.5 - List of binas, zirconium samples. 

Sample 

A 

1 Pure Zr sheet melted in the 

C 

D 

AR 1 -  1 -- ( Pure Zr in the as received condition 1 

Ailoying Element 

Cr 

Ni (Cu) 

Ni 

1 IG 1 - 1 - 1 Pure Zr sheet rnelted in the arc fûrnace 1 

Concentration 

O,I% 

IC 

IE 

Comment 

O. 1 % (Cu??) 

0.5% 

[IARA 1 -  -- 1 As-received pure Zr sheet-a-annealed 1 

Contaminated with Cu at melting 

Ni (Cu) 

Fe 

IAR 

At the end of the 873 K oxidation experirnent, some of the samples were cut at one end with a 

diarnond impregnated d i x  saw so that the edge profile of the sample may be examined. After 

O. 1 % (Cu??) 

O. 1% 

- 

the specimens were cut. they were encased in epoxy, ground fiom 400 to 600 git grinding paper 

Contaminated with Cu at melting 

and then polished with 1 pm diamond paste. 

- As-received pure Zr sheet 



Results are presented in the chronological order of the investigation which led to the 

development of the CL technique. The first section, 5.1, presents the results of the initial 

photoluminescence measurements on oxidised metaliic samples of various alloys. Section 5.2 

presents the redts fiom the thermoluminescence experiments. Section 5.3 presents the resuits 

for oxide optical transmission characteristics obtained using the UV-VIS spectrophotometer. 

Section 5.4 contains d l  the resdts obtained fiom the CL apparatus, this section is M e r  

nibdivided iato 7 subsections. The fim subsection (5.4.1) deals with zirconium oxide powder 

doped with various elements. The second subsection (5.4.2) looks at the examination of the 

metal surface using the SEM and X-ray micro-analysis. The third subsection (5.4.3) shows the 

CL emission resdts from oxides grown fiom binary zirconium alloys. The fourth subsection 

(5.4.4) is a cornparison between the various imaging techniques, namely optical and the 

SE/BSUCL imaging mode of the SEM. The fifth subsection (5.4.5) deals with the oxidation and 

the CL characteristics of binary alloys oxidised at 723 K. The sixth subsection (5.4.6) shows the 

same type of resuits as the previous subsection, but the samples were oxidised at 873 K. Findly, 

the seventh subsection (5.4.7) shows some interesting cornparisons between samples oxidised 

at the two different temperatures and the origins of the con- in the CL images. 



5.1 Photoluminescence 

Photoluminescence experiments were performed in this study to attempt to identiq Iocalized 

energy states in the oxide. in some specimens, characteristic emissions can be identified with 

specific dopant in the sample. Positive identification of emissions with dopants allow the 

detection of the distribution of these dopants in the sarnple. The experimental d t s  h m  some 

of the commoniy used zirconium dloy elements are presented in this section. 

As described in the last chapter. two types of experiments were performed using the 

photoluminescence setup. in an experiment, only one of the monochromators is varied, Le., 

either the iight source monochromator or the emission monochromator is varied. If the emission 

monochromator is fixed at some wavelength then the monochromator near the light source is 

scanned so that the maximum excitation wavelength can be determined, this type of experiment 

is called an "excitation scan" and is shown as the left hand line in al1 of the figures in this 

section. When the source monochromator is fixe& the emission spectnim is scanned and hence 

this type of experiment is termed an 'kmission scan", and is shown as the line in the right part 

of the graph. The samples here were oxides grown on the metal substnite in high temperature 

s t e m  at 673-773 K. 

Figures 5.1.2 and 5.1.3 are the excitation and emission scans of high purity zirconium oxide 

samples with the monochromator at different sethgs. In Figure 5.1.2, when the emission 

experiment was done, the excitation source was fixed at 350 nm and when the excitation scan 

was done, the emission monochromator was fixed at 440 nrn, in Figure 5.1 -3, the settings were 

3 50 and 500 nm respec tively. Figures 5.1.4 to 5.1.6 are scans of Zircaloy-2,Zr-2.5%Nb and Zr- 

O.S%Cu-O.S%Mo samples. the instrument settings, oxide thicknesses and the conditions of 

oxidation are show for al1 of the samples in the figure. 

Table 5.1 summarizes the different emission and excitation peaks for each of the materials used 

in the experiment. 



Table 5.1 - S m a r y  of the emission peaks 

In all of the excitation-ernission scans, the peak emission wavelength is aiways longer than the 

excitation (absorption) wavelengths. In general, the emission will always have lower energy than 

the energy supplied during excitation, this phenornena is termed the ~ranck-condod~~~ shift. In 

these transitions, optical absorption excites electrons to a vibrational state (where the lattice is 

relaxed to accommodate the electron) which is above the equilibrium electronic state. This state 

decays to the equilibrium electronic state with the aid of multiple phonon emissions and then 

rehrrn~ to an excited ground state in a radiative transition. This type of process is illustrated in 

Figure 5.1.1. 

UOY 

Zirconium 

Zircaloy-2 

Zr-2.5%Nb 

Zr-OS%Cu-O.S%Mo 

Figure 5.1.1 - The configuration coordinate mode1 for a radiative recombination centre 
involving a mean excitation of eight phonons in the excited state. The breadth 
of the absorption and emission bands at O K are indicated.['q 

Excitation Peak (nm) 

Peak 1 

300 

300 

3 75 

275 

Emission Peiks (nm) 

Peak 1 

425*5 

425*5 

425*5 

Peak 2 

375 

450 

340 

Peak 2 

Som5 

505*5 

52W5 

485*5 

Peak3 

450 

1 



The results suxmarised in Table 5.1 indicate that there are essentially 2 emission peaks, one 

centred near 425 nm and the other near 500 nm . Most of the available l i t e r a t ~ r e [ ~ ~ ~ * ~  on this 

topic is based on studies on stabilized cubic zirconia. Presently, the origin of these emissions 

has not been well established. Since neither the absorption nor the emission peaks change 

signincantly for different dloys containhg different alloying elements, this would suggest that 

the results are related to some intrinsic properties of the zirconium oxide as suggested by 

~erino[~7~*! Electron Paramagnetic Resonance experiments performed by Merino on slightly 

reduced yttria and calcia-stabilized zirconia (YS2 or CaSZ) indicate that the EPR signal is due 

to the capture of electrons at Zr'+ ions with two nearest neighbour oxygen vacancies in the 

opposite cube corners. The narne Tdefect was assigned to this configuration, it was proposed 

that this site is responsible for the intrinsic transition at 2.2 eV (560 nrn). in another publication, 

a similar mode1 based on Cr>+ in a six-fold pseudo-octahedral site, trigonally distorted was 

pro~osed[~ '1. 

Ln still other publications produced by another research group, the EPR signal was first attributed 

to singly ionized oxygen vacancies bound to Y ions'M1, and has been more recently attributed 

to some unknown imp~ritiesl~'~. The first hypothesis was rejected due to the poor correlation 

between the EPR signal and the yttrium concentration, which according to the mode1 developed 

by this group predicts the EPR signal to be dependent only on the square root of the yttrium 

concentration. Recent experimentai data showed the EPR signai to differ by a factor of 10 

between different samples while the yttrium concentration only differed by a factor of 2. 

However, there is good agreement between the EPR signal and the concentration of impurities. 

With al1 these contentious findings. there is no established consensus on the nature of the 

luminescence centres. However, al1 of the hypotheses reviewed above involve the complexing 

of oxygen vacancies with some cation which can be produced by the addition of ûi-valent ions 

to produce the six-fold coordination. The photoluminescence resuits presented here confirm the 

intrinsic nature of the luminescence centre since samples of different ailoying elements produced 

similar emission peaks. Despite the asymmetrical nature of monoclinic zirconia the defects 

involved are clearly T-centres because of the prominent absorption peaks in the 325-37~nmI~'~ 



range which is associateci with the EPR signal, combined with emission peaks in the range 475- 

525 m. DBerences h m  the reported positions of the peaks in cubic zkconia may be an effect 

of the asymmetrical nature of the monoclinic laîtice. 
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5 -2 Thermoluminescence 

Two samples were used in the thermolmnineecence experiments to obtain complete glow 

c w e s ,  pure zirconium and the Zr-O.S%Cu-O.S%Mo alloy. Figure 5.2.1 shows the TL glow 

curves for the ZrCu-Mo alloy under different excitation and waiting periods. The bottom curve 

represents the TL glow curve for 1 minute UV excitation and 10 minutes waiting period before 

being measured on the TLD reader. the middle curve shows the same sarnple with 1 minute 

excitation but with oniy 20 seconds of delay between excitation and measurement, and M y  

the top cuve represents conditions when the sarnple was irradiated for 10 minutes with a 20 

seconds delay in measuring. 

Figure 5.2.2 shows the TL glow curve for the pure zirconium sarnple. The samples were excited 

under UV light for 1 minute and a delay of 10 minutes was provided before each measurement. 

There are two curves in this graph, they represent different heating rates, the shih in peak 

positions between these two nuis are used to calculate the trap depth. A sample calculation for 

the trap depth is shown on the following page. This method was used for its simplicity, and has 

been docurnented as king independent of the order of the kineti~s.'"~~1 For other samples only 

the total number of photons emitted was available. These specimens came fiom the same 

coupons as those used in the photoluminescence experiments (Table 4.1, chemical analyses 

shown in Table 4.2). The samples were UV irradiated for one minute and given a delay penod 

of 10 minutes before each measurement, results from these experiments are tabuiated in Table 

Table 5.2 - Table showing the TL intensities for different alloys. 

SampIe ID 

Be5 

AUoy Type 

Pure Zirconium 

Oxidation Type 

673 K steam 

Oxide Thickness 

16 p m  

TL Count 

1 16,738 



The TL giow curves shown in Figure 5.2.1 show the effects of variations in the excitation 

durations (1 minute UV excitation versus 10 minutes W excitation) and t h e  dependence of 

the TL intensity between excitation and measurements (20 seconds versus 10 minutes). The 

plots shown in Figure 5.2.1 clearly show a dramatic decrease in TL signal strength for longer 

delay times between excitation and measurement which meam the trap centres are been emptied 

due to the exposure to room light. The sarnple that was excited for 10 minutes only shows a 

s m d  increase in the TL intensity over the sample that was excited for 1 minute, this indicates 

that the trap levels are becoming saturated. Therefore, under these conditions, uue must be taken 

in performing these type of experiments to ensure consistent redts. This is especially important 

when the TL, giow curves are w d  to calculate the trap depth levels which is illustrated below 

for the plots shown in Figure 52.2. 

The activation energy of a trap level giving a thermoluminescence signai may be calculated by 

the following exp re s~ iod~~~ .  

E, = 'Tm Tm2 hl- l m ,  

Tm, - '& l m 2  

where 

activation energy 
Boltzmann constant 
peak temperature of heating rate 1 
peak temperature of heating rate 2 
peak TL intensity of heating rate 1 
peak TL intensity of heating rate 2 

There are two peaks in Figure 5.2.2, the first peak can be described as, 

Tm, = 393 K I,, = 3.5 

T,=375 K 1, = 2.3 



For the second peak, 

1.38OSxlO J (470 K * 453 K) 
- K 1.35 

EP - In- = 1.4OxiO = O.88e V 
470 K - 453 K 0.6 

The two trap levels are 0.30 eV and 0.88 eV respectively. The trap levels for the matenal in 

Figure 5.2.1 were not calculated because the peak Locations cannot be accurately resolved. 

The TL intensities that were measured for the different alloys (different dopants) show very 

strong variations (Table 5.2). This shows a great dependence of the TL, signal on the alloying 

elements existing in the alloy which support the hypothesis that the luminescence signal is due 

to the complexing of oxygen vacancies with irnp~rities'~'.~;''' as discwd in the previous section. 

The involvement of oxygen vacancies in the luminescence process is dso supported by the 

calculated trap depth of 0.88 eV which corresponds to a F centre("! 
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Figure 5.2.1 - TL giow curves for the Zr-O.S%Cu-O.S%Mo alloy oxidised in 673 K stem, 
10.3 pm oxide. lm-20s means 1 minute W excitation and 20 seconds of 
delay between excitation and rneasurement. The other two labels are used in 
the sarne notation. 





5.3 Dotical Transmission 

This section presents the results fiom the optical transmission experiments. The samples were 

m e d  for the fiaction of Light tbat passed through the oxide. Figure 5.3.1, part (a) shows part 

of a typical sample used in the optical transmission measurements, the mask used in al1 of the 

measurements is s h o w  in part (c) of Figure 5.3.1. The first image, part (a), shows an uutouched 

SE image of that part of the sample where the metal matnx was etched away to expose the oxide, 

this image was partially cleaned up using commerciaiiy available digital image manipulation 

software. A threshold method was used to distinguish between areas of oxide and metal. Once 

a reasonable threshold image is obtained (example shown in part b), the area can be calculated 

by taking the ratio of the white area to the grey area rnultiplied by the total area of the image, 

including the label area. Figure 5.3.2 shows the optical transmission results obtained on two Zr- 

0.5%Cu-0.5%Mo samples of diEerent thickness. 

Figure 5.3.3 shows the opticd transmission properties of pure zirconium (99.94%) oxidised 

under different conditions. The specimen gwing the top curve was oxidised at 873 K in air to 

a thickness of 2 p. The middle curve shows results for a sarnple that was annealed at 1273 K 

for 24 hours and was fumace cooled, the sarnple was then oxidised at 723 K to a thickness of 2.5 

pm in air. The bottom curve represents a sarnple that was oxidised at 723 K to a thickness of 

2 ym in air without the P-slow-cooling treatment. 

Figure 5.3.4 shows the optical transmission properties of pure zirconium oxidised at 873 K to 

different thicknesses, from 2 pm for the top curve to 10.7 pm for the bottom curve. The line 

running down fkom lefi to right shows how fast the optical transmission decreases as a hct ion  

of the oxide thickness. The points for the various thicknesses here have beea translated fiom 2 

to 200,6.3 to 630 and 10.7 to 1070 so that they could be fitted on the sample graph. Figure 5.3.5 

shows the optical bansmission properties of Zircaloy-2 at two different oxide thicknesses. Both 

of the samples were oxidised at 873 K in air, but the simple with 5 p oxide had been aanealed 

at 1273 K for 24 hours and h a c e  cooled. 



The iinear absorption coefficient, p ,  representing the fiaction of the intensity absorbed per unit 

of distance tmversed by a radiation in a material may be calculated fiom the following 

e ~ p r e s s i o n [ ~ ~ ~ ,  

where, 

x = thickness of oxide 
1, = intensity of incident radiation 
p, = linear absorption coefficient 
L, = intensity of emergent radiation after passing through material 

The absorption coefficient for the Zr-O.S%Cu-O.S%Mo alloy oxidised in 873 K stem rnay be 

calcdated as follows (taking intensities at 800 nm), 

solving a system of two equations. 

Using the same procedure, the Iinear absorption coefficients for oxides formed at 873 K on pure 

zirconium sheets (99.94%) are calculated using the three oxide thicknesses, 2,6.3 and 10.7 p. 

The absorption coefficients of 0.1 5 and 0.23 were obtained using the first two and the last two 

points respectively. The absorption coefficients have the units of fractional absorption per 

micrometer of oxide. 

Transmission/absorption experiments were perfomed to aid in explainhg the signal strengths 

measured in this study. The transmission plots in this section clearly show that low alloy 

zirconium alloy oxides are more transparent, for example absorption coefficient of 0.15 for low 

dloy zirconium versus 0.35 for the Zr-O.S%Cu-O.%Mo alloy. 



Figure 5.3.1 - Figure showing a typical sample used in optical transmission measurement and 
the mask used. 
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Figure 5.3.2 - Graph showing the transmission properties of the oxide formed on the Zr-Cu- 
Mo alloy at 873 K. 
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Figure 5.3.3 - Graph showing the transmission properties of the zirconium oxide formed o n  
the 99.94% as received zirconium sheet. * sarnple annealed at 1273K for 24 
hours and h a c e  cooled before oxidation. 
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Figure 5.3.4 - Graph showing the transmission properties of the zirconium oxide formed at 
873 K on zirconium (99.94%). 
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Figure 5.3.5 - Graph showing the transmission properties of the oxide on Zircaloy-2 oxidised 
at 873 K. * annealed at 1273 K for 24 hours and fumace cooled before 
oxidation. 



5.4.1 Cathodoiuminescence o f  Zirconium Oxide Powderg 

Figure 5.4.1 shows the CL emission of zirconium oxide powder doped with Fe, Ni, Sn, Ti and 

Zn It should be pointed out that the CL intensity cannot be compared here or with most of the 

other CL emission measurements. The reason here is due to the fact that these emissions were 

fiom oxide powder glued on to double sided sticlcy tape. where it was not possible to produce 

all the samples with equal amounts of coverage in a specific area. Therefore, it is not valid to 

compare the CL intensities. The emission spectra shown here have al1 been taken without slits 

on the monochromator because of the low signal Wngth. The only exception is the Ti doped 

sample, which showed an extremely high CL signal, the emission spectrum obtained fiom this 

sarnple without a slit is the same as the one with the dit, no new peaks were resolved. The 

resolution of the monochromator without dits is around 50 nrn. Please note that unless specifled, 

the excitation voltage on dl samples was 20 keV. 

Figure 5.4.2 shows the CL emission of Cr doped zirconium oxide. in this figure, emission spectra 

were taken without a dit and with a 1.5 mm dit. The second emission peak at around 550 nm 

can clearly be resolved when the spectrum was measured with a small slit, and a possible third 

peak (shoulder at 450 nm) may be present. Figure 5.4.3 shows the CL emission of Hf doped 

zirconium oxide. The three lines in the Figure represent the emission spectra of two samples, 

one doped at 1,000 ppm and one doped at 10.000 pprn. The sample doped with 10,000 pprn of 

Hf was measured at 30 keV of excitation as well. Al1 three curves show two peaks at 440 and 

500 nm with a possible third peak at 400 nrn. The peaks were resolved most clearly at the 1 O00 

ppm doping level and 20 keV. 

Figure 5.4.4 shows the CL emission of Zr powder doped with 0.5% Tb. The thick line in the 

figure represents the scan without any slit on the monochromator and the thin lines were 

measiired when the monochromator had a 1.5 mm slit. The much improved resolution using the 



64 

slit and the cIear presence of four p i c s  at 490, 550, 590 and 630 nm, respectively, is seen. 

Figure 5.4.5 shows the CL emission of Yz03 powder sî~nilarly doped with 0.1% Tb. The lines 

represent the conditions described in the legend of the F i p .  Clearly the same four peaks were 

present whether the matrix was Zr% or YzOj. Figure 5.4.6 shows the CL images of an oxidised 

zirconium O. 1 %Tb alloy sample taken at diffe~nt  wavelengths. Part (a) of the image shows the 

panchromatic CL image, parts (b), (c) and (d) show the CL images taken at 48% 500 and 550 m 

respectively. The general appearance of the four images is very similar showing that the 

different traps (represented by the Merent peaks) are not particularly spatially separated in the 

oxide. Figures 5.4.7,5.4.8 and 5.4.9 shows the CL emission curves of zirconium oxide sarnples 

doped with Ce, Cs and Cu respectively. The doping level and conditions for obtaining the 

spectra are indicated in the figure. Table 5.4.1 sununarizes the positions of the emission peaks 

measured on the binary oxide powders examined. 

Table 5.4.1 - Surnrnary of the emission peak position for the various dopants in zirconium oxide 
powders, dopant concentrations are either 0.0 1 % or 0.1 %. 

Dopants 

Pure Zr 

Cr 

Ti 

Zn 

Hf 

Peak 1 

485 

450 

485 

500 

450 

Peak 2 

500 

500 

Peak 3 

550 

Peak 4 



The powder experiments were perfonned as a search for characteristic emission signais that 

could be identified with specific elements. The results from these experiments as summarised 

in Table 5.4.1, clearly show that some elements (e-g., Cr, Hf, Tb, Cs) possess characteristic 

signds. This proves that the technique can be used as a tool in studying Iow irnplrrity 

distributions. In many of the dopants Iisted above, there was no measurable dependence of the 

signal strength on the dopant concentration indicating saturation at below 1000 ppm. Therefore, 

the detection limit for the CL apparatus for highly active dopants is well below 1000 ppm, and 

may be below 100 ppm.. 
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Figure 5.4.1 - CL emission spectra of zirconium oxide powders doped with Zn, Ti, Sn, Ni 
and Fe from the top curve to the bottom curve respectively. 
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Figure 5.4.2 - CL emission spectra of Zr-0.0 1 W r .  
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Figure 5.4.3 - CL emission spectra of ZrHf oxide powder. 
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Figure 5.4.4 - CL ernission spectra of Zr-O. 1 %Tb oxide powder. 
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Figure 5.4.5 - CL emission spectra of Y&O. 1 %Tb oxide powder. 



Figure 5.4.6 - Panchromatic and monochromatic CL images of Zr-O.Ol%Tb alloy, oxidised at 723K 
to 9.4 um oxide. a) panchromatic image, b) monochromatic image at 480 nm, 
C) monochromatic image at 500 nm, d) monochromatic image at 550 nm. 
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Figure 5.4.7 - CL ernission spectra of Zr-O. 1%Ce oxide powder (sharp peaks in the lower 
line is the result of instrumental noise). 
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Figure 5.4.8 CL emission spectra of Zr-O. 1 %Cs oxide powder. 



400 450 500 550 

Wavelength (nm) 

Figure 5.4.9 - Graph showing the CL emission spectnim of Zr-O.Ol%Cu. 



5.4.2 Metal Surface Examination 

The metal samples used in the oxidation experiments were examined under the SEM, and by X- 

ray micro-analysis to identi@ the types of particles present in the samples. 

Figure 5.4.10 shows the X-ray mapping of a ZrCr binary ailoy, doped with 0.1% Cr, part (a) is 

the SE image, part (b) of the figure shows the Zr distribution, part (c) shows the Cr distribution 

and part (d) shows the iron impurity distribution. The X-ray emission associated with one of the 

particles is shown in Figure 5.4.1 1. Figure 5.4.12 similarly shows the X-ray mapping of a binary 

alloy doped with O. 1 % Fe, but since these precipitates do not contain any Cr, it was not mapped. 

The X-ray ernissioo spectnun for one of the particles is shown in Figure 54-13. Figure 5.4.14 

shows the X-ray mapping of a binary alloy doped with 0.1 % Ni, only the relevant species in the 

precipitates are mapped. The X-ray emission s p e c m  for one of the particles is shown in Figure 

5.4.15. 

The binary dloy samples prepared for the oxidation expenments were examined using the SEM 

and X-ray techniques to identiQ the chemicai make up of the precipitates. The precipitates of 

the ZrCr system were small (les than half a rnicrometre diameter) compared to the precipitates 

of the other alloying elements. In some cases, Fe impurity is found in some of the other 

precipitates. Figure 5.4.10a shows an example of a SE image of such a precipitate. The X-ray 

emission spectrum fiom this particle is shown in Figure 5.4.1 1 and the X-ray image mapping of 

the elements presented is s h o w  in parts (b). (c), and (d) of Figure 5.4.10. Most of the 

precipitates are distributed dong the grain boundaries with a few inside the grains. 

Precipitates in the ZrFe and ZrNi systems are much larger compared to the precipitates 

in the ZrCr system. For the case of ZrFe system, sizes ranging fiom a hc t ion  of a micrometer 

to 5 micrometers are cornmon and are located mostly at grain boundaries. ZrNi precipitates are 

the largest of the 3 types studied, they range from a fraction of a micrometer to more than 10 

micrometers in size and were exclusively distributed dong the grain boundaries. Micro-X-ray 

analyses of some of these particles are s hown in Figures 5.4.1 2 and 5.4.1 3, and 5.4.14 and 5.4.1 5 



for ZrFe and ZrNi system respectively. 

An undoped sample of as-received zirconium sheet was dso melted in the arc furnace, 

the original matenai contained up to 0.05% Fe which show up small &Fe precipitates, generaily 

less than one micrometer in size. A small amount of Cr is also present in the as-received 

material, micro-X-ray examination of the precipitates confims that the amount of Cr in them is 

very low. 



Figure 54-10 - X-ray mapping of the Zr-O. l%Cr binary alloy, (a) SEM image, (b) Zr image, 
(c) Cr image and (d) Fe image. 





(a) SEM 

Figure 5.4.12 - X-ray mapping of Zr-O. 1 %Fe binary alloy, (a) SEM image, (b) Fe image an 
(c) Zr image. 



Figure 54-13 - X-ray ernission spectrum fiom the Zr,Fe precipitate show in Figure 5.4.12. 



(a) SEM 

Figure 5.4.14 - X-ray mapping of Zr-O.S%fi (a) SEM image, (b) Ni image, (c)  Zr image, 
(d) Fe image. 



Figure 5.4.1 5 - X-ray emission spectrum of a &Ni precipitate shown in Figure 5.4.14. 



5.4.3 CL of Zirconium Oxide Growu from Metal Substrate 

Figure 54-16 shows the emission spectra of oxide films grown directiy on the metal substrate. 

The CL emission intensities of the lines in the graphs have been scaled down or up so that they 

will fit in the same graph. The CL emission intensity c m  not be compared in any case because 

a standard was not used in these measurements, however, standards were used for samples in 

sections 5.4.5 and 5.4.6. The basic purpose of this plot is to show that the emission peaks for 

d l  these samples are centred around 485 to 500 nm, similar to those obtained for the oxide 

powder samples. Figure 5-4-17 shows the CL emission spectra of pure Zr, Zr-2.5%Nb and Zr- 

0.5%Cu-0.5%Mo alloy. Figure 5.4.18 shows the CL emissions of Zr-O.S%Cu-O.S%Mo alloys 

oxidised at different temperatures in steam as a function of oxide thickness. Three oxidation 

temperatures were looked at here, 673 K. 773 K and 873 K. 

A liquid nitrogen stage was built to cool the sample down in the hope that it wouid narrow the 

emission peaks so that they could be resolved and hence be used to enhance the technique. 

Figure 5 -4.1 9 shows the CL emission results fiom suc h an experiment. There are three lines in 

the graph, the middle line is the CL emission spectnim made at room temperature with no slit 

on the monochromator, the upper line shows the CL emission at liquid nitrogen temperatures 

with a 1 mm slit on the monochromator and lower line shows the CL emission somewhere 

between the room temperature and liquid nitrogen temperature. Each curve shows evidence for 

two peaks, one at 440 nrn and a second at about 495 nrn. Figure 5.4.20 shows the CL emission 

spectrum of an oxide film oxidised fiom the substrate of a Zr-O. 1%Sn binary alloy. The signal 

strength is very Iow, but a single peak at -460 n m  is present. This is close to the single peak 

observed at -475 nrn for Sn doped ZrO, (Figure 5.4.1). and suggests that perhaps the shoulder 

seen for Zircdoy-2 (a 1.5% Sn alloy) at 43 5 nrn may result fiom the Sn content, whereas the 485 

nm peak in Figure 5.4.19 may be an ineinsic peak modulated by the Fe, Cr and Ni content of the 

Zircaloy-2 (Figure 5.4.1 6). 

This section shows the CL emission characteristics of oxides formed directly fiom the metd 



substrate. This serves as a cornparison to the oxide powder experiments presented in section 

5.4.1. Only the alloying elements that are part of the zirconium alloys (Fe, Ni, Sn and Cr) were 

studied here since they are the most relevant. Plots of the emission spectra fkom these elements 

(Figure 5.4.16) with the exception of Sn (5.4.20) d l  show a broad emission peak ce& aromd 

495 nm. The peak location for Sn is centred near 460 nm. This is entirely consistent with the 

powder measurements which are summarized in Table 5.4.1, and dso indicates the same 

ernission mechanism. The effect of other alloying elements such Nb and Cu-Mo are illustrated 

in Figure 5.4.17. Emissions fiom alloys containhg these materiais show up as slight shifts in 

the peak location, confimihg the involvement of the alloying elements in the luminescence 

process. The effect of temperature on the luminescence emission spectnim of Zircaloy-2 is 

shown in Figure 5.4.19. Lowering of the temperature of the simple results in the emergence of 

a new peak centred near 450 nm. which may be due to the Sn content and Uidicates that the 

efficiency of some transitions are greatly dependent on the temperature. Different transitions are 

afEected by different degrees. 

Figure 5.4.18 shows the CL intensity dependence on the oxide thickness and oxidation 

temperature for the Zr-O.S%Cu-OS%Mo alloy. The signal flattens out aAer only 3 pm 

(compared to 20 Pm for low alloy zirconium oxides, Figures 5.4.25 and 5.4.28). This can be 

explained by the absorption coefficients of these alloys, which are 0.35 (35% of the light lost 

after passing through 1 pm of the oxide) for the Zr-Cu-Mo alloy and 0.15 for the low zirconium 

ailoy. The low transmittivity of the Zr-Cu-Mo alloy prevented the light signal from the deeper 

part of the oxide reaching the surface and resulting in the levelling off of the CL intensity at ody 

3 Pm. It can be concluded, therefore, that the optical transmiNvity of the oxide detemiines the 

thickness of the oxide layer that may be examined by this technique. The plots also show strong 

CL intensity dependence on the oxidation temperature, higher oxidation temperatures produce 

strong CL signals. This ciifference cm once again be explained by differmces in light absorption 

as the result of higher diffusion rates at higher temperatures. At higher temperatures, the alloying 

elements are more segregated at grain boundaries, resulting in a more transparent oxide matrix. 

Details of this are presented in the discussion part of this thesis. 
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Figure 5.4.16 - CL emission spectra of zirconium oxide formed on the metal substrate in 723 
K air. 
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Figure 5.4.17 - CL emission spectra of various zirconium oxides foxmed on their metal 
substrates in 673 K stearn, 
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Figure 5.4.18 - CL ùitensity vs. Oxide thickness of Zr-O.S%Cu-O.S%Mo alloy at different 
oxidation temperatures. Error bar is associated with error in instrumentation 
and therefore applies to al1 points in the graph. 
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Figure 5.4.1 9 - CL emission spectra of Zircaloy-2 oxide film formed in 773 K stem. 
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Figure 5.4.20 - CL emission spectm of the oxide formed on a Zr-O. 1%Sn alloy in 773 K air. 



5.4.4 Cornparison of Techniques 

Figure 5.4.21 shows a cornparison of optical pictures and CL images. Ail of the pictures on the 

page were taken with a regular camera, the colours in these pictures do not represent the true 

colour due to the fact that the film was not properly balanced for the lighting conditions. The 

pichnes on the left side of the page shows the reguiar optical pichires while the pictures on the 

right hand side are CL pictures. The two pictures on top of the figure, part (a) and part (b), are 

nom a pure zirconium sample while the two lower pictures, part (c) and part (d), are fiom a Zr- 

0.5%Cu-0.5%Mo sample. The sine wave lines are produced by the Wy-back" of the electron 

beam, 

Figure 5.4.22 shows a cornparison between SE images and CL images. The pictures on the left 

hand side of the page are SE images while the ones on the right hand side are CL images. The 

top two mimgraphs corne fiom the Zr-0.5%Cu-0.5%Mo sample. The bottom two micrographs 

are fiom a Zircaloy-2 specimen. Figure 5.4.23 shows a cornparison of a Zr-O. 1%Fe sample. This 

figure shows the cornparison between four techniques, SE. CL, BSE and optical microscope, part 

(a), (b), (c) and (d) described respectiv4j in the Figure. 



Figure 5.4.21 - ûptical pictures of a pure zirconium (parts a and b) and a Zr-O.S%Cu-O.S%Mo 
alloy (parts c and d) taken with a regular camera, parts a and c are direct optical 
pictures while parts b and d are optical pictures of CL signals taken through a 
window on the specimen chamber of the SEM. 
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Figure 5.4.23 - Figure showing a cornparison between different irnaging techniquse on the sarne 
area of a Zr-O. £%Fe specimen oxidised at 723 K in air. Average oxide thickness 
of 1.3 prn. 



5.4.5 Oxidation at 723 K 

This section deals with zirconium binary alloys oxidised in air at 723 K. Two sets of samples 

were used in this experirnent, the fkst set was initially oxidised to examine the surtiice features 

using the SE and CL imaging techniques. The second set was oxidised to study the CL 

intensities as a function of the oxide thickness. In the initial examination of the metal surfaces, 

Cr precipitates were f o n d  to be too maIl to be seen with the limited resolution of the CL 

irnaging technique (under most conditions acceptable up to about 300x), so the Cr alloy was not 

fUy examined for sudace feahires. The surfaces of the samples oxidised at 723 K to examine 

the surface featines were etched before oxidation, samples for CL intensity measurements were 

ground and polished, but were not etched. The CL intensities shown in this section and in the 

next section are comparable, a standard sample was cut fiom one of the Zr-O.S%Cu-O.S%Mo 

samples which had an oxide thickness of 8.5 Pm. In each measurement, the microscope 

positions and settings were replicated as closely as is possible to those of the first measurement 

The error lirnit for these measurements at 99% significance is k20 mV. This nurnber is too srnall 

to show effectively as a bar on most of the graphs due to the large scales of the graphs. This 

error limit is associated with the instrumentation and therefore applies to al1 of the 

measurements. Figure 5.4.24 shows the oxidation chmcteristics of the alloys as a fuoction of 

tirne in the fumsce. The samples were taken out of the fümace and weighed periodically. The 

lines are identified in the legend, and the chernical compositions of these alloys are listed in 

Table 4.5, in section 4.2.6. 

Figures 5.4.25 to 5.4.27 show the CL intensities as a function of the oxide thicknesses. The lines 

are plotied on difEerent graphs for several reasons, one of the reasons was that the ZrCu samples 

have a rnuch higher signal strength than the other specimens, another reason is to group the 

specimens into similar categones depending on their previous processing history. Figure 5.4.25 

shows the CL emissions of ZrCr, ZrFe and pure Zr samples, they were grouped here because they 

have dl been arc h a c e  melted. Figure 5.4.26 shows the CL emission of two as received 

condition specimens of pure zirconium sheet, the one labelled ARA was annealed in vacuum at 



95 

1273 K for 24 hours and fumace cooled. Figure 5-4-27 shows the CL emission of the ZrCu doy,  

it is plotted by itself due to its extremely high signal strength. 

Figure 5.4.28 shows the SE images of four samples, G (Zr, 99.94% remelted Zr sheet), E (Zr- 

O.l%Fe), A (Zr-O.l%Cr) and D (Zr-O.S%Ni), as parts (a), (b), (c) and (d) in the figure 

respectively. The corresponding CL images are shown in Figure 5.4.29. images of thicker oxide 

layen for wunples D and E are show in Figure 5.4.30. Oxide thicknesses for each of these 

samples are shown in the figure. Figure 5.4.3 1 is a SE image of sample E, the comsponding CL 

image (at lower resolution) is shown in Figure 5.4.32. Figure 5-43 1 is a higher resolution image 

because the particles in the SE image are too small if kept at the same magnification as that of 

Figure 5.4.32. The particles are numbered h m  1 to 1 1, for these particles, the X-ray emission 

peak ratios of Fe(Ka)lZr(La) were measured and listed in Table 5.4.2. 

Table 5.4.2 - List of the Fe/Zr X-ray peak height ratios of the precipitates in Figure 5.4.3 1 and 
Figure 5.4.32. 

1 Precipitate 1 Fe(Ka)lZr(La) ratio 1 CL signal around precipitate ] 
1 I 1 0.27 1 Low 1 

2 

I 4 I 0.10 I Low I 
3 

0.24 

1 6 1 0.26 1 Low 1 

Low 

0.04 

5 

Low 

1 8 1 0.49 1 High 1 

O. 18 

7 

1 9 1 1 .O0 1 High 1 

Low 
i 

1 10 1 0.86 1 High 1 

0.50 High 

11 0.49 
-- 

High 



This section and the next section present the results of samples oxidised at 723 K and 873 K 

respectively. The cyclic behaviour shown in Figure 2.1 is clearly present in the CL intensity 

plots (Figures 5.4.25 to 5.4.27) and Iess apparent in the oxidation curves (Figure 54-24). The 

origin of th is  phenomenon is not weil established in the literature. There are two cornpethg 

theories published, one based on the formation of cracks normal to the o d e  suface as the resuit 

of the formation of a network of fine and the other the resuit of cracks formed parallel 

to the plane of the s u r f ' a ~ e [ ~ ~ . ~ ~ .  Another observation that shodd be pointed out fkom CL 

intensity plots is the continuous increase in the CL signal up to oxide thicknesses of over 20 W. 

The penetration depth of electrons is in the order of 3 pm and yet the signal continues to nse 

much beyond the 3 pm limit. This would suggest a secondary source of excitation, such as X- 

rays, which can penetrate through the oxide. With the low absorption coefficients of these low 

(alloying elements content) zirconium alloys, light emitted deep inside the oxide may still reach 

the outside. It is caiculated with an absorption coefficient of 0.35 for the Zr-O.S%Cu-O.S%Mo 

alloy, that oniy 7% of the light would reach the surface nom a depth of 6 Pm. The same 

calculation for the low alloy zirconium (absorption coefficient of 0.15) gives a value of 3.8% 

transmitted fiorn a depth of 20 pm and when a value of 0.1 is used, 12% of the light signal would 

reach the surface from 20 Pm. 

The effect of alloying elements on the CL ernission is presented in Figure 5.4.29. Of the three 

major dopants (Fe, Cr, Ni), only the sarnple doped with Fe showed strong CL variations (part b 

of Figure .4.29). The strong CL signals onginate h m  grain boundaries and are especiaily strong 

near Zr,Fe intermetallic precipitates. black spots in the image. Further examination of these 

precipitates (Figure 5.4.3 1 and 5.4.32) by X-ray microanalysis revealed a correlation between 

the areas of high CL intensity and the Fe content of the intermetallic precipitates, indicating the 

involvement of Fe in the luminescence process. These fmdings are tabulated in Table 5.4.2. 

As the oxide thickened there was no noticeable change in the CL features (Figures 5.4.29 and 

5.4.30, part @) and (d) in both figures for Fe and Cr doped samples respectively). This would 

indicate that there are no significant chernical changes which is consistent with the published low 

diffusion rates for Fe at this low temperature (190 nm at 673 K over a period of 41 days)[l6I. 
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Figure 5.4.24 - Graph showing the oxidation curves at 723 K in air. 
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Figure 5.4.25 - Plots showing CL emission intensity vs. Oxide thickness, for oxidation at 
723 K. 
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Figure 5.4.26 - Plots showing CL emission intensity vs. oxide thickness for oxidation at 723 
K. AR = as-received sheet (99.94%), ARA = as-received sheet, P-annealed 
(ARA). 





(a) 1.6 prn (b) 1.3 prn 

(c) 1.5 pm (d) 1.8 pm 

Figure 5.4.28 - SE images o f  a) re-melted pure Zr, b) Zr-O. l%Fe, c )  Zr-O.l%Cr, d) Zr-O.S%Ni 
oxidised to 1.6, 1.3. 1.5 and 1.8 pm respectively in air at 723 K. 



(a) 1.6 um (b) 1.3 urn 

(c) f -5 urn 

Figure 54-29 - Corresponding CL images of i 
c)  Zr-O. 1%Cr, d) Zr-O.S%Ni. 

(d) 1.8 um 

re-melted pure Zr, b) Zr-O. 1 %Fe, 



Figure 5.4.30 - SE and CL images of the sarne areas of samples Zr-O.l%Fe and Zr-O.S%Ni, 
a) SE of ZrFe, b) CL of Zr-O. 1%Fe, c )  SE of Zr-O.S%Ni and d) CL of Zr-O.S%Ni. 
Number below each pair of images shows the oxide thickness. 



Figure 5.4.3 1 - SE image of Zr-O. 1%Fe specimen oxidised to 5.6 pm in air at 723 K. 



Figure 5.4.32 - CL image of the same area of the Zr-O. 1 %Fe specimen oxidised to 
5.6 prn in air. 



5.4-6 Oxidation at 873 K 

This section deds with zirconium binary alioys oxidised in air at 873 K. The two sets of samples 

used in the 723 K experiments were also used here. The original oxide was ground away fiom 

the samples and they were reoxidised at 873 K. Once again the first set was oxidised to examine 

the surface features using the SE and CL imaging techniques. The second set was oxidised to 

study the CL intensities as a function of the oxide thickness. None of the fieshly ground and 

polished surfaces were etched. The CL intensities shown in this section are comparable, as 

mentiowd in the previous section. A small piece of the Zr-O.S%Cu-OS%Mo sample which has 

an oxide thickness of 8.5 prn was cut for use as a standard. In each measurement, the 

microscope positions and settings were replicated as closely as was possible to those of the first 

measurement. Figure 5.4.33 shows the oxidation characteristics of the alloys as a fùnction of 

time in the fumace. The samples were taken out of the fumace and weighed periodicdy. The 

Ihes are identified in the legend, and the chernical compositions of these ailoys are listed in 

Table 4.5, section 4.2.6. 

e 

Figures 5.4.34 to 5.4.36 show the CL intensities as a hct ion of the oxide thickness. The lines 

are plotted on different graphs for the reasons mentioned in the previous section. To diminate 

any effect of the discontinuous weighing technique, a batch of as received zirconium sheet and 

Zircaloy-2 samples were oxidised in the h a c e  continuously. These samples were used as 

controls for the other sarnples which used discontinuous weighmg methods. For these samples, 

each was inserted in the h a c e  at a different tirne and was not removed until al1 of the sarnples 

had been inserted for oxidation. The oxidation curve for the pure Zr is s h o w  in Figure 5.4.37. 

The CL emissions fiom these samples are shown in Figures 5.4.38 and 5.4.39. Figure 5.4.40 

shows the SE and CL images of sample A (Zr-O. l%Cr) at two stages of the oxidation. Images 

for samples D (Zr-OS%Ni), E (Zr-O.S%Fe), and G (Zr, 99.94% remelted) are shown similarly 

in Figure 5.4.41,5.4.42 and 5.4.43 respectively. Figure 5.4.44 is an SE image of sample E, the 

correspondhg CL image is shown in Figure 5.4.45. The particles are numbered from 1 to 10, 

for these particles, the X-ray emission peak ratios of Fe (Ka)/Zr (La) were measured and listed 



in Table 5.4.3, 

Table 5.4.3 - List of  the FefZr X-ray peak ratios of the precipitates in Figure 5.4.44 and Figure 
5.4.45. 

No noticeable cyclic behaviour is observed in the oxidation curve shown in Figure 5.4.33 and 

is only slightly visible in the CL intensity plots in Figures 5.4.34 to 5.4.36. The diminishing 

cyclic behaviour at higher temperatures is explained by the nucleation of fme pores and the 

formation of a network of pores as opposed to the local cracking of the oxide observed at lower 

ternperat~res~'~."! The increasing number of pores formed at high temperatures means that the 

successive fornation of networks of pores would be out of phase with each other and therefore 

do not show up in the oxidation and the CL intensity curves. However, the cyclic behaviour is 

more pronounced in the samples that were oxidised without thermal cycling (Figure 54-38). A 

possible explmation for this rests with how the measurements were made. Samples shown in 

Figures 5.4.34 to 5.4.36 were measured on different days during their periodic removai fiom the 

fumace for examination (only one specimen for each curve), the samples without thermal cycling 
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(multiple specimens for the curve, each oxidised to a difTerent thickness without thermal cychg) 

were ail measured on the same day and therefore less error is involved. 

Another observation of the higher oxidation temperature (873 K as opposed to 723 K) is the 

higher diffusion rate. This is confirmed by the evolving features visible in the CL images as the 

oxide thickens (Figures 5.4.40 to 54-43); the coarse CL features coalesce to form smoother 

structures. The effect of oxide spailation on the CL intensity is show in Figure 5.4.39. The CL 

intensity increases, reaches a plateau. and then decreases. In ail other samples, the signal ody 

levels off, but never decreases. The decrease here can be explained by the spallation process. 

When a layer of oxide spalls off, the newly created surfaces ernit extremely strong CL signais, 

an example of this is show in part (c) and (d) of Figure 5.4.43. This has the effect of boosting 

the CL signal dramatically, but with M e r  oxidation, the CL intensity retums to normal, 

resdting in the decrease in the CL signal. The correlation between strong CL areas and Fe 

content of the Fe containhg precipitates is once again observed and tabulated in Table 5.4.3. 
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Figure 5.4.33 - Plots showing the oxidation weight gain vs. Oxidation time in air at 873 K. 
Sample Zr-?%Cu was contaminated with unknown amount of Cu. 
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Figure 5.4.34 - Plots showing CL emission intensity vs. oxygen weight gain, aiter oxidation 
in air at 873 K. 
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Figure 5.4.35 - Plots showing CL emission intensity vs. oxygen weight gain for pure Zr 
oxidised in air at 873 K. AR = as-received sheet (99.94%), ARA = as- 
received sheet, P-annealed. 
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Figure 5.4.36 - Plot showing CL emission intensity vs. oxygen weight gain after oxidation in 
air at 873 K. 
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Figure 5.4.37 - Graph showing the oxidation weight gain vs. oxidation t h e  in air at 873 K 
for a pure (99.94%) zirconium sample oxidized continuously. 
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Figure 5.4.38 - Graph showing the CL intensity as a function of the oxide thickness for as- 
received (AR, 99.94%) pure zirconium sampks oxidised to the final 
thickness in one step in 873 K air. Error bar applies to al1 points on the 
PP~. 





Figure 5.4.40 - SE and CL images of the sarne area of a Zr-O. 1 %Cr alloy specirnen, a Br c are 
SE images, b & d are CL images after oxidation in 873 K air for different 
tirnes (and oxide thicknesses). 



Figure 5.4.41 - SE and CL images of the same area of a Zr-O.S%Ni alloy specimen taken at 
different times (and oxide thicknesses) during oxidation in 873 K air. 



Figure 5.4.42 - SE and CL images of the same area of a Zr-O. 1 %Fe ailoy specirnen taken at 
different times (and oxide thicknesses) during oxidation in 873 K air. 



Figure 5.4.43 - Figure showing SE and CL images of the same area of an arc fumace melted 
Zr specimen, (a & b, c & d are pairs) taken at different times (and oxide 
thickness) during oxidation in 873 K air. 



Figure 5.4.44 - SE image of sarnple E, Zr-O.l%Fe oxidised in 873 K air to 2 Pm. 



Figure 5.4.45 - CL image of sarnple E, Zr-O. 1%Fe oxidised in 873 K air to 2 Pm. 



This section looks at cornparisons between samples oxidised at the two different temperatures 

as well as some of the other interesting observations noted during the course of the investigation. 

Figure 5.4.46 shows the CL images of a sample (IE, Zr-O. 1 %Fe) used in the CL intensity siudy. 

The top images show the sample oxidised at 723 K and the bottom images show the sample 

oxidised at 873 K. The left hand images for both samples were taken during the early stages of 

the oxidation and the images on the right hand side were taken when the oxide was much thicker. 

Figure 5.4.47 shows the SE and CL images of two oxidised (as-received condition zirconium 

sheet) pure Zr samples, the two images at the top (part a and b) represent the sample oxidised at 

723 K and the bottom two images @art c and d) represent the sample oxidised at 873 K. images 

for as-received-p-annealed pure Zr samples are shown in Figure 5.4.48 d e r  oxidation at 723 K 

@arts a and b) and 873 K @arts c and d). 

Figure 5.4.49 shows SE and CL images of Sn containing alloys. Parts (a) and (b) of the figure 

show the SE and CL images of a Zr-O. 1%Sn alloy. Parts (c) and (d) of the figure show two 

images of oxidised Zucaloy-2 samples of different oxide thickness, each of those two images are 

split into two parts, the top portion is the SE image while the bottom portion is the CL image. 

Specimens were oxidised at 873 K to oxide thicknesses of 55 pm and 120 prn for samples 

showing in part (c) and (d) respectively. Figure 5.4.50 shows SE and CL images of a Zr-. I%Fe 

sample with an area of the metal substrate removed. Part (a) of the figure shows the metal side 

of the sample, the white area is the exposed oxide. Part (b) of the figure shows the CL image 

h m  the oxide side. Part (c) shows the magnified SE image of the expsed patch fkom the metd 

side and the corresponding CL image for this area is shown in part (d). Specimen was oxidised 

at 723 K to an oxide thickness of 2 Pm. 

Figure 5.4.5 1 shows the SE and CL images of the Zr-O. 1 %Fe sarnple from the top surface and 

a view of the polished specirnen edge. Part (a) of the figure shows the top view, the image is 

split into two parts, the top section shows the SE image and the bottorn section shows the CL 



image. Part (b) of the figure shows the SE (top) and CL (bottom) images of the same sample 

h m  the polished edge. Part (c) of the figure shows the composite of the top CL image and the 

edge view CL image aligned so that corresponding features match. The specimen was oxidised 

at 873 K to an oxide thickness of 29 Pm. Figure 5.4.52 shows the SE and CL images of the Zr- 

O. 1%Fe sample from the edge perspective at a higher resolution in an area of the same sample 

where mcks are prominent within the ihickness of the oxide. 

Cornparisons of samples oxidised at the two different temperatures and oxide thicknesses are 

shown in Figures 5.4.46. The top two images show the oxidation of the sample (2r-û. 1%Fe) at 

723 K at two different oxide thicknesses, no significant changes in the features are visible as the 

oxide thickens fiom 5.3 pm to 3 1 . 9 ~ .  The bottom two images show the same sample oxidised 

at 873 K, significant changes are visible as the oxide thickens, coarse structures were 

transforrned into smooth structures. This means that Fe diffusion at 723 K is small, confïrming 

the published low (1 90 nrn at 673 K over a period of 41 days), with a much higher 

diffiision rate at 873 K. 

Figures 5.4.47 and 5.4.48 show as-received and as-received-P-amealed samples respectively, 

oxidised at 873 K for different oxide thicknesses. A significant observation that can be noted 

h m  these cornparisons is the extremely hi& CL signals near to the cracks. This is most visible 

in Figure 5.4.47 where the top simple was oxidised at 723 K and bottom sample oxidised at 873 

K. The as-received zirconium sheet has oniy one main impurity present, Fe, and since the 

material was shipped in a cold worked and a-annealed state, the material has very small grain 

size and the impurities are evenly distributed throughout the material. When a sample is P- 
annealed and fumace cooled, large new grains are formed and the bulk of the impurities would 

be distributed to the grain boundaries. The linking of Fe to strong CL areas in the previous 2 

sections of this thesis would suggest segregation of Fe to these cracks, and indeed Fe has been 

reported in iiterature to diffuse to a fiee s~rface[~'"'~. 

Figure 5.4.49 shows a Sn containing zirconium alloy. No high CL signal is observed at cracks 



in these samp1es which means Sn is either suppressing the cathodoluminescence or preventing 

luminescent species fkom d i f i h g  to the area Figures 5.4.50 and 5.4.5 1 are intended to show 

the con- mechanism in the CL images. A higher CL signai is clearly visible at grain 

boudaries where the oxide is thicker. and in some cases a higher CL signal is observed at the 

interface between the grain matrix and the grain boundary. This wodd suggest conûast 

formation as a combination of oxide thickness and local chernical differences. Figure 5.4.52 

shows an edge view of a Zr-O.l%Fe sample. the bottorn CL image clearly shows a layered 

structure which does not appear in the SE image above it. It is very likely that these layers 

correspond to the cyclic behaviour observed in the CL intensity versus oxide thickness plots. 



(a) 7.1 p m  (b) 20.9 pm 

(d) 3 1.9 pm 

Figure 54-46 - Figure shows a cornparison of CL images of a Zr-O.I%Fe sampie, top images 
are oxidised at 723 K and bottom images are for oxidation at 873 K. Each 
pair o f  images is of the sarne area of the specirnen. 



Figure 5.4.47 - SE and CL images of as received pure Zr samples oxidised at 723 K (top) and 
873 K (bottom). 



Figure 5.4.48 - Figure showing SE and CL images of samples of P-annealed pure Zr oxidised at 
723 K (parts a and b) and 873 K (parts c and d). 



(d) 120 pm 

Figure 5.4.49 - a & b) SE and CL images of Zr-O. I%Sn alloy, c )  Zircaloy-2, top portion SE, 
bottom portion CL. d) Zircaloy-2, top portion SE, bonom portion CL. Al1 
oxidised at 873 K. 



Figure 5.4.50 - a) low mag. SE image, b) CL image fiom oxide side, c) SE on the metal side, 
d) CL image correspond to image in part (c), both taken in "bnght" area in (a) 
where the metal was dissolved to produce an oxide window. 



Edge 

Figure 5.4.5 1 - SE and CL images of sample E, Zr-O. 1 %Fe, a) SE and CL top view, 
b) SE and CL edge view. c) top and edge CL view matched together. 



Figure 5.4.52 - SE and CL edge view of sarnple E, Zr-O. 1%Fe oxidised in 
air at 873 K to an average thickness of 29 p.. 



For the convenience of the reader the various matenals used in this study are listed in 

Table 6.1 with bnef descriptions of the designations used in the text. 

Table 6.1 - Summary of the materials used in the study. 

Sample 
Designatiodelement 

High Purity Zirconium Metallic samples, used in the 
preliminary photoiuminescence and 
thermoluminescence study, some 
samples were atso used in the 
cathodoluminescence experiments. 
Oxidised in steam at 673,773 or 873 
K 

Zn, Fe, Ni, Sn, Tb, Ti 
Cr, Cu, Hf, Cs, Ce, Y 

- 

Binary 2x0, powders doped 
with eleme&s to the lefi 

Powders are doped at either 0.0 1% or 
0.1%. Used to obtain emission spectra 

Metallic binary alloys 
Base Zr was 99.94% pure 
For oxide structure examinations 

C was contaminated with Cu during 
the melting process 

- . -- - - - - 

Pure zirconium sheet 
G=pure Zr melted without doping 

( IA, IC, IE, IG From the sarne melt as listed 
above (A, C, E and G) 

Prepared for signal strength 
measurements 

Pure zirconium sheet 
(99 -94%) 
AR=as- received 
ARA=as-received-P-anneaied 

ARA was annealed in vacuum at 1273 
K for 24 hours and cooled in h a c e  

The discussion follows the evolving route that was taken during the course of this 

investigation. At the beginning little waç known about the luminescence properties of zirconium 



oxide films grown on a metal substrate. Most of the literature avaiiable on the luminescence 

properties of zirconium oxide was on bulk stabilised zirconia ceramicsP3? Photoluminescence 

spectra fiom these materials showed only a single emission peak. It was not clear initially 

whether a signal wouid be detected Iiom a thin oxide film on the metai, so a few old, but well 

characterised, samples representing some of the most used zirconium alloys were examined in 

the photoluminescence expenment as a test of the type of signals that would be obtained The 

results of this experiment are presented in section 5.1. These results showed that a signal was 

detectable and that two emission peaks were seen in the oxides on most of the alloys. This 

deviation fiom the single peak published in the literature indicated that some of the ailoying 

elements may play a role in the luminescence process. The next step was to try to detect a signai 

from such an oxide film inside a SEM. but unfominately no SEM with CL attachment was 

available. In the absence of such a setup, a plexi-glass window was fabncated and mounted on 

one of the ports on one SEM'S specimen chamber. This allowed direct optical observation of 

the specimen while it is king bombarded by electrons. Any light given off by the specimen can 

then be seen with the naked eye or any carnera. Two images, taken with a regular carnera from 

such a setup are shown in Figure 5.4.2 1. These pictures showed strong conadst and proved that 

the signal was strong enough for detection and contained intensity variations that rnight be 

related to the oxide structure. 

The next step taken was to measure the CL intensity h m  various oxidised samples, these 

measurements revealed strong di fferences in CL intensity between sam ples of di fferent allo ys 

(see Table 6.2). This indicated that the alloying elements were involved in the luminescence 

process as suggested by ~~chkov["l. These factors encouraged the start of the next step of 

building a CL attachment for one of the Scanning Electron Microscopes (Hitachi S-570). At the 

time the CL technique seem very attractive since it was the oniy luminescence technique 

available with resolution high enough to study local variations in CL in oxide films. During the 

tirne taken to develop this apparatus, advantage was taken of the kind offer of Dr. Bruce 

Heinmiller (Atomic Energy of Canada Ltd, Chalk River) to use a spare thermoluminescence 

counter used only occasionaily for counting finger dosimeters. It was calibrated specifically for 

LiF dosirneters, but could be read to give total counts and the photomultiplier signal codd be 



extracted and plotted. Pieces of the "old" specimens were cut, and the measurements showed 

strong variations in the TL, intensities for the various alloys. The data clearly ùidicated that some 

ailoys showed lower CL and signals than pure Zr and some much higher. The CL signal 

represents an Uistantaneous response. whereas the TL signal represents the stored energy 

remaining after a 10 minute decay period. 

Table 6.2 - CL and TL intensities of the various ailoys used in the preliminary study. 

Once the CL apparatus was built. the initial results confirmed the strong contrast in the 

CL images. initially it was hoped that the different peaks shown in the photoluminescence 

experiment might be responsible for different features in the CL images, but the use of a filter 

with cutoff near the middle of the two photoluminescence peaks failed to produce any new 

information (A filter was used because of the hi& through pas, this was especially important 

since even the panchromatic signal was barely strong enough for irnaging). This was 

disappointing, and brought up the question of whether it was or was not vaiid to assume that the 

materiais behaved in the sarne way under these two different excitation modes. This concem 

brought about the necessity to obtain CL emission spectra from the same samples that had been 

used for bot- the photoluminescence and thermoluminescence experiments. 

The CL emission spectra fiom these samples showed that indeed the samples did not 

behave in the sarne way under the different excitation modes. The 425 nm peak that appeared 

in the photoluminescence experiments did not show up in the CL experiments at dl,  but later 

showed up for Zircaloy-2 when the sample was cooled to liquid nitrogen temperature and when 

a 1 mm slit was used on the monochromator. At room temperature no slit could be used because 

Alloy Type 

High Purity Zr 

Zircdoy-2 

Zr-2.5%Nb 

Z~-O.S%CU-OS%MO 

Oxidation 
Condition 

673 K s t e m  

673 K stem 

673 K stem 

673 K stearn 

Oxide 
Thic kness 

Micrometer 

16 

I I  

16 

1 O 

CL 
Intensity 

(picoampere) 

200 

250 

63 

700 

TL 
[ntensity 
(counts) 

1 16,738 

917 

6 13 

34 1,008 



the oxidised ailoys did not emit a strong enough signal. The emission spectra simply show up 

as broad peaks under these conditions, but since the alloys have so many alloyiog elements and 

impurities, it was thought that some of the characteristic peaks might be masked in the broad 

peak. There was a hi& probability that this was occurring because without a slit on the 

monochrornator the resolution was only in the order 150 nrn. 

In order to increase the chances of detecting unique characteristic peaks and to establish 

whether any minor impurities might luminesce strongly. it was decided to produce high purity 

binary zirconium oxides doped with various alloying elements. Unfortunately some of the 

oxides did not produce enough signai strength for the use of a dit, but some of the ones that did 

have revealed multiple emission peaks upon the use of a small slit opening. The best such 

examples, amongst additions that would not nonnally be present in Zircaloys, is the ZrTb system 

which produced 4 characteristic peaks as a result of intemal electronic transitions. A sample of 

Yttrium oxide doped with Tb was also produced, the CL emission fiom this sample showed 

peaks in the sarne positions as for the ZrO, matrix, and confirms that the emission peaks in the 

ZrTb system were indeed characteristics of Tb. Because this system proved so interesthg a 

zirconium metal alloy doped with Tb was produced and oxidised. The CL images for this 

sample taken at different peak positions are show in Figure 5.4.6. intensity variations in these 

images show the distribution of Tb in the oxide system but did not show any major variation in 

intensity for the different wavelengths of Iight w d  to form the images. 

Table 6.3 - Summary of the emission peaks of zirconium oxide powden doped with the 
common Zircaloy alloying elements. 

Despite the lack of characteristic emission peaks fkom rnost of the cornmon Zircaloy 

alloying elements when measured without a dit on the monochrornator, this does not mean that 

they do not exist. In fact the Cr doped sample showed two close peaks when the emission 

spectrum was measured with a 1.5 mm slit, one at 500 nm and the other at 550 nm. In addition 

Dopants 

Emission Peaks (nm) 

Pure Zr 

485 

Sn 

470 

Ni 

495 

Fe 

495 

Cr 

500 1 550 



there were several other elements studied that also showed some characteristic peaks, for 

instance oxidised ZrHfand ZiCs. Titanium additions gave a very strong luminescence and Ti 

is a common impwity in zirconium, although usually only at 520 ppm by weight. Even this 

amount could contribute a measurable signal. but since Ti is completely miscible with Zr it 

shouid only appear as a change in the luminesce background as wodd any effect of Hf impurity. 

In addition there seem to be very strong CL emission intensity differences between the various 

dopants, this confimis the differences seen by photoluminescence and thermoluminescence and 

proves that the ailoying elements are involved in the luminescence process, even if only by 

changing the heights of the characteristic ZrO, peaks. 

With that in mind, the next step involved the production of binary alloys of zirconium 

and the common Z d o y  alloying elements in the standard zirconium alloys for the purpose of 

investigating the alloying element distributions in the oxides. These samples were oxidised in 

air at two different temperatures. 723 K and 873 K. The samples were first oxidised at 723 K 

and then had their oxides removed and were reoxidised again at 873 K. For both cases, the 

samples were füst ground and polished down to I prn diamond paste More each oxidation, and 

during the oxidation they were periodically removed for examination. For the 723 K run, the 

samples were also etched in 5% hydrofluoric acid. 45% nitric acid and 50% water solution to 

reveal the grain structure and the intermetallic precipitates for observation. A parallel set of 

simples were also prepared for CL intensity measurements as a fùnction of the oxide thickness, 

however, these were not etched prior to oxidation at either temperature. The results fkom this 

study are presented in sections 5.4.3 to 5.4.7. The next sections describe in detail conclusions 

derived fiom this part of the study. 

6.1 PL and CL, Emission Characteristics 

One of the first things that stands out in the preliminary CL and TL studies is that there 

are very strong differences in the CL and TL intensities between the various commonly used 

alloys. A surnmary of the CL and TL intensities for the oxide films grown fiorn the metal matrix 

of some of these zirconium alloys is s h o w  in Table 6.2. The numbers indicate that Cu and/or 



Mo enhance the CL and TL process and Nb depresses the CL and TL, process. Later on in the 

study, a ZrNi sample was contarninated by Cu during the arc melting process, this sample also 

gave extremely high CL signals compared to the regular zirconium alloying elements. This 

observation shows that only Cu may be responsible for the high CL signal in the Zr-0.5%Cu- 

OS%Mo alloy. 

Spectroscopicaily these alioys are not interesthg (no characteristic emissions). In the PL 

experiments at room temperature, d l  of the dloys. except the Zr-Cu-Mo alloy, showed two 

emission peaks, one at 425 nm and the other at around 500 m. In the case of the Zr-Cu-Mo 

alloys, only the peak around 500 nm could be seen. These findings are in agreement with the 

m e a d  spectm in the literature. shown in Figure 2.7. At room temperature, the 425 nm peak 

seems to have disappeared in the CL emission spectnun, only the peak around 500 nm showed 

up. The only other difference is a slight shift in the Peak location between the PL and CL 

emission spectra. However, when one of the Zircaloy-2 samples was cooled to liquid nitrogen 

temperature, which increased the CL signal strength and allowed the use of slits on the 

monochromator, two peaks emerged out of the single peak measured at room temperature. The 

newly emerged peak, centred around 450 nrn is similar in position to the one for the sample 

doped with O.l%Sn shown in Figure 5.4.20. Since Zircaloy-2 contains up to 1.7%Sn, this new 

peak may be generated by the Sn content of the alloy. 

High purity zirconia powden. doped individually with various elements found in the 

commercial alloys, also showed single broad emission peaks centred around 500 nm. This is 

consistent with the emission spectra obtained fiom oxides grown £tom the commercial dloys that 

contained the elements. It was hoped that the high purity binary zirconium powders wodd yield 

better defined peaks, so the results were a bit disappointing. Despite the uninteresthg emissions 

fiom the common dloying elernents in the commercial zirconium alloys, a survey of some other 

uncornmon elements, when doped into zirconium oxide, showed clearly identifiable 

characteristic CL signals. One such combination is the ZrTb system, as a check, another sample 

consisting of yttrium and terbium oxides was made, these two samples show identical emission 

peaks centred amund 488,546.585 and 624 nm, and these are reported in the literahire [63*a1 as 

the inner transitions between the D and F shells of terbium. htrigued by this charactenstised 



emission, a biaary Zr-O.l%Tb metal sample was produced and was oxidised at 723 K, the 

monochromatic CL images for this sample taken with different emission peaks are shown in 

Figure 5.4.6 and show no spatial differences. Other oxide systems that show multiple emission 

peaks are ZrCr, ZrHfand ZrCs. The ZrCs system is especially intereshg in tbat under Merent 

excitation conditions. dinerent emission peaks are accentuated. in this case, one peak at 450 nm 

which was not clearly defined at 20 keV excitation showed clearly when excited at 30 keV. This 

c m  be explained by the saturation of the transitions seen with the 20 keV excitation mode (500 

and 550 nm) by the higher 30 keV energy bearn. This type of behaviour has also k e n  reported 

on Tb epitaxial  film^^^? 

There is no clear answer as to why there is a slight shifl in the peak locations between the 

PL and CL measurements. The CL technique in general can lead to emissioo by al1 the 

luminescence mechanisms present in the material while photolumuiescence emissions rnay be 

strongly dependent on the excitation energy of the UV source, which can be used for selective 

excitation of particular emission processes. If the broad peak is the combination of the many 

other transitions, then this difference would explain the shift. Another possibility that might 

explain this shift is in the nature of the excitation energy. In the case of photo excitation, the 

incident Iight source may have a much higher penetration into the oxide film, while the electron 

beam will oniy penetrate a few micrometers into the oxide. 

6.2 Orien of Emission 

There are a number of publications available on the luminescence properties of magnesia, 

yttria and calcia stabilised ~irconia~'"~~. n e  origin and detailed mec hanism of the luminescence 

is still not clear and is the subject of controversy. Early ~ o r k s [ ~ ' - ~ ~ '  assumed the origin of 

luminescence to be substitutional Ti4' ions. Later. structural defects such as oxygen vacancies 

were considered. 167"1 More recent work on the subject attributes the luminescence to oxygen 

vacancies in a complex with other irnpurities in the nearest-neighbour cation ~ h e l l ~ ~ * ~ % ' ?  

It is the last of the three above scenarios that this study supports. The evidence for this 

cornes ~ o m  several observations. Even though Ti doped zirconium sarnples showed extrernely 

high luminescence signals in the oxide powder experiment, other dopants such as Cu also 



produced high luminescence signals. This observation disproves the theory that Tie ion 

irnpurities are the sole ongin of luminescence. The oxidation of zirconium doys starts initidy 

at the metaVenvironrnent interface, the process is contmlled by the inward diffusion of 02- h m  

the oxide/environrnent interface to the metaloxide interface. As the oxide thickens, an oxygen 

potential is developed across the oxide (see Figure 2.4), resulting in an increasing fke oxygen 

vacancy concentration towards the rnetaüoxide interface. Ifoxygen vacancies were responsible 

for the luminescence then when one look at the CL image of such a sample edge-on one should 

see an increasing intensity toward the metdoxide interface. When nich a sample was produceci, 

the aforesaid distribution was not seen in the CL image. 

The edge-on CL image clearly showed that the origin of the luminescence in zirconium 

oxide did not originate from oxygen vacancies alone. There is strong evidence that it is linked 

to one of the other elements in the materiai. In general, strong luminescence signals are detected 

from the grain boundaries, where there is known segregation of dloying elements. This is 

especially clear in the Fe doped samples, show in Figure 5.4.32 and 5.4.45, which are the same 

samples oxidised successively at 723 K and 873 K respectively. The dark spots in these images 

are Zr,Fe intermetallic precipitates, the X-ray Fe/Zr peak ratios for the precipitates numbered in 

the images are listed in Tables 5.4.2 and 5.4.3. These ratios indicate that the CL signal is 

brightest when a precipitate with a high Fe/Zr ratio is in the vicinity. This type of behaviour 

links Fe to the CL process, and is especially clear when looking at the CL images in Figure 

5.4.29 where only the Fe doped sarnple shows such localised CL emissions. These samples were 

oxidised at 723 K and the surface was previously etched to reveal the intermetallic precipitates. 

However, when looking at the çame samples oxidised at 873 K, where the simple was not etched 

prior to oxidation, they al1 showed strong CL signals at the grain boundaries. This can be 

explained by the differences in etching and oxidation temperature. Even though those non-ZrFe 

samples (samples Zr-O. I%Cr. Zr-O.S%Ni and rernelted Zr) were not doped with Fe, there was 

approximately 0.05% Fe in the source material, so there was suficient Fe present to cause the 

luminescence observed for those samples oxidised at 873 K when the Fe was segregated to grain 

boundaries and surfaces. Since the primary purpose of etching was to reveal Cr and Ni 

containing precipitates in these samples, the etching process removed the surface layer of Fe in 



the samples oxidised at 723 K. As to the temperature effêct, a recent study of the redistribution 

of alloying elements h m  intermetallic precipitates in Zircaloy-2 oxide layednl has revealed that 

Fe has the highest diffisivity of the 3 species involved. At lower temperatmes, Fe tends to stay 

localised in the oxide in the vicinity of the precipitate. At higher ternperatures, where the 

diffusion rate is much higher, Fe is found to be more dispersed in the oxide matrix. The rate of 

Fe diffusion in the zirconium oxide has been measured to be 190 nm at 673 K over a period of 

41 days and to be several micrometes at 873 K ~ ' ~ ~ .  Therefore, at 723 K. where the suface layer 

of Fe was removed in the etching process, and at that temperature, the diffusivity of Fe is low, 

there was not d c i e n t  Fe segregation to the surface. Mien the samples were oxidised at 873 

K. there was already some Fe at the d a c e  and the high diffùsivity at 873 K allows the diffusion 

of subdace  Fe to the oxide surface much faster. The phenomenon of Fe segregation to a fke 

surface has been well documented in stabilised nrconia cerarnic~['~*~~1 and single crystals of 
-*rilUm[6 1.621 

The idea that Fe is involved in the luminescence process is m e r  supported by the report 

that Fe and Cr are attracted to oxygen vacan~ies~ '~.~.  Thermoluminescence results s h o w  in 

section 5.2 indicate several trap levels in the zirconium oxide. One of the trap levels, calculated 

with the two heating rate method gave a value of 0.88eV which corresponds to the reported 

energy of association of a cation site to vacancy complex~'"~ consisting of an oxygen vacancy and 

a Zr ion with an attached electron. Other publications based on results frorn EPR experiments 

propose the intrinsic transition at 560 nm is due to a localized energy state of Zr" ion with two 

nearest neighbour oxygen vacancies in the opposite cube comer~[**~~1, the name T-defect was 

given to this state. A similar mode1 based on Ci* ion in a six-fold pseudo-octahedral site, 

trigonally distorted was also proposed for this defect13' l .  A different research group, based on 

EPR results, attributed this defect fint to a singly ionized oxygen vacancies bound to Y ionsr46i 

but later attributed it to some unknown impurities14? The defect observed in the studies here is 

clearly the sarne T-centre reported for stabilised cubic zirconia, even though the oxides formed 

during the oxidation of Zircaioys is mainly rnonoclinic zirconia The distorted coordination 

complex mund the Zr atoms in the monoclinic oxide may give rise to the smdl ciifferences in 

absorption and emission peaks in this study compared to values in the literature. The 



combination of these observations, and the segregation of the CL signal near the Zr,Fe 

precipitates strengthem the hypotheses that impurities such as CI? and Fe3' are hvolved in the 

luminescence process in zirconium oxide films. Nevertheless the concentrations of Fe involved 

in these phenornena must be quite smail as  no diffusion profiles for Fe around precipitates were 

detected by SIMS or AES mapping. However. both instruments have poor resolution on the 

scale obsewed here. 

6.3 CL Simal StrenPth as a Function of Oxide Thickness 

The CL signai strength as a function of the oxide thickness plot at both oxidation 

temperatures (723 K and 873 K) show the CL signal strength continues to rise even after the 

oxide has mched thicknesses of over 20 Pm. This is in contradiction to the comrnonly known 

electron penetration depth of a few micrometers. Then how is it that the signal continues to rise 

weli beyond the electron penetration depth? The answer is the possibility of a secondary source 

of excitation energy that is capable of much deeper penenation. One likely energy source is the 

X-rays generated during the electron bombardment, which can easily penetrate the entire oxide 

layer. Measurements of the optical transmission properties of zirconium oxide Nms indicate that 

zirconium oxide is quite transparent to light of 500 nm wavelength. A plot of the &action of the 

light transmitted as a function of the oxide thickness indicates the attenuation of light is not 

constant for the entire thickness of the oxide. The fraction of light transmitted decreases more 

slowly than a linear rate as the oxide thickens. This means that there is higher attenuation for 

the oxides near the metdoxide interface and that the oxide is more transparent near the 

oxide/environment interface. This is supported by the calcdated absorption coefficients of 0.15 

for oxides less than 6.3 p m  thick and 0.23 for the thicker oxides. The increase in the absorption 

coefficient for thicker oxides means that the oxides grown below the top layers (near the 

metaVoxide interface) are Iess transparent to light than the outer oxide layers. This is consistent 

with the common observation that thin (2 pm) pretransition oxides are generally black, and that 

even thick white pst-transition oxides usually show a dark band near the oxide-metai interface. 

Even for thicker than 10 pm oxides, more than 19% of the light is still transmitted to the outside. 

The transmission depth would be increased for very thick oxides since these would be more 



transparent than thinner oxides. Experimental data indicate that the CL signal quickly levels off 

when the oxide has reached a thickness of 20 pm. This type of behaviour is most clearly 

illustrated in the ZrCu sample due to its high CL signal, which therefore gave more stable 

readings when measured. The levelling off of the CL signal cm dso be seen in the other samples 

oxidised at 723 K and 873 K at around 20 Fm. The sudden uicrease in the CL signals for some 

specimens beyond 20 Fm may be amibuted to the cracking of the oxide on the sample. 

Cracking is especially serious for the as-received (AR) and as-received-P-anneded (ARA) pure 

zirconium samples. These oxides crack more easily than others because the residual metal is 

much thlliner (around 0.2 mm) than for the other samples (1 -2 mm). From these results, it c m  

be concluded that the volume generating the CL signal comprises the entire buik of the oxide 

fihn up to a thickness of 20 pm for low alloy zirconium. Because of the attenuation, however, 

most of the observed signal would be coming fiom the top portion of the oxide film. 

6.3.1 Effect of Simal Attenuation 

One other observation which should be presented here is that, when comparing CL signal 

strengths, the absolute value of the CL signal does not necessarily give the tme luminescence 

-neth of the matenal unless the transmission properties of the oxide are considered. This is 

evident in the CL measurements of the Zr-O.S%Cu-O.S%Mo alloy shown in Figure 5.4.1 8. This 

graph plots the CL intensities for 3 groups of specimens of this alloy oxidised at 673 KT 773 K 

and 873K in stearn. The data shown here reveal that higher oxidation temperatures produced 

higher CL signal strengths and that the CL signal levels off d e r  an oxide thickness of only 3 

p. There is no explanation for the sharp rise in CL signal at 673 K and 10 Pm. Nevertheless, 

al1 the other observations cm be explained by the optical transmission properties of these oxides. 

The levellhg off afler 3 pn can be explained by looking at the transmission data for the oxide 

on this ailoy plotted in Figure 5.3.2. The graph shows transmission of oniy 3.5% at a wavelength 

of 800 nm and slightly over 1% at 500 nm for an oxide of ody 3 pm thick, and this drops to 

0.08% and 0.75% respectively when the oxide is 7.7 Fm thick. Linear optical absorption 

coefficients of 0.35 and 0.15 for the Zr-O.S%Cu-O.S%Mo and pure zirconium oxide respectively 

were calculated at the 800 nm wavelength. The higher absorption coefficient for the Zr-O.S%Cu- 



0.5%Mo clearly explains the lower transmission for the oxide on this doy. For other ailoy 

oxides with lower optical attenuations, the CL emission signal increased with oxide film 

thickness. A summary of the transmission characteristics of the oxides examined in this study 

at 500 nm and 800 nm is provided in Table 6.4. Any CL examination of the Zr-Cu-Mo alloy 

would only measure the charactcristics of the top 3 pn of the oxide film. This finding then 

would suggest that there is very little change in the CL emission characteristics as the oxide on 

tbis alloy thickens, Le., the CL intensity of the top layer of the oxide does not change over tirne 

as the alloy oxidises. 

Table 6.4 - Table showing the transmission properties of the various oxides samples. 
* sarnple was P-annealed before oxidation. 

6.3.2 Effect of Oxide Intemity on CL Sima1 

The above is tnie provided that the growing oxide remains intact. A set of Zircaloy-2 

samples was oxidised at 873 K, and some of the samples had large amounts of oxide spall off 

. niese sarnples were srnall rectangular coupons approximately O. 16 mm thick. Mer only 2 

Allo y 

Pure Zr (99.994%) 

Zr-OS%Cu-0.5%Mo 

Zircaloy -2 

Oxide 
Thic kness 

3 - 
6.3 

10.7 

7 - 
2.5' 

2.9 

7.7 

3 -8 

5" 

Oxidation 
Temperature 

873 K 

873 K 

873 K 

723 K 

723 K 

873 K 

873 K 

873 K 

873 K 

Transmission (%) 

500 nm 

8 .O% 

3.2% 

1 -4% 

3.5% 

4.5% 

1.1% 

0.1% 

0.1% 

0.3% 

800 nm 

25 -6% 

13.5% 

4.9% 

14.1% 
1 

19.0% 

3.65% 

0.75% 

0.4% 

0.8% 



weeks the entire sarnple was totally oxidised and the sudaces had ail severely cracked with the 

Ioss of significant amounts of mass due to oxide spdlation. M y  8 of the original 16 samples 

were available for measurernents. The optical transmission of this oxide is s h o w  in Figure 

5.3.5. Two oxÎde thicknesses are shown in the figure, 3.8 pm and 5 p. The optical 

transmission characteristics plotted in this Figure are very s d a r  to those of the Zr-Cu-Mo alIoy; 

they both have very Iow transmission. but the CL ernission curves look different; the intensity 

actualiy reaches a plateau and then deceases for the Zircaloy-2 samples. This would indicate that 

the properties of the top Iayer have changed somehow. Examination showed that the oxide at 

the d a c e  of this sarnple was highly cracked and that many pieces had fden off. The plateau 

on the emission cuve may be explained by the high emission intensities fiom areas where the 

oxide had fallen off. Later on, after M e r  oxidation this high CL signal faded indicating that 

chernical changes were taking place, possibly Fe difiking out to the ~ d a c e ~ ' * ~ * l  to fonn Fe,O, 

which is not luminescent. 

6.3.3 Effect of Fe on CL Intensity 

Since Fe seems to be Iinked to the hi& CL signals, the fading of the CL signal c m  be 

explained by the diffusion of Fe out to the newly exposed surface. I f  the crack had taken place 

at a prior metal grain boundary. where there was already a strong CL signal, then there should 

be a lot of alloying elements/impurities segregated on the grain boundary surface that was 

exposed. M e r  the cracking, a new surface had been created, since Fe is known to diffuse to a 

free surface, the Fe distributed inside the @n can then diffuse to this s d a c e  and fom FqO, 

which is not luminescent based on the results on doped powders. 

The diffusion of Fe to a free surface and the formation of F$O, have been 

doc~mented[ '~~] by researchers working in the area of zirconium oxide powders and yttria 

stabilised zirconia. This observation would explain why some researcher~[~~l working with 

zirconium powders came to the conclusion that Fe was detrimental to the Iuminescence process. 

During the course of this study, Zr-Fe oxide powder was also produced, using the precipitation 

technique. The CL emission intensity for this powder is even lower than that of undoped 

zirconia, confirming the observations made by the researchers mentioned above. However, 



zirconium oxide grown on metal samples doped with Fe does not show such a low CL emission 

signal, but here the Fe distribution within the oxide structure and even its valence state may be 

different from that in a calcined oxide powder. in these metal samples the Fe was first 

introduced into the metal matrix before oxidation. The discrepancy can be pady explained by 

looking at the precipitation process for preparing the powders. It is not absolutely clear that both 

species co-precipitated at the same time. If Zr(OH), was precipitated fVst then the Fe would not 

have k e n  incorporated properly into the zirconia powder and therefore might only be present 

on the surface of the zirconia particles. Even if it was incorporated properly into the zirconium 

hydroxide, it codd still have diffused out to the powder surface during the calcination process 

(1 273 K for 4 hours in air) and formed FezO, (not luminescent) on the surfaces of the zirconia 

particles. This is quite possible cons ide~g  the dimensions of the oxide powder particles (in the 

range of few micrometen). 

6.3.4 Effect of Oxidation Temperature on CL Intensity 

The differences in the CL emission intensity as a function of the oxidation temperature 

for the Zr-O.S%C u-O.S%Mo alloy (higher oxidation temperatures gave higher CL signal 

strengths, Figure 5.4.18) can once again be explained by iooking at the optical transmission 

characteristics of the material. CL emission intensity increases with oxidation temperature have 

dso shown up in other samples oxidised in the 723 K and 873 K oxidation expenments. In al1 

of the samples, the final CL intensities after oxidation at 873 K are higher than for the samples 

oxidised at 723 K. This is consistent with the CL emission intensity rneasurements for the Zr- 

Cu-Mo alloy. The optical transmission spectra of the as-received condition zirconium samples 

oxidised at the two temperatures are shown in Figure 5.3.3. There are three lines on the graph, 

the thickest line represents the sample oxidised at 873 K and the other two lines are for 

oxidations at 723 K. One of the 723 K samples was annealed at 1273 K for 24 hours and was 

cooled to room temperature inside the fùmace before oxidation. Even though this sample had 

a thicker oxide than the other sarnple oxidised at 723 K, the oxide on the P-armealed specimen 

was more transparent than the other. The opticai transmission curves indicate that oxides forrned 

at higher tempenitws are more transparent to light compared to the oxides formed at lower 



temperatures and oxide on P-ameded sarnples are also more transparent than on non-annealed 

samples. Therefore, it can be concluded that the oxides with a higher transparency wodd yield 

higher CL emission signals sirnply because more of the signal is getting out of the oxide. 

The question then becomes, why is it that higher oxidation temperatures produce more 

transparent oxides. The answer to this lies in the redistribution (to surface or grain bomdary) 

of the alloying elements/impurities in the material. The P-annealed samples clearly support this 

hypothesis. Since d l  of the sarnples were from the same piece of zirconium foil, they al1 have 

the same initial distribution of impur@ elements. The as-received zirconium sheet was 

annealed at low temperature after cold work ( ~ 9 7 3  K) during the fabrication process, resuited 

in the production of a small grain size and rnost of the alloying elements/impurities would be 

locked in the grains and evenly distnbuted throughout the materia by the fast cooling rate. 

However, sarnples amealed at 1273 K and slow (fumace) cooled have large grain sires and a 

Widmanstatten structure. The slow cooling allowed the alloying elements/impunties to d i f i e  

out of the rnatrix towards the platelet boundaries. Examples of these structures are shown in 

Figure 5.4.47 for the as-received sarnples and Figure 5.4.48 for the as-received and P-annealed 

sample. It is to be expected that at higher oxidation temperatures the diffusion rates of the 

various species will be higher. resulting in more segregation of these elements to the grain 

boundaries leavhg the centre of the grain practically free (up to the solubility E t  of the species 

in the oxide matrix) of the alloying elementdimpurities. The differences in the ailoying 

elements/impurities distributions cm clearly be seen in Figure 5.4.46. The top of the figure 

shows a sample oxidised at 723 K and the bottom images show oxidation at 873 K. It is clear 

that the sample oxidised at 873 K has much more segregation to the grain boundaries, and 

continuhg segregation as the oxide thickens fiom 5.3 prn to 3 1.9 pm can also be observed. 

6.4 Distribution of AIlovin~ Elements 

Since there are no directly measurable characteristic CL signals for the cornmon alloying 

elements found in the zirconium alloys it is not possible to say for certain which elements cause 

the luminescence. Due to the low solubility in the zirconium ma& of many elements, very hi& 

purity materials would be needed to fùlly explore the relationship between the CL signals and 



the distribution of some aiioyhg elements. The purities need to be below the solubility limit of 

the specifîc eIement in the zirconium matrix which for example, are below 100 ppm for most of 

the common alloying elements (Fe, Cr and Ni). That means the matenal must have at least 

99.99% purity. Zirconium metal of this purïty is currently not available commerciaily. 

A senes of samples was prepared for the purpose of studying the alloying element 

distribution. A set of samples doped with severai of the common ailoying elements was oxidised 

at two difTerent temperatures to study the effect of temperature. The as-received material was 

used to study the effect on the CL properties of heat treatments such as P-anneaiing. The resuits 

for the temperature effects are presented in sections 5.4.5 and 5.4.6. and the cornparison between 

the as-received zirconium sheet and that after of P-annealing of the material are shown Figures 

5.4.47 and 5.4.49. 

6.4.1 Distribution of Fe 

As discussed in the previous sections. Fe seems to be linked to areas of high CL intensity. 

This is most apparent when looking at the CL images in Figures 5.4.29, where the CL images 

of the Zr, ZrFe, ZrCr, and ZrNi systems are placed side by side. Bright CL emissions oniy 

originate fi-om the area around Zr,Fe precipitates (which remain dark) and do these emissions 

not seem to change as  the oxide thickens over time. The absence of high CL emission areas in 

the pure Zr, ZrCr and ZrNi indicates the low diffusion rate of Fe in the 723 K temperature range. 

Samples oxidised at 873 K d l  show high CL signals at the grain boundaries, indicating the 

dimision of Fe to these locations (whether deliberately added or present as an impurity). The 

segregation of Fe to the grain boundaiies seems to be a continuous process as the oxide grows 

in the 873 K temperature range (This c m  be clearly seen in all of the CL images in Figures 

5.4.40 to 5.4.43 and the lower two images in Figure 5 -4.46). In the early stages of oxidation at 

873 K, the CL emission centres are not as well defined, and appear almost to be many tiny sites 

spread across the sample. As the oxide grows. the centres coalesce to form a smoother structure. 

This is most clearly shown in the lower two images in Figure 5.4.46. The top two images of 

5.4.46 show oxidation of the same sample oxidised at 723 K to two different oxide thicknesses. 



This sample was not etched before oxidation at either oxidation temperature. Looking at the 

images, it is clear that there was very littie change in the CL featurps in the images of the oxides 

oxidised at 723 K, but a big change in the CL features in the oxides oxidised at 873 K as they 

thickened. This confirms the hypothesis of a very low diffusivity of Fe at 723 K and a much 

higher diffisivity of Fe at 873 K. 

Samples of the as-received and as-received-P-annealed zirconium were oxidised at 723 

K and 823 K. For the as-received sarnple. no localised CL signais were observed at grain 

boudaries, but are strong near cracks in the oxide. The sample oxidised at 873 K has a higher 

CL intensity at the cracks. For the as-received-P-anneaied sample, very strong CL originating 

fiom the grain boundaries and cracks. It is therefore reasonable to assume that the impurities 

present in the material are responsible for this difference. Since Fe is the one major impurity 

present in the 'Pure ZT>' material. and because of the linking of Fe to hi& CL intensity areas in 

oxidised ZrFe alloy specimens, it is reasonable to assume that Fe is involved in the luminescence 

process here. An additional point that shouid be made based on these images is the difference 

in the CL intensity at the cracks between samples oxidised at 723 K and 873 K. It is only for 

the sample oxidised at 873 K that a hi& CL intensity at cracks is clearly seen. This once again 

supports the hypothesis of a longer diffusion distance for Fe at 873 K than at 723 K. The 

documented diffusion of Fe toward a free surfàce supports the hypothesis ùiat Fe is involved in 

the luminescence process. However. it c m  not be Fe present as Fe,O, because powders doped 

with this did not luminescence. It must be in some other chernical form, therefore, mostly likely 

as Fe doped ZrO, since the CL peaks are characteristic of ZrO, and probably in the form of an 

Felvacancy complex since the emissions are c haracteristic of T-centre. Unfortunately the 

quantities were too small to be resolved by SIMS or AES. 

6.5 Effect of Sn on the Distribution of AlIovine Elements 

Although Sn is one of the main alloying elements in the Zircaioys, it was excluded fiom 

the initial investigation because it is completely soluble in the matrix at the concentrations 

present. A Zr-O. 1 %Sn sample (P-annealed) and a batch of Zircaloy-2 (containhg - 1.5% Sn, in 

the as-received condition) samples were oxidised at 873 K. Images for these samples were 



presented in Figure 5.4.49 and an emission spectnim for the Zr-O.I%Sn samples is shown in 

Figure 5.4.20. There are many cracks in the oxide in these images, and yet no hi& intensity CL 

was observed h m  these sites. Even though the 25-0.1 %Sn sample was P-annealed, there does 

not seem to be a very strong segregation of impurities to the grain boundaries as was seen in 

some of the other samples. The absence of high intensity CL emissions at the cracks would 

suggest either that Sn may be slowing down the diffusion of other impurity species such as Fe 

to the fke surface or it is quenching the luminescence. However, there is no data available in 

literature that link the dependence of Fe diffusion to Sn. The even distribution of the CL 

emission in part (b) of the figure ais0 supports the idea of a low &&ion rate in this sample. 

Sn also has a great impact on the CL emission spectrum the ernission peak for the Zr-O. 1%Sn 

binary alloy is centred around 460 nm compared to 490 nrn for pure zirconium. This could 

explain why the emission spectnim for Zircdoy-2 at room tempenihue (shown in Figure 5.4.19) 

is apparentiy shifted towards 460 m. and this peak splits into two (440 and 490 nm) when the 

temperature is reduced to 77 K (Figure 5.4.19). 

6.6 Contrast Mechanism 

In the beginning of this investigation, the source of the CL contrast in the samples was 

a big puzzle. It was not possible to relate this contrast simply to the surface appearance of the 

sample. To improve the information fiorn the surface examination, two techniques were used 

to further the understanding of the contrat mechanism. One of the techniques involves the 

removal of the metal substrate on a small m a  of the oxide so that both sides of the oxide might 

be examined. The other method was to examine the edge profile or cross section of the oxide. 

Figure 5.4.50 shows the images of a sample with an area of its metal substrate removed. One 

clearly sees fiom the CL images of this sample that strong CL signals are seen in the vicinity of 

the pnor metai grain boundaries which are broadened by the large amount of oxidised 

intermetailic origulally present in them, which gave rise to locally enhanced oxidation. in çome 

cases, the signds onginate not within the boundary region, but on both sides of the boundmy. 

From this it is not clear whether the stronger CL signals arise fiom the thicker oxide present in 

the boundary area or because of local chernical differences. This question is better answered by 



looking at the edge view of a sample which is shown in Figure 5-4-51. The composite image 

shown in part (c) of this figure best illustrates the point. There is a clear correlation between the 

f m  h m  the top view and the edge view. These correlated images clearly show that the high 

CL intensity areas near the grain boundary regions arise not simply because of the thicker oxide. 

The combination of these experiments niggest that the contrast arises because of the combination 

of the oxide thickness and high CL signals due to chernical segregation effects. Since the oxide 

is quite transparent to light in the 500 nm wavelength range, it is reasonable to assume that the 

light emissions from different depths in the oxide are additive and therefore will produce an 

enhiincecl signal when imaged fiom the d a c e .  The effect of the highly concentrated CL signal 

is clearly seen. 

6.7 Civflic Behaviour 

The cyclic behaviour during oxidation has been a puzzle ever since it was first observed. 

This type of behaviour is more noticeable at low oxidation temperatures, an example of which 

is show in Figure 2.1. The graph shows oxidation of various samples at 633 K and 773 K; ody 

the sample oxidised at 633 K shows the cyclic behaviour. The cause of the cyclic behaviour has 

k e n  extensively debated. The arguments are whether the cyclic behaviour is caused by cracks 

n o d  to the oxide surface that can pass most of the way through the oxide; by fme pores that 

fom a network within the o~ide[ ' ' -~~~,  or by cracks that form paralle1 to the plane of the 

s~dace lJ~*~l .  

The cyclic behaviour has also been observed by ~odleswski~"~, who measured the 

amouot of tetragonal zirconia as a function of the weight gain using X-ray diffraction and Raman 

spectroscopy. A plot of his results is presented in Figure 6.1. This cyclic behaviour wouid have 

implications for the origin of the CL emission and would raise the question as to whether one 

form the oxide is more luminescent than the other. Areas around a precipitate are thought to be 

stabilised as  the tetragonal form by the presence of Fe. The presence of brighr areas in the CL 

image near Fe precipitates might indicate that the tetragonal phase is more luminescent than the 

monoclinic. This might be related to closer approach to an isotropic co-ordination of the 

zirconium ions by oxygen in the tetragonal compared with the monoclinic form of the oxide, 



especially if the c/a ratio is close to 1.0. The T-centre that appears to be the source of the 

liuninescence has been charactensed previously oniy in the case of the stabilised cubic fom of 

ZQ, where the coordination polyhedron would be isotropie. However, cathodoluminescence 

studies on stabilised Zr suggest monoclinc form of the oxide at grain boundaries is more 

l i tme~cen t [~~ .~~1 .  

Figure 6.1 - Figure showing the amount of tetragonai zirconium oxide as a function of 
weight gain['? 

The cyclic behaviour is also observed in the sarnples oxidised in this study. Due to the 

higher oxidation temperature, cyclic behaviour is only slightly visible in the oxidation cunre at 

723 K and is not visible at al1 in the 873 K curves. However, cycles are clearly visible in the CL 

emission intensity measurements for the samples oxidised at 723 K and to a lesser extent for the 

samples oxidised at 873 K. The difficulty in obsening the cyclic behaviour in the CL mode at 

the higher oxidation temperature is consistent with the observations from conventional weight 

gain measurements. The reason for this dificulty may be due to the large number of pore 



nucleations and pore network formation, which are not forming in synchronization. Since a hi& 

CL intensity is &en associateci with coarse cracks in the oxide, the CL measurements are a more 

sensitive technique for detecthg coarse cracking in the oxide than is the visibility of cycles in 

the weight gain curves. 

The data obtained in this midy show that the cyciic behaviour is due to the formation of 

successive Iayers of coarse cracks both parallel to and perpendicuiar to the oxide surface. The 

CL edge view of an oxidised Zr-O. I%Fe sample clearly show strong CL emission bands. Since 

it was established in the previous section that Fe do@ cracks emit extremely strong CL signals, 

it is therefore reasonable to say that those bright CL emission bands in the CL image corne fiom 

coarse cracks within the oxide that are paralle1 to the oxide surface. It is interesting to note that 

no visible crack is seen in the correspondhg SE image, but this may be a result of the polishing 

of the section. 

To remove the doubt that this type of behaviour rnight be caused by the discontinuous 

weighing technique, a set of zirconium specimens were oxidised continuously in the fumace to 

the desired thickness, the resdting CL emission intensity measurements as a function of weight 

gain are plotted in Figure 5.4.38. The cyclic behaviour is still clearly visible in the figure 

indicating that the cyclic behaviour is not caused by discontinuous weighing techniques, and the 

consequent thermal cycles they require. 



7. Conclusiong 

The initial purpose of this study was to identie the source of the Irnninescence, study the 

impurity distribution and perhaps establish the distribution of the common doying elements and 

their oxidation states. The results show that in the absence of characteristic peaks for different 

valence states, it is not possible to detemine the oxidation state of any alloying element. When 

the impwities are present in the metallic state in intermetallic particles they do not luminesce. 

Luminescence techniques have been used for the first tirne to study the characteristics of 

thin zirconium oxide films grown fiom the metal matrix; the investigation has provided a great 

amount of information on the optical and luminescence characteristics of zirconium oxide films. 

The main contributions that came out of this study are that it has: demoll~trated the usefulness 

of the CL technique for obtaining images containing structural and chernicd information fiom 

thin zirconium oxide films; discovered a secondary source of excitation (characteristic X-rays 

generated by the electron bearn) beyond the electron penetration depth; confirmeci the successive 

layered structure that caused cyclic behaviour through the use of CL imaging; discovered a 

correlation between high CL signals and Fe: imaged the distribution of Fe perhaps in the form 

of tetragond ZrOz stabilised by Fe; rneasured the optical transmission properties which pennitted 

the proper interpretation of the CL data: surveyed a number of dopants, some of which show 

characteristic emission signals; grain boundaries and cracks are strong sources of luminescence 

perhaps because of a higher concentration of t-21-0, at these locations; the primary contrast 

mechanisrn in imaging is due to local chernical differences such as segregation of impurïties to 

grain boundaries; and demonstrated the effects of different diffusion rates for Fe in ZrOz at 

di fferent temperatures. 

The following is a list of the detailed conclusions that are drawn fiom the data in this study: 

1) Both PL and CL signals have been observed from oxides films grown from metal 

substrates, and give peaks similar to those that have been reported in the literature for 

bulk stabilised zirconia, 

2) Two PL emission peaks have been observed for oxides on high purity zirconium, 



Zircaloy-2 and Zr-2.5%Nb alloys and one peak for the oxide on Zr-O.S%Cu-O.S%Mo 

alloy under UV excitation. Only one peak was observed in these alloys with the CL 

excitation. 

Different excitation modes seem to favour different recornbination paths. This is 

indicated by the different number of peaks seen for the PL and CL modes of excitation. 

Spatial variation Ui the emission intensity appears on al1 samples; some show very strong 

variations. Differences in the CL contrast between the as-received zirconium sheet and 

P-aanded (fumace cooled) samples indicate that this is due to segregation of alloying 

elements or irnpurities. 

Grain boundaries and cracks in the oxide are strong sources of CL, due to the segregation 

of alloying elements or irnpurities to them. 

Fe seems to be involved in the Iumuiescence process since areas near Fe precipitate gave 

strong CL signal.. 

Ailoying elements migrate out of intermetallics to the adjacent grain boundaries and 

oxide cracks at the higher oxidation temperatures. Very little change was detected with 

oxidation t h e  in the CL images of samples oxidised at 723 K to different oxide 

thicknesses indicating low diffusion rates. but significant changes with tirne were seen 

for the oxide samples produced at 873 K which indicates a higher diffusion rate. 

Some elements such as Cu, Ti, Tb and Mo stimulate the luminescence while other 

elements such as Sn and Nb suppress it. 

Sn appears to quench the luminescence and reduce the optical transmission of the oxide. 

The continued Uicrease in the CL emission intensity as the oxide thickens beyond the 

range of electron penetration indicates the operation of another source of excitation; X- 

rays seem to be the most likely candidates. 

Cyclic behaviour observed in the oxidation kinetic c w e s  only at low temperatures is 

found in the CL emission intensity curves at al1 temperatures and appears to be caused 

by successive lateral cracking to form layers in the oxide. Whether this could be related 

to a t-ZrOz to m-ZrO, transformation could not be determined. 
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The optical tnuimllssion properties of the oxides play important d e s  in the image 

formation process. It is very important to know the optical transmission properties in 

order to correctly interpret the CL images. since these determine the depths in the oxide 

films tiom which the signals c m  ernerge. 

The discontinuous oxidation measurement method does not seem to be causing the cyclic 

behaviour. 

Image contrast aises primarily from areas of high CL intensity, such as grain boundaries, 

and areas adjacent to Fe-containing precipitates. Local differences in the oxide thickness 

may contribute to a lesser extent to the image contrast. 

This study of the CL technique was successful enough to justifj M e r  development to irnprove 

the resolution and sensitivity. The detail seen in the images should thereby be correspondingly 

improved. Even with the present resolution some M e r  measurements on oxides formed under 

different conditions of oxidation warrant snidy. For instance local areas of oxide degradation 

resulting from exposure of oxide films to low PO, environrnents may be revealed. A M e r  

study by TEM to see whether or not the CL signals c m  be correlated with the distribution of Fe 

stabilised tetragonal Zrûl is recomrnended. 



8.0 Recommendations 

The CL technique could be a very usefbi tool when used in conjunction with the SE and 

X-ray modes of the Scanning Electron Microscope. Section 5.4.4 of this report shows a 

cornparison between the different imaging techniques. Various features appear differently in the 

different techniques, and in most of the cases more is revealed in the CL mode. This can clearly 

be demo-ted in the images shown in Figures 5.4.22 and 5.4.23. An example wodd be the 

dark lines s h o w  in the CL images in Figure 5.4.22b, which are barely visible in the 

correspondhg SE image in Figure 5.4.22a Even though the species causing the luminescence 

c m  not be readily identified the CL images in d l  cases show much more detail of the 

distribution of various features in the oxide structure than the SE images.. 

This study has not fully utiliseci the potential of the CL technique. Part of the limitation 

was due to the low efficiency of Iight gathering capability of the equipment. Since it was a 

homemade system, a number of improvements could be made to irnprove the efficiency of the 

light gathering and light processing in the system. The whole thing is limited by the cost of 

purchashg such a system and the time required to design and fabricate nich a system. Improved 

light collecting efficiency would allow the use of small dits on the monochromator, which would 

increase the resolution of the system and possibly allow imaging with the small dits attached. 

The increased resolution would help with some of the binary alloy systems surveyed in this 

shidy, such as the ZrCr system, which showed a second ernission peak at 550 m. Even though 

the two emission peaks are so close to each other. a system with better resolution might be of 

help in better identifjmg the species involved. Another case is the Zircaloy-2 system, which 

showed a second emission peak at around 450 nm when cooled to Iiquid nitrogen temperatures. 

The light gathering eficiency of the present CL system is in the order of IO%, a 

commercial system with semiellipsoidal mirror has collection eficiency of nearly 100%, this 

represents an order of magnitude of increase in signal strength. Further gains in signal strength 

may be obtained by cooling down the sample. n ie  amount of signal strength increase from 

cwling the sample will depend on the nature of the radiative transition. Narrow band emissions 

will see a dramatic increase in the signal strength and slight gain in strength for broad band 

emissions. This is because the thermal energy associated with an electron is quite small, given 

by 3/2k~[~~] ( where k is the Boltzmann constant and T is the temperature in kelvin) or in the 

order of few nanometre at roorn temperature. The emission spectrum for the samples exarned 



here show had-band emission peaks, but that may be due to the usage of the monochromator 

with slits. A few of the sarnples showed multiple peaks (e-g., X r  systern) when srnall slits were 

used, this would indicate that some of the broad-band emissions are compriseci of several narrow 

peaks; this is supportecl by the ciramatic Uicrease in the signal strength when some of the samples 

were cooled to tiquid nitmgen temperatures. Therefore, with a cornmencal CL apparatus and 

a cold stage, ailoys with low CL signal strength may also be examined. 

Even with its present resolution this apparatus is ni11 a very useful tool especiaily for 

systems with charateristic signals, such as the ZrTb alloy . With fully optimised instrumentaiion 

and sarnples with characteristic emissions, this technique wodd be by far the best for the 

chanicterisation of low impurity distributions. 

It is possible that, because of the symmeûy of the T-centre reported for stabilised cubic 

zirconia, the images presented here are illurninating the distribution of tetmgonal ZIOz particles 

in the oxide f i h ,  rather than monoclinic ZrO,. To establish whether or not this was correct 

would require a major transmission electron microscope study of the oxide films. Involving 

stripping, thuuiing and TEM and CL on the thinned oxides. This was beyond the scope of the 

present study but could be a worthwhile future project. because of the correlation between 

transformation of tetragonal to monoclinic ZrO, and the breakdown (cracking) of the oxide films 

claimed by ~ocl1ewsk.i~~~. A sornewhat less difficult undertaking that rnight shed some light on 

this subject would be to calcine co-precipitated oxides at Iower temperature where portion of the 

oxide exisits in a meta-stable tetragonal form. correlation between the CL signal and the 

calcinhg temperature would there indicate whether one form the oxide (and there fore the 

symmetry of the oxide structure) is more luminescent. A nondestructive technique for mapping 

t-ZrOz distribution in oxide films would be a valuable tool for investigating the causes of 

oxidation rate transitions (whether cyclic or otherwise). 
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Appendix A 

Program used to control monochmator  and data acquisition 

DECLARE SUI3 gotowavelen (w 1 AS MTEGER, p() AS MTEGER q() AS STRING, da AS MTEGER) 
DECLARE SUB readvolt2 (volt2 AS DOUBLE, d m  AS MTEGER) 
DECLARE SUB savetitle (title AS STRiNG, da AS [NTEGER filename AS STRMG) 
DECLARE S U 8  setcorn3 (gO AS MTEGER, q() AS STRMG, n AS MTEGER) 
iNCLUDE: 'qbdecI4.bas1 

DECLARE SUB FiNDERR () 
DECLARE SUB DVMERROR () 
DECLARE SUB setcom (pO AS MTEGER q() AS STRMG, n AS MTEGER) 
DECLARE SUB initdvrn (flag AS MTEGER dvrn AS NTEGER) 
DECLARE SUB readvolt ( d m  AS INTEGER volt AS STRiNG) 
DECLARE SUE3 setcorn2 (pO AS MTEGER q() AS STRMG, n AS [NTEGER) 
DECLARE SUB savedata (wavelen() AS iNTEGER, volt() AS DOUBLE, filename AS STRING, counter AS 

MTEGER, headero AS STRMG) 
DECLARE SUB uiitvar (p() AS INTEGER q() AS STRMG) 

DIM p(10) AS INTEGER, q(10) AS STRNG, flag AS PNTEGER wav AS WTEGER 
DiM d m  AS INTEGER, volt AS STRMG, flag2 AS NTEGER counter AS iNTEGER 
DIM wavelen(1500) AS [NTEGER nvolt( 1500) AS DOUBLE, npoint AS MTEGER 
DIM volt2 AS DOUBLE, datacounter AS CNTEGER, outname AS STRMG 
DIM header(l0) AS STRiNG. da AS iNTEGER wl AS INTEGER 
DIM cwavelen AS MTEGER volt3 AS DOUBLE 
grat = 1200: wl  = 340: w2 = 380: wstep = 2: cycl = 1: time = 1 
mot = 5: slew = w 1 
PRrNT 
MPUT "Enter position: "; posit 
PRMT 
cwavelen = posit 
p(1) = grat: q(1) = "G" 
p(2) = posit: q(2) = "P" 
p(3) = posit: q(3) = "V" 
p(4) = posit: q(4) = "W" 
p(5) = wstep: q(5) = "A" 
p(6) = cycl: q(6) = "C" 
p(7) = tirne: q(7) = "B" 
p(8) = mot: q(8) = "Sm 
p(9) = posit: q(9) = "Lw 
flag = O 
CALL setcom(p0, q(), 9) 
PEUNT "after setcom" 
CALL initdvm(flag, dm) 
PRINT "initdvrn" 

IF flag = 1 THEN 
PRMT "Device DVM not found" 

END IF 
bigloop = 1 



da = cwavelen 
W L E  (bigloop) 

PRiNT 
PRINT " 1 : Goto wavelength" 
PRMT "2: Read signal at futed wavelength" 
PRMT "3: Scan" 
PMUT "4: Enter new position" 
PRiNT "5: Quitn 
MPUT "Enter your choice": choice 
PRZNT 
IF choice = 3 THEN 

INPUT "Enter W 1 : "; w 1 
MPUT "Enter W2: "; w2 
NPUT "Enter sep size: ": wnep 
MPUT "Enter output file name: ": outname$ 
outname$ = "c:\compileriqbasic\ken\" + outnames 
P r n T  
p(2) = cwavelen 
p(3)= wl  
p(4) = w2 
p(5) = wstep 
p(9) = w 1 
CALL setcoWp0, qO, 9 )  
srnaIl= 1 
datacounter = O 
WHILE (small) 
CALL readvolt2(volt2, d m )  
CALL readvoltS(volt3, d m )  
volt2 = (volt2 + volt3) 1 2 
PRMT #1, "K"; CHM(13): C H U (  IO); 
INPUT #1. da 
PRMT USMG "da=##### volH###iC#.ii##"; da: volt2 * 1000 
datacounter = datacounter + 1 
wavelen(datacounter) = da: nvolt(datacounter) = volt2 
IF da >= w2 THEN 

small= O 
cwavelen = da 

END IF 
WEND 
header( 1 ) = outname 
CALL savedata(wavelen(), nvolt(), oumame, datacounter, header()) 

ELSEIF (choice = 1) THEN 
[NPUT "Enter wavelength": w 1 
C ALL gotowavelen(w 1 , p(), q(), cwavelen) 

ELSEIF (choice = 2) THEN 
MPUT "Number of points required: "; npoint 
NPUT "Enter filename: "; outname 
FOR i = 1 TO npoint 
CALL readvolt2(volt2, d m )  
P m T  "volt="; volt2 
wavelen(i) = i: nvolt(i) = volt2 

NEXT i 



header(1) = "VoIt readhgs at " + STRS(da) 
CALL savedata(wavelen(), nvoit(), outname, npoint, hader()) 

ELSEIF (choice = 4) THEN 
MPUT "Enter current possition": cwaveIen 

ELSE 
bigIoop = O 

END IF 
WEND 
CLOSE # 1  
CALL ibclr(dvm) 
CALL IBONL(dvm, (O)) 

END 

SUB DVMERROR STATIC 
P m T  "DVM GPIBERR" 

END SUB 

SUI3 FIM>ERR STATIC 
PRINT "IBFMD ERROR" 

END SUB 

SUB gotowavelen (wl AS CNTEGER p() AS CNTEGER, q() AS STIUNG. cw AS MTEGER) 
p(2) = cw 
p(3) = w 1 
p(4)=wl 
p(5) = 2 
p(9) = w 1 
CALL setcom3(p0, q(), 9) 
cw=wl 

END SUB 

SUB initdvm (flag AS iNTEGER dvm AS NTEGE R) 
BDNAMES = "DVM" 
CALL IBFMD(BDNAME%. d m )  

IF d m %  < O THEN 
CALL FiNDERR 
flag = 1 

END IF 
' Configure the applications monitor to trap errors by calling IBTRAP with 

the mask set to ERR (hex 8000) and the mode set to 3 (turn record and trap 
' on). This comrnand assumes that the APPMON has been installeci. 

MASK% = &Hg000 'E RR 
CALL IBTRAP(MASK%, 3) 

CALL ibclr(dvm) 

WRTS = "RO" 
CALL IBWRT(dvm, WRTS) 
WRTS = "TOX" 
CALL IBWRT(dvm, WRTS) 



END SUB 

SUB readvolt ( d m  AS MTEGER, voit AS STRING) 
CALL ibtrg(dvm) 
MASKYo = &H4900 
CALL IBWAIT(dvm, MASK%) 

rd$ = SPACS(16) 
CALL IBRDfdvm, td%) 
volt = rd!S 

END SUB 

SUB readvoltî (volt2 AS DOUBLE, dvm AS INTEGER) 
DIM fiag2 AS iNTEGER, counter AS MTEGER volt AS STRWG 

flag2 = 1: counter = O 
WHILE (flag2) 

counter = counter + 1 
CALL readvolt(dvm, volt) 
IF MID$(volt, 1 ,  1) 0 CHR$(IO) THEN flag2 = O 
IF counter > 20 THEN 

flag2 = O 
PRMT "Counter overtlow ..." 

END IF 
WEND 
vois = VAL(MIDS(volt, 5, LEN(vo1t))) 
END SUB 

SUB savedata (waveIen() AS iNTEGER. volt() AS DOUBLE. filename AS STRMG, counter AS MTEGER 
header() AS STRiNG) 

OPEN fiiename FOR OUTPUT AS #2 
FORi= 1 T 0 9  

IF header(i) 0 "" THEN 
PRiNT #2, headerti) 
header(i) = "" 

END IF 
NEXT i 
FOR i = 1 TO counter 

P m T  #2, USMG "W M.######": wavelen(i): voit(i) 
NEXT i 
CLOSE #2 
END SUB 

S ü B  setcom (pO AS PJTEGER, q() AS STRMG, n AS MTEGER) 
OPEN "COM2:9600,N18, 1 ,  csO, &O" FOR RANDOM AS # 1 
tailS = C m (  1 3): terminato6 = CHR$( 1 O) 
FORi= 1 T o n  

flag = 1 
WHILE (flag) 

PRiNT # 1, STR%(p(i)); q(i); tail$; terrninator%; 
MPUT # 1 ,  stat$ 
IF MID$(stat$, 1 , l )  = "?" THEN fiag = 1 ELSE flag = O 



P R N T  "MW; i; ")-"; STRS(p(i)); q(i); " star$="; ad; 
P R I M  " statlen="; LEN(sta6) 

WEND 
NEXT i 
PRMT # 1,  "X"; tailS; terminai06 

END S m  

SUB setcomî (pO AS iNTEGER q() AS STRING. n AS MTEGER) 
tails = CHRIS( 13): terminato6 = CHU( 1 O) 
FORi=2TOn 

fiag = 1 
counter = 0 
WHILE (flag) 

P W T  # 1,  STRS(p(i)); q(i); tail$: terminato6; 
MPUT # 1,  stat$ 
IF MID$(stat$, 1, 1) = "?" THEN flag = 1 ELSE flag = O 
PRMT "p("; i; ")="; STR!S(p(i)): q(i); " statS="; sta6; 
PIUNT " statlen="; LEN(stat$) 
FOR j = 1 TO 500: NEXT j 
IF counter > 10 THEN flag = O 
counter = counter + 1 

WEND 
FOR j = 1 TO 100: NEXT j 

NEXT i 
PRMT # 1, "X"; tail$; terminatofi; 
PRMT # 1 ,  "Km; tail$; terminato6; 

E m  Sm 

SUB setcorn3 (p() AS INTEGER q() AS STRING. n AS MTEGER) 
tail$ = CH=( 13): terminato6 = CHR${ 1 O) 
FORi=2TOn 

flag = 1 
counter = O 
WHILE (flag) 
PRMT # 1, STRS(p(i)); q(i); tail$: terrninato6: 
INPUT # 1 ,  sta6 
IF MID$(stat$, 1, 1 )  = "?" THEN flag = I ELSE flag = O 
PRMT "p("; i; ")="; STR%(p(i)); q(i): " stat$=": stat$: 
PRITuT " statlen="; LEN(stat$) 
FOR j = 1 TO 500: NEXT j 
IF counter > 10 THEN flag = O 
counter = counter + 1 

WEND 
FOR j = 1 TO 100: NEXT j 

NEXT i 
PRiNT # 1, "X"; tail$; terminato6; 

END SUB 



Appendix B 

Program used to calculate area h m  a digitized image. 

save-irnage(fiIename, width, height. image) 
ht width, height; 
unsigned char *image, fifenameu; 
{ 

FILE *@; 

e-fopen( filename, " w "); 
if (w-NULL) { 

printf ('bcould not open file for writting..exitingùi"); 
exit(0); 

1 
kite(image, sizeoflunsigned char), width*height+57. @): 
fclose(@); 

1 

main(argc, argv) 
int argc; 
char **argv; 
{ 

unsigned char *image; 
int width, height, threshhold; 
unsigned long ptr, counter, total: 
char inputfilename[ 1001; 
float fraction; 
FILE *QI; 

if (argcX2) ( 
printf(lnUsage edge <inputfi lename> \n" ): 
exit(0); 

1 

sprintqinpuffilename, "%s", argv[l]); 
/* width = argv[2]; 

height = (int) argv[3]; 
thresbhold = (int) argv[4]; *1 
width=645 ; 
height=768; 
threshho td=SO; 



printf("bplease enter width, height and threshhold: "); 
scaM"%i %i %i",&wïdth, &height, &threshhold); 
p ~ t q " % s  %i %i %iW,inputfilename,wid~hei&t,threshhold); 

image = (unsigned char *) calloc(width*height, I ): 
if (iniage=NULL) ( 

pMtq"bCou1d not allocate required memoy ... exiting"); 
exit(0); 

f p  1 = fopen(inputfilename, "r"); 
pMtq'Wteading file O/os",hpuffilename): 
if (QI 1 = NULL) ( 

printqllnCouid not open input file ... exiting"); 
exit(0); 

/* fseek(fp 1, -(width*height), 2); */ 
fSeek(Fp1, O, 1); 
fiead(image, 1, (width* height)+57, fp  i ); 
fclose(Fp 1 ); 
counter4- ; 
for (p-57; ptr<(width* height+5 7); ptr++) ( 

if (imagefptr]>threshhdd) ( 

save-image(inputfiIename, width, height. image); 
hction = counter/(widtti* height); 
total = width*height; 
fiaction = (float) countedtotaI* 100; 
prinflW\nFraction=%i out of %i or %7.4f\n",counter.total, fraction); 

1 
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