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Abstract In the present study, microstructures have been examined in samples of zirconium based alloys irradiated 
with electron, protons and oxygen ions. In case of oxygen ion irradiation zircaloy-2 have been irradiated by O5+ ions 
with 1 16 M eV ene rgy wi th di fferent fl uences va rying from 10 13 i on/cm2 to  1 015 io n/cm2 and the effect of the  
irradiation has been studied in terms of the defect introduced into the materials. In the Zr-20Nb alloy, the formation 
of the ω phase under electron irradiation has been examined in a Zr-20 %Nb alloy. Samples were exposed to IMeV 
electrons and SAD patterns were rec orded after different durations of i rradiation at  various t emperatures and t he 
formation of diffuse omega maxima h as b een noticed. The fo rmation o f th e crystallin e ω phase on prolonged 
irradiation an d t hermal t reatment and i ts sub sequent di stribution has also bee n exa mined. I n case of p roton 
irradiation, the Zr-1Nb alloy has been irradiated with 8 MeV H+ ions with fluence of 1010 ion/cm2. As this energy of 
proton was higher than the coulombic barrier of the Zr ions, bombardment of protons led into the transmutation of 
Zr at oms i nto Nb at oms. M icrostructural e xamination o f such sam ples rev ealed in teresting m orphology of th e β 
phase (bcc) in the α matrix.  
 

1. Introduction 
 

The irradiating particles im part energy to the target m aterials by the process of ionization, 
electronic excitation, displacem ent of  atom s fr om the lattice, etc. Each of these processes of 
energy transfer is a function of type of ions, energy of the ions and the nature of target materials 
[1-4]. The energy transf erred to  m aterials is res tored in ter ms of  gener ation of  inte rstitial and 
vacancy defects, which upon increasing con centration interact in m any ways form ing deferent 
kind of defects into the m aterials [1]. In place of ions, bombardm ent of electrons o n materials 
causes the electronic ex citement of the m aterial which, in turn, induces phase transfor mation in 
the m aterial. Som e of  these phas e transf ormations are detrim ental from  the fracture strength 
point of view. The formation of the ω phase transformation is one such phase transformation. As 
pointed out by de Fontaine, the structure of the ω phase can be visualized  by viewing a bcc unit 
cell along a <111> direction and giving a periodic displacement of  the two successive atom s by 
1/3 + u and 1/3 –u along <111> direction without moving the third atom. The variable ‘u’ can 
attain any value between 0 and 1 /6. The former value of u represents the ideal ω structure and 
later the parent bcc s tructure. The values of u between 0 and 1/6 represent an interm ediate 
structure wh ich can b e visualized as ω like f luctuations pr esent in the  parent β p hase. The ω 
phase can be induced du ring irradiation in the β phase present in the Zr-2.5 Nb alloy. In the 
present study, therefore, an alloy of Zr-20N b com position, which is the com position of the β 
phase generally encountered in the Zr-2.5 Nb alloy, was selected.    

Effect of dam age produced by heavy ions in nu clear reactor structu ral m aterials h as been 
extensively studied [5-9]. One of the m ain incentives of using heavy ion irradiation technique is 
the substantial reduction in the experimental tim e. If the m ajority of the defects produced by 
heavy ions are sim ilar to the defects produced  by neutrons, these simulation studies provide 
important insight into the nature  of the displacement damage produced [10].  These experiments 
can also be used to study the si ngle isolated test variables [11]. For example, defects induced by 
neutrons irradiation, such as voids,  swelling, d islocations loops, etc., can be selectively induced  
by selecting the appropriate ions for irradiation [12]. 
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Studies on the void form ation in zirconium  based alloys upon irradiatio n with ions of noble 
gases, He, Kr [7,13-15] are plenty in number. In contrast, defects produced by reactive ions like, 
O, N, which for m stable phase with the zircon ium alloys, are very few [16,17].  In the present 
study attempts have been made to examine the microstructures of the irradiated materials by O+5 
ions, by protons and electrons. Present paper d eals with th e microstructural changes observed 
upon irradiation with the O+5 ions with varying fluence and attempts have been made to study the 
kind of defects it generates in these alloys; as the path transverse by these ions it shows variety of 
the defects produced. P resent paper also deals with the m icrostructural changes observed upon 
irradiation with H + ions with varying fluence and attem pts have been m ade to study the kind of 
defects it generates in Z r based alloys. In addition it has also been sho wn that ω related phase 
transformation can be accelerated using high energy electron irradiation. 

2. Experimental Procedure 
 
Annealed thin sheets of dim ensions 3cm x 5cm of Zircaloy-2 were irradiated with O 5+ ion beam 
(with average energy 1 16 MeV energy) in variab le energy cyclotron centre (VECC), Kolkata. 
These samples were exposed to a fluence of 1 x 10 13, 5 x 10 13 and 1 x 10 15 ions/cm2.Subsequent 
to irradiation experim ents, di scs of 3 mm diam eters were punche d out from  those regions of 
samples which were exposed to radiations. Thes e discs were jet thinned by using electrolyte 
containing 20% perchloric acid and 80% methanol. The applied voltage was kept at 20 D C volts 
and the tem perature of the bath was m aintained at 243 K through out th e thinning process. In 
addition, electron transparent wafers were cut out using focus ion beam from the regions exposed 
to ions. The depth of the ion implantation was estimated using SRIM program.    
In another set of experiment electron transparent 3 mm discs of the alloy were directly subjected 
to proton irradiation in FOTIA BARC, Mumbai  after exam ining them  under transm ission 
electron m icroscopy. For electron ir radiation experim ents, sam ples of t he Zr-20Nb alloy were 
subjected to electron irradiati on by using 1 MeV electrons. The el ectron irradiation was car ried 
out in an A EI HVEM. Electron irradiation. The pr ogress of the decomposition of the metastable 
β-phase under electron irradiat ion was m onitored by exam ining the developm ent of diffuse ω 
intensity d istribution a nd/or sh ift of  dif fraction spots f rom the comm ensurate c rystalline ω 
structure in a particular zone in the electron diffracti on pattern of the β p hase. Α three 
dimensional bcc lattice of the β-Zr was created with 128x128x128 lattice points (~10 6 lattic e 
points).The embryos  of ω were generated by locally changing the coordinates of the atom s in 
the bcc unit cell  The sim ulations were carried out with different ω num ber densities, aspect 
ratios to generate the corres ponding SADs. In each sim ulation two possible ways of generating 
the ω structural subunits like ω3, ω5, ω7 inside each ω embryo were tried. In one case,  subunits 
were generated to have a particular sequence of  ω3, ω5, ω7, refereed here after as “Ordered”, 
while in other case, the sequence of ω3,ω5,ω7 is random, 
 
3. Results 
3. 1 Formation of Irradiation Induced Defects 

Fig. 1 shows representative microstructures of the well annealed samples of the zircaloy and Zr-
Nb alloys. Presence of high density of defects could be noticed from sam ples irradiated by 
oxygen ions to a fluence of 1 x 10 13 ions/cm 2(Fig.2(a)). Sim ilar m icrostructures with m inor 
variations were observed in all the sam ples with increasing irradiation fluence. Presence of very  
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fine regions (~10nm) with uniform distribution were also noticed in all the samples (Fig.2(b&c)). 
Tilting experiments revealed that defects have tendency to align and under certain tilt angle band 
like structure could be observed in most of the regions (Fig.2 (d)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Typical annealed microstructure of the Zircaloy-2 specimen.  Equiaxis grains and presence of the 
precipitate phase could be noticed from the micrograph. 
 
Systematic tilting revealed presence of streaks in diffraction patterns which were oriented normal 
to these bands like s tructures (inset in Fig.2(d)). Since these diffu se streaks were not related to 
any of refle ction from the m atrix phase, there is a strong possibility that these streaks could be 
due to the align defects which could be solute atoms, It is worth mentioning that such bands were 
not noticed in any of the unirradiated sam ples. In order to confirm that such defects did not 
induce during sam ple preparation,  sam ples of  the un irradiated m aterials wer e a lso prepa red 
under nearly identical conditions and exam ined under TE M. Unirradiated m icrostructure of  
Zircaloy showed did not show presence of such defects in the α (hcp) phase (Fig.1). A cross 
sectional examination of the regi on clearly showed regions of ions tracks in sam ples exposed to 
irradiation of fluence of 1 x 10 15 ions/cm2.  Fig.3 showed the presence of such tracks. In the Z r-
1Nb alloy upon irradiation with O+5 irradiation, in addition to the high dislocation density several 
places, formation of low  angle g rain boundaries a nd alignment of dislocations acro ss the g rain 
was observed. β-precipitates in the microstructure of the alloy, which invariably exhibit spherical 
morphology under annealed condition, showed el ongated morphology indicating dissolution and 
reprecipitation of the phase under the influence of irradiation (Fig.4). 
In case of proton irradiation experim ents, cons iderable amount of defe cts were produced. The 
defects appear to have wider distributi on than those observed in the case of O +5 i ons exposed 
samples and in addition to th ese defects presence of very fine precipitat es uniformly distributed 
in some of the grains (Fig. 5) 
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Fig.2 Typical microstructure of the Zircaloy-2 specimen after irradiated with O+5 ions for a fluence 
1x1013 ions/cm2. (a) Microstructure showing the presence of defects, (b) showing presence of precipitates 
in the microstructure, (c) dark field micrograph showing fine distribution of the precipitate in the 
α matrix and (d) The alignment of the defects could be noticed. SAD in inset shows the diffuse intensity 
around the (1010)α reflection in direction perpendicular to bands. Image was taken when sample was 
away from the [1 2 10] zone.  
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Fig.3 HADDF Micrographs showing tracks of O+5 ion in the samples of Zircaloy-2.  (a) The 

contrast variation is due to the defect generated in high angle annular dark field images. (b) A magnified 
view of the one of such track. 
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Fig. 4 Typical micrographs showing the presence of defects in Zr-1Nb alloy subsequent to O+5 irradiation 
 
 

  
Fig. 5 Typical micrographs showing the presence of defects in Zircaloy-2 subsequent to H+  irradiation 

 

4. Discussion 

Studies have shown that in cas e of extrem ely low doses (< 1010 ion/cm2), details of  the 
defects generated can not be identified readily, as majority of the defects generated are too small 
in size and  are, in general, random ly orient ed [20]. On t he other hand, extrem ely high doses 
(>1021 ions/cm 2) generate very high defect density that  modifies the basic structure as thes e 
defects star t inte racting and producing secondary effects. He nce inte rmediate do ses (10 13-15 
ions/cm2) are m ost suited to study the changes induced  in the m icrostructures by irradiation. 
Effects of the irradiation in this intermediate dose range have been observed in term s of array of 
dislocations [2,21,22], bands [11,17, 23], dislocation loops [2,24] etc. Most of these defects were 
observed in  the p resent study als o (Figs.2-5 ). Origin of  these  def ects is not com pletely 
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understood. In the Zr based alloy such alignm ent of defects has been noticed when fluence of 
high energy (>0.1MeV) exceeds 1026 neutron/m2 [11,17,20]. 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Selected area diffraction patterns from the β-phase regions after irradiating with 1 MeV electrons 
for different time periods. Gradual transformation of the diffuse intensity to the ω reflections could be 
noticed.  
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig. 7 (a) showing quantitative estimate of the rate of formation of the ω phase with exposure to 
electron irradiation.(b) The schematic presentation showing methodology to estimate the 
deviation parameter.  
 
All these observations suggest that these defects align in low strain energy configuration. It has 
been suggested that the origin of th ese bands is  due to the accum ulation of the interstitials on  
(0002) planes. With increase in the concentration these interstit ials form loop on (0002) planes. 
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Upon further increase in concen tration, alignm ent of defects on other crystallographic  
orientations m ay start in order to m inimize the over all s train en ergy. Som e tim es these  
alignments also exhibit ‘ corduroy contrast’ which arises du e to the m isorientation of the sm all 
crystal regions causing th e periodical vari ation in the  Br agg position  which give  rise  to the  
ordered dark and light contrast due to which band like morphology appears in the microstructure. 
When oxygen ions having ener gy of 116 Me V were bombarded on the target com prising of 
zirconium based alloys, typical range of penetration of these ions is nearly 66 μm. Hence most of 
the deformation is confined within this region. Beyond this range oxygen ions will get entrapped  
into the material and should remain in solution. Upon examination of the sample by ‘focused ion 
beam’ from a region  in  the direct ion of  the  path tr averse by ion beam, track of ions could be 
noticed under high angle annular dark field, wher e due to large defects a ccommodate in the path 
of track show a contrast different from  the matrix phase (Fig.3). In Zr-1 Nb sample, where the β 
precipitate is not in equilibr ium condition, irradiation induce defected provide earlier attainm ent 
of the growth of the β phase. It , therefore can be in ferred that the m orphology of the β phase 
will undergo substantial changes under irradiation.   
The energy imparted by the high energy electrons, on the other hand, give rise to a large number 
of smaller omega embryos, in comparison to comparatively global uniform temperature induced 
omega formation (also known as thermal omega). The thermal induced transformation appears to 
progress in more orderly fashion in com parison to the irradiation induc ed transformation which 
being inherently a localized phenom enon resulting in localized def ects. Thus, the possibility of  
formation of higher structural variants ( ω5,ω7) is more probable in case of irradiation leading to 
larger peak shift or |Δ|. Another striking feature noted from  the streak length plot was the larg er 
spread of values abou t mean in case of irrad iation induced ω than the therm al ω. Thi s further 
indicates that, the internal order of ω structural units inside the irradiation induced ω is lower in 
extent in co mparison to  therm al ω. This could again be an outcom e of the random  nature of 
irradiation, which results in lo wer internal order am ong various ω structural units. A detailed 
analysis of this finding is planned to be published in another paper. 
 
5. Conclusions 

Effect of irradiation by ions has been studied in various zirconium based alloys. Different 
defects and phase formed by irradiation have been  identified. Bombardment with ions manifests 
in a variety  of defects in the m icrostructures. In case of zircaloy-2 s amples m ajority of th e 
defects were in for m of the deform ation ba nds. Form ation of these defor mation bands is 
attributed to the condensation of defects on  certain crystallographi c planes. Upon electron 
irradiation, the β phase showed tendency for the for mation of the ω phase. Though the 
orientation relationship of the phase with the β phase was same as that of observed in the case o f 
thermal treatment, there was subtle dif ferences observed in the distributi on of diffuse intensity 
observed in SAD pattern s. Simulations carried out showed that such d ifference could be due to  
possible arrangements of subunits in both the phases.  
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