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Abstract 

In the present work, microstructure of the zircaloy-2 pressure tube material irradiated in 

the Indian Pressurized Heavy Water RAPP-I. Reactor (PHWR) has been examined for 

the first time using transmission electron microscope ( T E M ) . The samples were obtained 

from a zircaloy-2 pressure tube, which had been in operation in the high flux region of 

Rajasthan Atomic Power Station Unit#l, for a period for 6.77 effective full power years 

(EFPYs) and expected to have a cumulative radiation damage of about 3 dpa. In this 

study irradiated microstructure has been characterized and compared it with the 

microstructure of the unirradiated pressure tube samples. The effect of irradiation on the 

hydriding behaviour is also studied. 



1. Introduction 

Zirconium and its alloys are extensively used as structural materials in nuclear 

reactors, because of their unique combination of good corrosion resistance in water near 

300 C, good mechanical properties and low capture cross section for thermal neutrons [1-5]. 

The zircaloy-2 and zircaloy-4, are widely used in both pressurized water and boiling water 

reactors as fuel cladding materials, and zircaloy-2 and Zr-2.5 Nb as the pressure tube 

material in pressurised heavy water reactors ( PHWR), which are heavy water moderated 

and cooled, and fuelled by natural uranium oxide [1-2]. The satisfactory performance and 

the life of the pressure tube depend mainly upon its mechanical properties, corrosion 

properties and dimensional stability in the reactor condition, which are strong function of 

several metallurgical parameters [1-5]. 

Irradiation-induced growth and irradiation-enhanced creep governs the performance 

of the cladding and pressure tube material to a great extent [6-9]. Since dimensional 

changes and mechanical property degradation can limit the life of pressure tube, it is 

essential to study and develop an understanding of the microstructure produced by 

neutron irradiation by examining samples taken from the irradiated components. The 

creep and growth is greatly influenced by the microstructural parameters such as shape, the 

size and the size distribution of the grains, the distribution of various phases, the interfacial 

structure, dislocation density and the crystallographic texture. The dissolution and re

distribution of the orecipitates have been reported for the zircaloys [7]. The thermo 

mechanical treatment imparted to the samples also affects the irradiation behaviour of the 

material. In order understand these irradiation effects it is important to study the irradiation 

induced microstructural changes at different level of exposures to radiation. Hydriding of 

the pressure tube material during operation also determines the life span of the pressure tube 

[10]. Some studies have been carried out earlier related to these subjects [7-8 ] 

In the present work, for the first time efforts have been made to examine the 

microstructure of the Zircaloy-2 pressure tube material irradiated in the Indian 

Pressurized Heavy Water ( P H W R ) RAPP-I Reactor. The aim of the present work is to 

characterize the irradiated microstructure and compare it with the microstructure of the 

unirradiated pressure tube samples. The present work is a first step towards a 

comprehensive program of characterization of microstructure of reactor materials after 

irradiation to different fluence levels in power reactors. 
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2. Experimental Details 

In this study, samples were obtained from a Zircaloy-2 pressure tube, which had 

been in operation in the high flux region of Rajasthan Atomic Power Station Unitfll, for a 

period for 6.77 effective full power years (EFPYs). The samples selected from the tube 

are expected to have a cumulative radiation damage of about 3 dpa. Samples prepared 

from the off cuts of RAPS-1 pressure tubes were also studied for examining the 

unirradiated microstructure of the material. The samples for transmission electron 

microscopy were obtained by slicing a thin sheet from the transverse section of the 

pressure tube. 3 mm discs were then punched out from the sheet and these discs were 

made electron transparent by using electrochemical jet thinning. The samples were 

thinned in 20% perchloric acid and 80% methonal electrolyte at 20V and -40°C 

temperature. The samples were examined in a 200 kV JEOI. 2 0 0 0 FX microscope. 

3. Results and Discussions 

3.1 Unirridiated Zircaloy-2 Pressure Tube Specimens 

The samples prepared from the off cuts of RAPS-1 pressure tubes were examined in 

detail under transmission electron microscope for detailed microstructural 

characterization 

Defect Structure 

Unirradiated samples showed profound presence of defects. Bright field micrographs of 

typical defect structures are shown in Fig. 1. It could be seen that, in general, dislocation 

density is high. Estimation, based on the number of dislocations seen in the micrographs, 

shows that dislocation density was of the order of 10 1 3 " 1 4 dislocation/m2.This was 

expected as the pressure tube is used in 25% cold worked stage. However, the 

distribution of the dislocations appeared to be non uniform. In some instances it was 

possible to perform b.g analysis and it was seen that most of the dislocations were having 

<a> type Burgers vector. 

Precipitates: 

Bright field micrographs, shown in Fig. 2, exhibit typical nature of precipitates 

present in Zircaloy-2 pressure tube material. Two distinct types of precipitates could be 

seen. First type was of smaller size (30-50nm) (fig. 2(a) and (b)) and second type was of 
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larger size (0.3-O.5um) (Fig. 2(c)). The large-si/e and small-size precipitates were found 

to correspond to Zr:(Fe, Ni) type and Zr(Cr.Fe): type respecli\cl\ ihis observation uas 

consistent with the earlier reports |8]. The / .r : ( l e. Ni) precipitates were much smaller in 

number in comparison to the Zr(Cr,Fe) 2 precipitates. They did not show any preference 

and they were distributed homogenously through out the hep, a matrix. 

Hydrides: 

The bright field TE M micrographs exhibited the presence of hydride platelets in 

the unirradiated pressure tube sample (Fig. "*). The hydrides were generally of needle 

shape with large aspect ratio 1:20. I he hydrides were cutting across many u grains 

suggesting that it could simultaneously maintain orientation relationships with different a 

grains. The hydrides observed in the present case correspond to the fee 6-hydride phase 

which is normally observed in slow cooled specimens |10 | . The hydride interfaces were 

quite sharp although not as sharp as those observed in the y--hydride platelets. The 

volume fraction of these hydride plates was quite low. This not unusual as, as-received 

pressure tube material is expected to have low hydrogen concentration 

3.1 Irradiated Zircaloy-2 Pressure Tube Specimens 

Defect Structure 

The T E M samples obtained from RAPS-1 pressure tubes were examined and it was 

found that defect structure is remarkably different from those observed in unirradiated 

samples. Bright field micrographs of typical defect structures are shown in Fig. 4. It 

could be seen that in general dislocation density (~<10 1 3 hnes/m2) had decreased 

substantially suggesting that the pressure tube material got recovered during its service 

time (Fig. 4(a)). The distribution of the dislocations appeared to be quite uniform. The 

nature of the dislocations remains same with same Burger's vector. In general, it was 

observed that the dislocations were anchored by precipitates. It could be also interpreted 

in a way that precipitates after dissolution re-precipitated heterogeneously at the edge of 

dislocations. These dislocations were similar in nature as reported in earlier studies [8]. In 

few of the regions defect structure in the form of dislocation loops were also noticed in 
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the irradiated sample (Fig.4(b)) These loops were mostly c type loops lying in the basal 

plane. 

Precipitates: 

Bright field micrographs shown in Fig. 5 exhibits the precipitates present in the 

zircaloy-2 pressure tube material after irradiation Only one size group of precipitate 

could be seen and typically large-size precipitates were not observed. The average size of 

precipitate varied from 30-200 nm. However, the number density of the precipitates had 

increased. This suggests that smaller precipitate coarsened during irradiation and larger 

precipitates dissolved back. From this study it could not be ascertained conclusively that 

smaller precipitates went through dissolution and re-precipitation during the irradiation 

process. However, refinement and alignment of the precipitates in a specific 

crystallographic direction were indicative of this fact. It is planned to perform detailed 

crystallographic analysis of these precipitates to establish the above possibility. In the 

present case amorphisation of the large precipitate could not be confirmed. 

Hydrides: 

The bright-field I T M micrographs of hydride platelets present in the irradiated 

pressure tube sample are shown in I ig. 6 The general morphology of the hydride phase 

and their volume fractions were found altered considerably in comparison to the 

unirradiated samples. In place of needles with large aspect ratio the hydrides morphology, 

as observed in the un-irradiated samples, hydride platelets with much smaller aspect ratio 

and with irregular interfaces were observed in irradiated samples. There was a definite 

indication of dissolution and re-precipitation of hydride plates as different stages of 

dissolution could be seen (for example, Fig. 6(c)). This is also confirmed by the 

orientation of small hydride plates in certain crystallographic planes. The hydrides were 

generally of very irregular shape (Fig.6(d)) indicating a possibility of simultaneous 

occurrence of dissolution and re-precipitation process. As in the case of unirradiated 

samples the hydrides were observed to be of fee ô type and were cutting across many a 

grains (Fig.6(b)). 
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4. Summary 

In this work a comprehensive comparison anci distinct features of the 

microstructures of the unirradiated and irradiated samples have been reported. The bright 

field micrographs revealed that the microstructure of the iiradiated samples was different 

in many respects in comparison to the microstructure of the unirradiated samples. The 

irradiated structure suggested extensive recovery of the structure as reported in other 

investigations. The presence of defect structure in the form of dislocation loops etc, could 

be seen in the irradiated sample. The dissolution and redistribution of the precipitates 

were also seen in the irradiated samples In the present case, amorphi.nation of any 

precipitate could not be confirmed. The hydride needles were also observed in the 

irradiated sample, however, there morphology and volume fraction had changed. They 

did not show any sharp interface as normally seen in the unirradiated samples. 
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Fig.l : Bright field TFM micrographs of dislocation structure in unirradiated pressure tube 

samples (a) showing hkh dislocation density in the material (b) showing <a> type of 

dislocations. 
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Fig 2 : Bright field T E M micrograph of dislocation structure in unirradiated pressuie tube 

samples (a) smaller Zr(Cr,Fe)2 precipitates (b) and (c) large Zr2(Fe, Ni ) type precipitates 
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Fig. 3 Bright field ' IHM micrographs exhibiting the presence of hydride plates in the 

unirradiated pressure tube sample. (a)The needle shape hydrides with large aspect ratio 

1:20 could be noticed (b) 1 i hide plates cutting across a grains. 
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Fig. 4 Bright field micrographs of the typical defect structures after irradiation 

(a) showing general decrease in dislocation density and the dislocations were anchored 

by precipitates, (bi small regions showing defect structure in the form of loops 
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Fig. 5 Bright field micrographs exhibiting the precipitates the Zircaloy-2 pressure tube 

material after irradiation, (a) single size group of precipitate could be seen and large type 

of precipitates were not observed, (b) the refinement and alignment of the precipitates in a 

specific crystallographic direction (c) precipitation at the edge of the dislocations 
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Fig. 6 Hydride morphology after irradiation (a), hydrides showing irregular interface 

(b) growth of the hydride needles(c), (d) and (e) dissolution of hydride (f) hydride cutting 

across two a grain 
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