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Abstract 

In this study the experimental results of hydride formation and their microstructure evolution in 

Zr-1Nb alloy is presented. This Zr-1Nb binary alloy and other Zr-1Nb based ternary and 

quaternary alloys are being used as fuel tube materials and have the potential for meeting the 

requirement of high burn up fuel. Hydriding of Zr-1Nb alloy having a microstructure comprising 

equiaxed α grains and a uniform distribution of spherical particles of the β phase has been 

carried out in this study. The specimens have been hydrided by gaseous charging method to 

different hydrogen levels. The microstructures of hydrided samples were examined as a function 

of hydrogen content. The formation of δ hydride in slow cooled specimens and formation of γ 

hydride in rapidly cooled specimens has been studied with their morphology, habit plane and 

orientation relationship with the α matrix in view. The habit planes of either type of hydride 

phase has been determined and compared with those observed in other Zr-Nb alloys. The 

orientation relationship between the α matrix and the δ hydride was found to be the following: 

( 0001 )α // ( 111 )δ and [ 0211 ]α // [110]δ. The orientation relationship between the α matrix and the γ 

hydride was of the following type: (0001)α // (111)γ and [ 0211 ]α // [ 011 ]γ. The internal structure of 

both types of hydride has been examined. The effect of the presence of the spherical β phase 

particles in the α matrix on the growth of the hydride plates has been investigated.  
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1. Introduction 

The life and performance of various zirconium alloy reactor components in water and 

steam-cooled nuclear reactors is primarily governed by the hydriding phenomenon of zirconium 

alloys [1]. Unalloyed zirconium and zirconium-rich alloys dissolve upto 450 ppm hydrogen in 

solid solution at around 5000C. The solubility decreases markedly as the temperature is lowered, 

with 65 ppm hydrogen at 3000C and 0.05 ppm hydrogen at room temperature [2]. Finished 

zirconium alloy structural components normally contain 5-10 ppm of hydrogen [1]. There are 



  

various sources through which the zirconium-alloy structural components in nuclear reactors 

absorb hydrogen, such as moisture present in fuel pellets, hydrogen produced due to radiolysis of 

water, reaction of zirconium with the coolant water (Zr + 2 H2O→ ZrO2 + 2H2) etc [1,3]. 

Zirconium hydride can have three possible crystal structures: γ-hydride (ZrH) with a face-

centered tetragonal structure (c/a>1), δ-hydride (ZrH2) with a face-centered cubic structure, and 

ε-hydride (ZrH2), which also have a face-centered tetragonal structure (c/a<1) [4,5]. During 

reactor service, additional hydrogen produced primarily from the corrosion process diffuses into 

the zirconium-alloy structural components and when present in quantities above the solubility 

limit, it precipitates as a brittle zirconium hydride phase [1]. The precipitation of zirconium 

hydride in zirconium alloys drastically reduces the ductility, fracture toughness and impact 

strength at room temperature as well as at reactor operating temperatures [2,6]. The hydride 

orientation and its morphology govern the degree of embrittlement of zirconium alloy structural 

components [7]. The hydride precipitates have a characteristic acicular or plate morphology, 

which is often referred to as a “cornflake” structure [8].  

 Zr-1Nb alloy is being used as cladding material in Russian pressurized water reactors 

(PWR) of VVER type [9]. Zr-2.5Nb is used as a pressure tube material in pressurized heavy 

water reactors (PHWR) [10,11,12]. These Zr-Nb alloys have shown much superior properties 

mainly resistance to corrosion and irradiation creep in comparison to zircaloys [10,13]. The 

hydrogen pick up rate in these alloys is also substantially lower [14]. In addition to binary alloys, 

Zr base ternary and quaternary alloys are being developed for cladding tube application. Some of 

these are Zr-1Nb-1Sn and Zr-1Nb-1Sn-0.1Fe alloys [15,16,17]. These alloys have shown much 

improved in-reactor performance. They have been found to be very useful for higher burn up of 

the fuel.      

Studies on hydride formation in zirconium based structural alloys have mainly focussed 

on Zr-2.5 Nb [8,18] and zircaloys [2,19,20]. Studies on Zr-2.5Nb alloy have shown that the 

amount of hydride phase and the morphology of hydride precipitated are very sensitive to the 

morphology and distribution of the β phase (bcc structure), which has relatively high solubility 

for hydrogen [8]. In Zr-2.5Nb alloy the microstructure consists of lamellar arrangement of α 

phase with the second phase β  distributed as stringers along the grain boundaries of the α phase 

[21]. Whereas in zircaloy the intermetallic precipitates are distributed within the α phase. The 

microstructure of Zr-1Nb alloy is different from both zircaloys and Zr-2.5Nb. Hence, it is 



  

interesting to investigate the formation of hydride in this alloy and examine the role of β phase in 

hydride formation.  

The aim of the present investigation was therefore to (1) study the formation of various 

hydride phases in Zr-1Nb alloy and characterize the crystallographic features of these phases and 

(2) decipher the mechanism of hydride formation in Zr-1Nb alloy and compare it with the 

hydride formation in other zirconium base alloys.  

2. Experimental                                                                                                                                                                             

 In the present study hydrogen charging of Zr-1Nb samples were carried out by gaseous 

hydrogen charging method to different hydrogen levels. Anhydrous zirconium hydride powders 

in palletized condition were used as the source of hydrogen. For hydrogen charging, the 

specimens were heated to a temperature varying from 377 to 4000C. The amount of hydrogen 

absorbed by the specimen was calculated from the hydrogen pressures shown by the manometer. 

Before hydrogen charging the surface of the specimens were roughened by grinding with emery 

papers to increase the surface area for hydrogen absorption. 

 Two different heat treatment schedules were adopted to produce equilibrium (δ) and 

metastable (γ) hydride phases. In the former case after solutionizing at 4000C the hydrogen 

charged samples were cooled slowly (furnace cooling) to the room temperature (heat treatment 

A) and in the later case the samples were rapidly cooled (water quenching) to room temperature 

(heat treatment B).  

The etchant used to develop microstructures of samples for optical microscopy was 

having a composition of 50ml H2O, 45ml HNO3 and 5ml HF. Specimens for TEM (Transmission 

Electron Microscopy) were prepared by twinjet electropolishing using an electrolyte consisting 

of a solution of 80% methanol and 20% perchloric acid at a temperature of –500C and using a 

voltage of 25 V. Transmission Electron Microscope (TEM) studies were carried out using JEOL 

2000 FX microscope.    

3. Results  

3.1 Microstructure of as-received Zr-1Nb alloy  

A very fine microstructure was observed under the optical microscope in the finished 

tube of Zr-1Nb alloy. The details of the microstructure could not be resolved at the optical 

microscope level. Hence further microstructural studies were carried out in TEM. TEM 

examination of the Zr-1Nb alloy sample exhibited the presence of two-phase microstructure (Fig. 



  

1a). The matrix phase was found to be equiaxed in which spherical second phase particles has 

been found to be distributed inside as well as at the grain boundaries of the matrix phase (Fig. 

1a). Fig. 1(b) shows a typical distribution of the precipitate phase in a matrix grain. From the 

Selected Area Electron Diffraction (SAED) pattern given in Fig. 1(c) the matrix phase could be 

indexed in terms of the α phase where as the second phase precipitates has been identified as the 

β phase. After examining a large area of several samples in different possible orientations, the 

size and the size distribution of the two phases were estimated. Typical grain size of the α phase 

was found to be in the range of 3 to 5 µm. The distribution and the size of the β phase particles 

were presented graphically in Fig. 2. It could be seen from Fig. 2 that the average β particle size 

were lying in the range of 40-60nm, the maximum and minimum sizes being 100nm and 10nm 

respectively. Majority of the particles was in the range of 20-60nm.  

Texture analyses of the tube samples were carried and it was found that majority of the 

basal poles are lying in the radial direction. Details of the texture studies will be reported 

elsewhere.  

3.2 Microstructure of hydrogen charged Zr-1Nb alloy samples after heat treatment A  

The slow cooled hydrogen charged Zr-1Nb alloy samples were examined under optical 

microscopy as well as under TEM. The important features of hydride formation and its 

morphology are described in the following sections. 

3.2.1 Optical microscopy 

Zr-1Nb alloy tube samples were examined in all the three principal directions viz. axial, 

radial and circumferential. Representative optical microstructures of samples charged with 20 

ppm of hydrogen in the three principal directions are shown in Fig. 3. From the Fig. 3 it could be 

clearly seen that the hydride plates were mainly present in the axial-radial and radial-

circumferential plane and no hydride could be seen along axial-circumferential plane. These 

hydrides were found to be aligned parallel to the axial direction in the case of former and in the 

circumferential direction in the case of later. Typical thread like morphology of the hydrides 

could be seen in this figure. Similar types of observations were made in samples charged with 70 

ppm and 140 ppm hydrogen respectively. Fig. 4 shows the quantitative analysis of the hydride 

phase present in samples charged with varying hydrogen content. The important findings of the 

quantitative analysis can be summarized as follows: 

(i) the majority of hydrides in all the samples have size distribution between 5-45µm.  



  

(ii) as expected the number density of hydride plates has increased with the increase in 

hydrogen concentration. This aspect could be clearly seen in the optical micrographs of 

radial-axial plane of the samples charged with 20, 70 and 140 ppm of hydrogen 

respectively (Fig. 5(a)-(c)).  

3.2.2 TEM study of hydrogen charged samples 

Since the hydride observed in the optical study were very coarse (average size~20µm), 

these coarse hydrides could not be seen under TEM. However, finer hydrides, which were 

unresolved in the optical microscope, could be easily seen in TEM. It, therefore, can be inferred 

that the sizes of the hydride plates vary a lot from few microns to tens of microns and hydrides 

observed under TEM are those hydrides, which formed at the later stage of transformation. These 

finer hydrides were, however, much smaller in number density and therefore not included in the 

quantitative analysis. Fig. 6(a) is a typical bright field TEM micrograph, which shows the 

presence of a hydride plate (marked by an arrow). The hydrides were of acicular shape with 

sharp interface, a morphology similar to the observed morphology of hydride observed in several 

other Zr base alloys. Typical length of this kind of hydride plate was in the range of 1-2 µm and 

their width was in the range of 0.1-0.2 µm. Fig. 6(b) is a micro-diffraction pattern obtained from 

this kind of hydride plate. Analysis of this micro-diffraction pattern confirmed that the hydride 

was the equilibrium δ-hydride (ZrH2) phase with a face-centered cubic (fcc) structure and having 

lattice parameter a=0.478nm. The morphology of the δ-hydride plate stated above was noticed in 

all the samples charged with different hydrogen content viz. 20, 70 and 140 ppm. Sometime the 

hydrides were also found to be associated with large number of dislocations indicating the 

presence of large transformation induced strain. In addition to the acicular morphology of the 

hydride plates, coarse hydride plates with zigzag morphology were also seen in samples charged 

with 70 and 140 ppm hydrogen. It could be noticed from Fig. 6(c) that the zigzag morphology of 

the hydride plate maintains its registry while crossing a α grain boundary. A closer examination 

has shown that the hydride plate with zigzag morphology was made up of stacks of small hydride 

plates where the individual hydride plates (marked by arrow) building up the stack could be 

clearly seen in Fig. 6(d). Typical length of this kind of hydride plate was in the range of 2-3 µm 

and width in the range of 0.4-0.5 µm. Fig. 6(e) shows a SAED pattern taken from this kind of 

hydride plate confirming it to be the δ-hydride. 



  

By analyzing the composite SAED pattern (given in Fig. 7) containing reflections from 

both the phases (α+δ), it could be established that the zone axis [ 2 110] of the α phase was 

parallel to the zone axis [0 11 ] of the δ phase and further it was established that the (0001) plane 

of α was parallel to ( 111 ) plane of δ. Using these informations and standard stereographic 

projections, the orientation relationship (O. R.) between the α and δ-hydride phases has been 

established and could be expressed as: (0001)α // ( 111 )δ and [11 2 0]α // [110]δ. Fig. 8 shows the 

stereographic presentation of the O. R. Similar O. R. between the α and δ-hydride phases was 

obtained in the samples charged with 70 ppm and 140 ppm hydrogen. 

The habit plane determination was carried out for the hydride with acicular morphology. 

Single surface trace analysis method was used to determine the habit plane. The habit planes of 

the δ-hydride determined in all samples were within 400 from the (0001) plane of the α phase. 

Fig. 9 shows the stereographic presentation of such a habit plane.  

3.3 Microstructure of hydrogen charged Zr-1Nb alloy samples after heat treatment B 

It is a well-established fact that zirconium alloys upon quenching exhibit the formation of 

metastable hydride phase. In the present study, therefore, attempts have been made to examine 

the formation of metastable hydride by quenching samples from a temperature of 4000C after 

charging with hydrogen.  

3.3.1 Optical microscopy 

 Typical optical micrographs of samples charged with 20, 70 and 140 ppm of hydrogen is 

given in Fig. 10(a)-(c), which shows the distribution of hydrides in the radial-axial plane. Fig. 11 

shows the quantitative analysis of the hydride phase in all the samples and the major findings 

could be summarized in the followings: - 

(i) The size of majority of hydride plates in all the samples were varying between 10-50µm, 

with the average size of ~ 10µm. As could be noticed upon increasing the hydrogen 

content the size distribution of the hydride plate became more uniform. 

(ii) With the increase in hydrogen concentration, the number density of the hydride plates has 

increased.  

Upon comparing Fig. 11 with Fig. 4 it could be inferred that the average size of hydride as well 

as the variation in the size of hydride has reduced in samples treated with heat treatment B. 



  

However, the morphology of the hydride plates appeared to be similar to those observed in 

samples treated with heat treatment A.  

3.3.2 TEM study of hydrogen charged samples  

TEM examination of all the samples charged with different hydrogen content viz. 20, 70 

and 140 ppm has revealed needle like morphology of hydrides with sharp interfaces. A typical 

microstructure of the hydride plate is shown in Fig.12 (a). After examination of many such 

hydrides in all the samples it was noticed that (i) majority of hydrides are transgranular in nature 

and (ii) most of these hydrides have originated from the α-phase grain boundaries indicating that 

the grain boundaries of the α phase are the preferred sites for nucleation of the hydride plates. 

Typical lengths of these hydrides were found to be in the range of 1.5-2 µm and width in the 

range of 0.1-0.15 µm. The identity of the hydride plates were established using microdiffraction 

patterns. These patterns could be analyzed in terms of a face centered tetragonal structure with 

lattice parameters of a=0.4595 nm and c=0.4968 nm, confirming that the hydride phase formed 

upon quenching was the γ-hydride. Fig. 12(b) shows the microdiffraction pattern obtained from 

the hydride plate in a sample charged with 20 ppm of hydrogen. In the present study in many 

instances the γ hydride plate was found to cut across the β phase.  

Analysis of crystallographic details of the γ-hydride was carried out in all the samples. 

The orientation relationship between the α and the γ lattices was determined and expressed as 

(0001)α // (111)γ and [11 2 0]α // [ 011 ]γ. Fig.13 shows the composite SAED pattern used for 

determining the O. R. and Fig. 14 shows the stereographic representation of the same.   

 Habit plane of the hydride plates has also been determined in all the samples. Fig. 

15 shows the stereographic presentation of such a habit plane. These habit planes were found to 

lie close to and within 250 from the (0001) plane of the α phase.  

4. Discussion 

  The microstructure of the Zr-1Nb alloy used in the present study is different from those 

observed in the other commonly used zirconium based alloys. Like Zr-2.5Nb, the Zr-1Nb alloy 

also has a two-phase microstructure consisting of the α (hcp) and the β (bcc) phases. However, 

in these alloys the shape, size and size distributions of the β phase are significantly different. The 

Zr-2.5Nb alloy has duplex microstructure in which the distribution of the α and the β phases 

depends on the prior thermo-mechanical treatment. Whereas, in the Zr-1Nb alloy, as observed in 



  

this study, the β phase is distributed as fine spherical particles within the α matrix. Zircaloys also 

have microstructure similar to the Zr-1Nb alloy but they essentially have a single phase 

microstructure in which negligible volume fraction of intermetallic precipitates are distributed 

within the α matrix. In view of the above microstructural differences, it is important to study the 

hydride formation in this alloy and compare it with the hydride formation in other Zr base alloys.  

    It is known that the habit plane of the hydride plates lie close to the basal plane (0001) of 

the α matrix [1,22] and, therefore, the hydride formation strongly depends on the texture of the 

component. In the case of thin walled tube a preferred texture would be where hydride plates lie 

in the axial and circumferential direction, since formation of radial hydrides would lead to the 

through-wall cracking of the tube. Similar texture was found in the present case also. Thus 

hydride plates with thread like morphology were present in the radial-circumferential plane as 

well as in the radial-axial plane aligned parallel to the circumferential and axial direction 

respectively.  

The solubility of hydrogen in zirconium-based alloys is a strong function of temperature. 

The terminal solid solubility (TSS) of hydrogen in these alloys shows exponential dependence on 

temperature. Thus a small variation in hydrogen content in the alloy changes the TSS 

significantly. Northwood and Kosasih [1] has shown that TSS can be represented by an equation 

as follows:  

Cs (ppm) = Aexp(-H/RTs)  

where,  

Cs = terminal solubility 

A = constant 

∆H = apparent difference between the partial molar heat of solution of hydrogen in the  

          zirconium-alloy matrix and the hydride phase 

R = gas constant, 8.314 JK-1mol-1. 

Using this equation TSS of hydrogen for the Zr-1Nb alloy used in the present study can be 

estimated. However, in absence of any data in literature for the Zr-1Nb alloy, values of constant 

estimated for the Zr-2.0Nb alloy have been used [23]. The temperatures corresponding to the 

TSS of 20, 70 and 140 ppm of hydrogen in Zr-1Nb are estimated as 2660C, 3430C and 3960C 

respectively.  



  

The diffusivity of hydrogen in zirconium can be expressed by the following equation as 

detyermined by Kearns [24]: 

D = 0.217exp(-8380/RT) mm2s-1  

where, 

D = diffusivity of hydrogen in zirconium 

R = gas constant 

Using this equation the diffusivity of hydrogen in zirconium at temperatures of 2660C, 3430C 

and 3960C are estimated as 33.45×10-3 mm2s-1, 42.25×10-3 mm2s-1 and 48.1×10-3 mm2s-1 

respectively. Therefore, in alloys containing 140 ppm of hydrogen the precipitation of the 

hydride phase would start at relatively higher temperatures (~4000) where the diffusivity of 

hydrogen in the α matrix is high (48.53×10-3 mm2s-1). In addition, matrix at these temperatures 

would be softer which can accommodate larger transformation strain associated with the hydride 

formation. Combined effect of these two would lead to the formation of larger size of hydride 

plates. This argument is supported by the fact that the larger hydride plates were encountered in 

samples containing 140 ppm of hydrogen as compared to samples containing lower content of 

hydrogen (Fig. 4 and Fig. 11). Nucleation of hydride plates would occur continuously as the 

sample is cooled below the temperature at which the hydrogen content in the sample exceeds the 

TSS. In the case of higher hydrogen containing samples (140 ppm) the nucleation of hydride will 

occur over a larger temperature range. As discussed above, the size of these hydrides will depend 

on the temperature at which a particular hydride plate has nucleated. Thus it is expected that a 

larger size distribution will be observed in the samples containing higher hydrogen 

concentration. This is very well reflected in the present observation (for example 5-80µm in case 

of samples charged with 140 ppm of hydrogen).                     

In the present study two distinct morphologies of the δ hydride has been observed; 

acicular morphology and zigzag morphology. The acicular morphology of δ hydride plates has 

been reported in many earlier studies in other zirconium alloys [22]. As mentioned earlier this 

morphology of the hydride phase is due to the large transformation strain associated with the 

hydride formation. Therefore, the commonly observed acicular morphology of the hydride in the 

zirconium based alloys have been explained using Eshlby criteria which predicts that acicular 

(ellipsoidal) shape plates generates minimum elastic strain energy [25]. This situation is similar 

to the formation of martensite plates in the acicular shapes. 



  

The other type of zigzag hydride morphology has not been commonly observed in the 

formation of δ hydride in Zr base alloys.  In the present case this morphology was seen in the 

samples containing larger concentration of hydrogen (140 ppm). In an earlier study Perovic et al. 

[22] have reported the formation of stacks of hydride plates in Zr-2.5Nb alloy loaded with 190 

ppm of hydrogen. This zigzag hydride also appears to be a stack of very fine hydride plates. The 

individual plates in each stack are ~ 0.3 × 0.06 µm in size. The crystallographic analysis of this 

hydride showed that all the plates of a stack belong to a single variant of the hydride phase. It has 

been suggested that repeated nucleation and growth of plates sharing a common habit plane form 

the stacks of hydride plates [8]. These stacks are generally constituted by more than one variant 

of hydrides in which the strain energy generated during transformation by one variant is 

compensated by the transformation strain energy of the other. However, in the present case the 

situation is somewhat different, as all the hydride plates of a stack belong to a single variant of 

the hydride phase. This difference in stacking behavior can be attributed to continuous cooling of 

samples during heat treatment A. Due to continuous cooling the equilibrium concentration of 

hydrogen in the α matrix is not attained at any given temperature. This results in the 

supersaturation of hydrogen in the matrix. At lower temperature when a hydride plate gets 

nucleated, matrix being stronger at that temperature would result in larger internal stresses at the 

hydride-matrix interface. The effect of this would lead to the followings: 

(i) the growth of an individual plate would be limited to smaller size and 

(ii) the diffusion of hydrogen would be preferred from lower stress regions (matrix )  to    

higher stress region (interface) resulting in the nucleation of a new hydride plate sharing 

the common hydride habit plane.   

The nucleation of hydride plates in such a fashion would continue till all the hydrogen from the 

supersaturated matrix is consumed giving rise to stack of hydride plates with zigzag morphology. 

The presence of internal stresses in the formation of zigzag morphology therefore appears to be a 

necessary condition. In order to support the above viewpoint evidences of the presence of 

internal stresses during hydride precipitation have been examined critically. A closer 

examination has revealed that the orientation of the stack of hydride plates is changing as it is 

progressing. This change in orientation of the hydride can be correlated to the internal stresses 

generated in the system. As it is known that under internal stress hydride plate reorient 

themselves, it can be envisaged that under the influence of stresses generated during precipitation 



  

of the hydride the growing plates reorient their habit plane to attain the least energy 

configuration. This observation is in agreement with that observed by Perovic et al [22]. The 

sympathetic nucleation of the stack of hydride plates with elastic strain accommodation in the 

matrix is responsible for the large size of the δ hydride colony with zigzag morphology.  

It is a well-known fact that on rapidly cooling hydrogen-containing samples, the 

formation of metastable γ hydride phase is preferred over the δ hydride. The formation of the γ 

hydride phase is of particular interest since it may form at lower temperatures where the rate of 

self-diffusion of zirconium is not significant and hence it has been suggested that hydrides must 

form by a displacive or martensitic transformation [26]. In Zr-20Nb and Zr-2.5Nb alloys the 

observation of acicular or needle like morphology and internally twinned γ hydride plate are 

typical characteristics of martensitic transformation [26,27]. The phenomenological theory of 

martensite has accurately predicted the habit plane of the hydride plate in a β to γ transformation 

[28].  It has also been suggested that the α to γ transformation involves shearing process in which 

firstly hydrogen rich regions in α phase transforms to β phase following Burgers relationship and 

subsequently β transforms to γ martensitically [27].    

In the present investigation predominantly fine needle like γ hydride plates were 

observed. However these plates were not showing any internally twinned structure like those 

observed in the hydrides of Zr-2.5Nb alloy. This situation is analogues to martensite formation in 

Zr-1Nb and Zr-2.5Nb alloys where internally twinned martensite is observed in the case of later 

only. This is due to the fact that twinning is preferred as the lattice invariant shear (LIS) in the 

case of Zr-2.5Nb martensite formation [29]. Similarly the above logic may be extended for the 

absence of internally twinned γ hydride plates in the Zr-1Nb alloy.  

The absence of macroscopic stack of hydride plates in γ hydride formation may be 

attributed to smaller volume change associated with formation of γ hydride plates [(Vγ-Vα) ~ 

12.3%; (Vδ-Vα)]  ~ 17.2% [4]].  Thus stresses generated in the α matrix may not be sufficient for 

sympathetic nucleation to occur and give rise to stack of hydride plates. In addition to that γ 

hydride forms at lower temperature where the diffusivity of hydrogen is expected to be low 

enough to cause the migration of hydrogen in the high stress (where first hydride has formed) 

regions. 



  

 In this study it has been seen that the hydride plates were cutting across adjacent α grains 

and β precipitates i.e., in other words a γ hydride plate disregards the α/α and α/β interface. In an 

earlier study Dey et al. [27] has brought out the similarities in the structures of the α, β and the γ 

hydride phases. That may be the possible reason for formation of the  γ hydride phase in the α 

phase as well as in the β phase of Zr and of hydride plates ignoring the α/α and α/β interface.   

 The orientation relationship observed in the present study between the α matrix and the γ 

hydride phase as well as between the α matrix and the δ hydride phase has been found to be 

similar to those observed in other Zr base alloys [1,8,22,26]. This is due to the similarity in the 

structure of the various phases formed in the Zr-1Nb alloy and other Zr base alloys. Observations 

of similar morphology and orientation relationship between various phases indicate that the 

underlying mechanism of hydride formation is same. However, subtle differences like deviation 

in the habit plane orientation of the hydride phase with respect to the basal plane pole is much 

larger than those observed in Zr and other Zr base alloys [8,22,26]. The reason for such 

differences may be attributed to the difference in the strength of the α matrix phase, as the 

orientation of the habit plane of the hydride phase depends largely on the strain stored in the 

matrix phase.  

5. Conclusions 

The conclusions drawn from the present study can be summarized as follows: 

(1) The microstructure of the Zr-1Nb alloy comprised two-phase microstructure in which 

fine, spherical particles of the β phase were uniformly distributed in the α matrix. 

(2)  Two different morphologies of the δ hydride phase have been observed when samples of 

the Zr-1Nb alloy containing 20 ppm, 70 ppm and 140 ppm were slowly cooled from 

4000C. The acicular morphology was noticed in all the samples whereas the zigzag 

morphology was noticed in samples containing higher concentration of hydrogen.  

(3)  The formation of the γ hydride phase was observed in hydrogen charged samples of the 

Zr-1Nb alloy, which are rapidly cooled from 400oC. The morphology of the γ hydride 

phase remained acicular in all the samples. Unlike the Zr-2.5Nb alloy, internally twinned 

hydride plates were not observed in the Zr-1Nb alloy. 

(4) The orientation relationships between the α and the δ hydride phase and between the α 

and the γ hydride phase were found to be the same as those observed in the case of other 



  

Zr base alloys. However, in the Zr-1Nb alloy, deviation of the habit planes from the basal 

plane pole in both types of hydride phases were found to be larger than the deviation 

observed in Zr and other Zr base alloys.  
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Figure Captions 

Figure. 1(a) Bright field TEM micrograph showing the two-phase (α+β) microstructure 

of as-received Zr-1Nb alloy  

Figure. 1(b) Bright field TEM micrograph showing the typical distribution of second 

                      phase β particles within a α grain 

Figure. 1(c) Composite SAED pattern showing the reflections from both the α and β  

                         phases. Zone Axis α = [ 3121 ] and Zone Axis β = [ 102 ] 

Figure. 2     Graphical representation of the size and size distribution of the β phase  

                     particles 

Figure. 3      Representative optical microstructures of 20ppm hydrogen charged samples 

                    after heat treatment A in the three principal directions of the tube samples 

Figure. 4     Quantitative analysis of the δ hydride plates showing the size distribution as  

                      a function of hydrogen content 

Figure. 5     Optical micrographs showing the δ hydride plates in the radial-axial plane  

                      of the samples (a) 20ppm, (b) 70ppm and (c) 140ppm 

Figure. 6(a) Bright field TEM micrograph showing the acicular morphology of the δ 

                     hydride plate 

Figure. 6(b) Microdiffraction pattern obtained from the δ hydride plate shown in  

                     Fig. 6(a). Zone Axis = [ 011 ] 

Figure. 6(c) Bright field TEM micrograph showing the zigzag morphology of the 

                     δ hydride plate 

Figure. 6(d) Bright field TEM micrograph showing the individual hydride plates making 

                      a large zigzag δ hydride plate 

Figure. 6(e) SAED pattern obtained from the zigzag morphology δ hydride plate.  

                     Zone Axis = [ 011] 

Figure. 7     Composite SAED pattern showing reflections from both the α and δ phases. 

                     Zone Axis α   = [ 1102 ] and Zone Axis δ = [ 110 ] 

Figure. 8      Stereographic presentation of the O. R. between α and δ phases 

Figure. 9      Stereographic presentation of the habit plane of the δ hydride phase. Habit  

                      plane = ( 8341 ) was lying 400 away from the (0001) of α 



  

Figure. 10    Optical micrographs showing the γ hydride plates in the radial-axial plane  

                      of the samples (a) 20ppm, (b) 70ppm and (c) 140ppm 

Figure. 11    Quantitative analysis of the γ hydride plates showing the size distribution as  

                      a function of hydrogen content 

Figure. 12(a) Dark field TEM micrograph showing the typical morphology of the γ 

hydride plate observed in all the samples with varying hydrogen content 

Figure. 12(b) Microdiffraction pattern obtained from the γ hydride plate. 

                        Zone Axis = [ 121 ]                       

Figure. 13      Composite SAED pattern showing reflections from both the α and  

                        γ phases. Zone Axis α   = [ 1102 ] and Zone Axis γ = [ 101 ] 

Figure. 14       Stereographic presentation of the O. R. between α and γ phases 

Figure. 15       Stereographic presentation of the habit plane of the γ hydride phase. Habit  

                         plane = ( 12231 ) was lying 220 away from the (0001) of α 
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