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Abstract: Gaseous and electrolytic hydrogen charging techniques for introducing 

controlled amount of hydrogen in zirconium alloy is described. Zr-1wt%Nb fuel tube,  

Zircaloy-2 pressure tube and Zr-2.5Nb pressure tube samples were charged with up to 1000 

ppm of hydrogen by weight using one of the aforementioned methods. These hydrogen 

charged Zr-alloy samples were analyzed for estimating the total hydrogen content using Inert 

gas fusion technique. Influence of sample surface preparation on the estimated hydrogen 

content is also discussed. In zirconium alloys, hydrogen in excess of the terminal solid 

solubility precipitates out as brittle hydride phase, which acquire platelet shaped morphology 

due to its accommodation in the matrix and can make the host matrix brittle. The FN number, 

which represents susceptibility of Zr-alloy tubes to hydride embrittlement was measured from 

the metallographs.  The volume fraction of the hydride phase, platelet size, distribution, 

interplatelet spacing and orientation were examined metallographically using samples sliced 

along the radial-axial and radial-circumferential plane of the tubes. It was observed that 

hydride platelet length increases with increase in hydrogen content. Considering the 

metallographs generated by Materials Science Division as standard, metallographs prepared 

by the IAEA round robin participants for different hydrogen concentration was compared. It 

is felt that hydride micrographs can be used to estimate not only the approximate hydrogen 

concentration of the sample but also its size, distribution and orientation which significantly 

affect the susceptibility to hydride embrittlement of these alloys.  
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Nomenclature: 
A axial 
A is a constant  
A ampere 
AR axial-radial 
B half specimen thickness 
BARC Bhabha Atomic Research Centre 
bcc body centered cubic 
C circumferential or transverse 
CA circumferential-axial 
CANDU Canadian Deuterium Uranium reactor 

H
oC  is the concentration of hydrogen in solution in equilibrium with hydride  

D Deuterium 
D Diffusivity of hydrogen in zirconium 
∆Go Standard free energy change 
∆Ho Standard enthalpy change 
∆So standard entropy change 
∆Hs the heat of solution with respect to the hydride 
H Hydrogen 
hcp hexagonal close packed 
[HZr] concentration of hydrogen dissolved in zirconium metal 
IAEA International Atomic Energy Agency 
IGF Inert Gas Fusion technique 
K kelvin 
Nb Niobium 
O Oxygen 
p initial pressure 
ppm parts per million by weight 
pH2 partial pressure of hydrogen 
P final pressure 
PHWR Pressurized Heavy Water Reactor 
R Radial 
R gas constant 
RC radial-circumferential 
t minimum diffusion anneal time 
T absolute temperature in K 
TEM Transmission electron microscope 
TSS Terminal solid solubility 
wppm parts per million by weight 
Zr Zirconium 
 
 
1. Introduction  
Due to low neutron absorption cross-section, good corrosion resistance in aqueous media, 

adequate high temperature strength and microstructural & irradiation stability dilute Zr-alloys 

find application as core structural material  [1-9] in water-cooled nuclear reactors (CANDU, 
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PHWR and RBMK reactors). Though the initial hydrogen content of the core components is 

kept as low as possible by controlling manufacturing process parameters [10], part of the 

hydrogen or its isotope deuterium evolved during service from any/all of the following 

sources can be picked up by the core components like pressure tube and fuel tube of the 

reactor [11-14]:  
Hydrogen / Deuterium evolved during the reaction of zirconium with coolant heavy 

water (contains ~2.5 % light water), 
  Zr + 2D2O = ZrO2 + 4D 
 
2.    Hydrogen / Deuterium evolved during the radiolytic decomposition of heavy water 

coolant, 
  D2O  = D + OD 
 
3.   H2 added as scavenger for nascent oxygen evolved as per the following reaction, 
  2OD  = D2O + O 
 
4. Deuterium/ hydrogen evolved during the corrosion reaction between the core 

components and the moisture present in the annulus gas and 
 
5. Moisture present in UO2 pallet (for fuel tubes only). 

The maximum hydrogen concentration which can be retained in solution without forming 

hydride precipitate, is called terminal solid solubility (TSS) [15-20]. The endothermic nature 

of TSS can be represented by equation 1: 







 −=

RT
HAC sH

o

∆exp         1 

where H
oC  is the concentration of hydrogen in solution in equilibrium with hydride, A is a 

constant and ∆Hs is the heat of solution with respect to the hydride. Hydrogen present in 

excess of solid solubility precipitates out as hydride phase [20-28]. Depending upon the 

hydrogen content, cooling rate and temperature of hydride precipitation, either metastable γ or 

stable δ and / or ε- hydrides can form in dilute zirconium alloys (Fig. 1) [20-28]. However, 

due to the cooling rate attainable for the core components under reactor operating condition, 

only δ-hydride forms [20] in the operating tubes. Due to misfit strains associated with the 

accommodation of δ-hydride in α-matrix, the former acquires needle shape. The formation of 

these hydride needles is autocatalytic and under optical microscope (100 X) the hydrides 

appear as platelet. Being brittle, the hydride platelets make the host matrix brittle [20, 29-31]. 

It is observed that the degree of embrittlement depends on the hydrogen concentration, 

hydride volume fraction, its size, distribution and orientation [20].  
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Gaseous hydrogen charging and electrolytic hydrogen charging techniques are extensively 

used to introduce controlled amount of hydrogen in zirconium alloy specimens for carrying 

out studies on hydrogen / hydride induced degradation of mechanical properties of these 

alloys under laboratory condition. Both these techniques are being regularly used in Materials 

Science Division for ongoing study on hydride embrittlement of Zr-alloy core components 

and are described briefly in the § section 2.1 and § section 2.2, respectively. Estimation of 

hydrogen content is an important step in the assessment of the extent of hydride embrittlement 

in these alloys. Hydrogen concentration in zirconium alloys is determined by inert gas fusion 

technique, hot vacuum extraction technique, differential scanning calorimetry, dialatometry 

and optical metallography [20].  First two techniques are destructive and estimate the total 

hydrogen concentration in the sample. The estimated hydrogen concentration by these 

techniques is sensitive to sample cutting technique, its surface preparation and size. Except 

metallography, none of the aforementioned techniques provide any information regarding 

hydride platelet size, its distribution and interplatelet spacing. Differential scanning 

calorimetry and dialtometry measure the transition temperature corresponding to the 

dissolution or precipitation of hydrides. Subsequently, an Arrhenius type relationship is used 

to estimate the hydrogen concentration. For this pre-exponential constant and the heat of 

dissolution are determined using standard samples. Optical metallography is the only 

technique, which is economical, simple and gives information not only about the hydrogen 

concentration but also regarding its size, distribution, interplatelet spacing and hydride 

orientation. It can be used as a quick method to estimate the abovementioned parameters 

related to hydride. Thus, the objective of this work was: 

1. To introduce controlled amount of hydrogen in Zr-alloy samples using gaseous and 

electrolytic hydrogen charging techniques. 

2. To determine the partial hydrogen pressure which is in equilibrium with hydride at 

different temperature. 

3. To identify the sample preparation parameters which influence the estimated hydrogen 

content. 

4. To characterize the hydrides in these alloys in terms of FN number, hydride platelet size, 

its distribution and orientation. 

5. Using the standard hydride micrograph for Zr-2.5Nb pressure tube alloy generated in this 

work as a reference for estimating the aforementioned parameters related to hydride in 

this alloy, the hydride micrographs provided by the IAEA round robin participants were 

compared with these standards. 
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This report has six sections including this one. In § section 2 hydrogen charging techniques 

are described. Section 3 gives the salient features of the experimental details. Results are 

presented in § section 4. Some of the important results are discussed in § section 5 and finally 

conclusion is presented in § section 6. 

 

2. Hydrogen charging techniques 
Gaseous hydrogen charging and electrolytic hydrogen charging techniques are widely used 

for introducing controlled amount of hydrogen in Zr-alloys [20]. In gaseous hydrogen 

charging technique Zr-alloy samples are heated in hydrogen atmosphere either under constant 

pressure for different time-periods or in a constant volume system. In the former i.e. constant 

hydrogen partial pressure system, time-period for which the sample is exposed determines the 

hydrogen concentration. In the constant volume system, the average hydrogen concentration 

of the sample is estimated from the product of system volume and the difference between the 

initial and final partial hydrogen pressure of the system. The beauty of this technique is that 

the samples can be hydrided completely i.e. the amount of hydrogen charged is not limited to 

the terminal solid solubility of hydrogen in the alloy. Further, this technique can also be used 

for charging hydrogen under constant pressure.  

In electrolytic hydrogen charging technique [32] first sufficiently thick and adherent layer of 

hydride is deposited on the sample surface. The sample with hydride layer is homogenized at 

a pre-determined temperature to attain equilibrium. After homogenization, the excess hydride 

layer is removed by machining. In this technique, the amount of hydrogen charged into the 

sample cannot exceed the TSS at the homogenization temperature.  

 

2.1 Gaseous hydrogen charging [33] 
When a metal is exposed to hydrogen gas, it can absorb and retain (occlude) a certain amount 

of hydrogen in solution. The equation of dissolution of hydrogen gas in zirconium metal can 

be written as: 
1/2 H2 → HZr 2 

 
where the subscript ‘Zr’, refers to hydrogen dissolved in zirconium metal. Sievert’s law 

immediately follows for the concentration of dissolved hydrogen: 

[HZr] = (pH2 )1/2 exp(-∆Go/RT)  3 
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with ∆Go = ∆Ho -T∆So being the standard free energy change of the reaction; pH2 refers to gas 

pressure, R and T have their usual meanings. ∆Ho is a measure of the ability of the metal to 

absorb hydrogen.  

Equation 3 can be rewritten as: 

[HM] = (pH2)1/2 exp(∆So/R) exp(-∆Ho/RT)    4 

 The more negative is ∆Ho, the higher is the hydrogen solubility for a given external hydrogen 

pressure. Based on the sign of ∆Ho, zirconium and titanium have been classified as 

exothermic hydrogen occluders [31] since ∆Ho is negative.  

The pressure composition isotherms at various temperatures is shown schematically in figure 

2(a) [31]. Consider first the T1 isotherm. As hydrogen dissolves in the metal phase, the 

hydrogen pressure in equilibrium with this phase increases. When the metal becomes 

saturated at the terminal solid solubility (TSS) point, C1, the addition of more hydrogen to the 

system will cause the formation of the hydride phase, at a fixed composition MHx. As more 

hydrogen is added the volume fraction of MHx increases until, at Chyd, all the metal has been 

converted to hydride. Over this plateau, the hydrogen pressure remains constant, as a 

consequence of phase rule. This dissociation pressure is a measure of the stability of the 

hydride phase. Additions in excess of Chyd cause the pressure to rise again as the hydrogen is 

now taken into solution by the hydride. It can be seen that in the absence of hydride, the 

solubility of hydrogen, in equilibrium with hydride (TSS) increases with increasing 

temperature (endothermic); this is reflected by the increase in TSS from C1 to C2 as the 

temperature is increased from T1 to T2. In addition it should be mentioned that in a system 

where several hydride phases can occur, the pressure-composition curve shows several 

plateau.  

It can also be seen from figure 2(a) that for a given partial pressure of hydrogen solid 

solubility increases with decreasing temperature. The solid solubilities '
1

'
2 CC <  for T2 > T1 

where Ci
` are the solid solubility for the hydrogen for constant partial pressure of hydrogen 

pH2 at temperatures Ti respectively. The pressure composition isotherm is also characterized 

by a hysteresis behaviour. The position of the plateau is higher for increasing pressure cycle 

than for decreasing pressure cycle. Degree of hysteresis is a strong function of temperature 

and diminishes with increase in temperature. 

 

2.1.1 Construction: This system consists of two glass chambers to hold the specimen and 

a hydrogen source, a vacuum pumping system, a capacitance-based manometer and a couple 
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of resistance heated furnace to heat the specimen and the hydrogen source (pure Zirconium 

hydride). The photograph of the gaseous hydrogen charging facility is shown in figure 3. 

Pressure tube spools of length up to 200 mm can be charged with controlled amount of 

hydrogen in a manner, which ensures an unaltered microstructure.  Pure zirconium hydride, 

obtained from Nuclear Fuel Complex, Hyderabad, is used as source for hydrogen. Unlike 

electrolytic charging and LiOH autoclaving, this is a contamination free process and ensures 

uniformity of hydrogen / hydride distribution [20]. 

 

2.1.2 Working: The system is evacuated to a dynamic vacuum of the order of 10-5 torr 

using a oil diffusion pump. After this the hydrogen source is heated using the resistance-

heated furnace. Once the source temperature of 550 °C is attained, the system is isolated and 

heating of source is continued. The amount of the hydrogen evolved is proportional to the 

pressure indicated by the capacitance-based manometer. Depending upon the weight of the 

sample, hydrogen is released up to a predetermined pressure, source heating is discontinued 

and the source tube is isolated. Subsequently the specimen chamber is heated to a temperature 

in the range of 350 to 400 °C. Amount of the hydrogen picked up by the specimen, is 

indicated by the pressure indicated by the manometer. The amount of hydrogen picked up by 

the sample is computed from difference between the initial and the final pressure readings 

recorded at ambient temperature.  

 

2.1.3 Calculation 
2.1.3.1 Estimation of internal volume of hydrogen charging system:  Let the total internal 

volume of the hydrogen charging system be V cc. The value of a part of system volume, v, 

was estimated directly by measuring the volume of water filling it completely. With the help 

of diaphragm valves v can be isolated from rest of the system. The total volume, V, of the 

system was estimated indirectly using Boyle’s law. The system was evacuated to a vacuum 

level of 10-5 torr.  The part of the system having volume, v, was isolated from the pumping 

system and the remaining volume of the system. The hydrogen source tube is heated to 

release hydrogen to an initial pressure of p. After this the source tube is isolated and heating is 

discontinued. Initial pressure reading is recorded. The valve isolating volume v from the 

remaining volume of the system is opened and the gas is allowed to expand to a final pressure 

P. From Boyle’s law, we have for a given amount of gas at a fixed temperature 

pv = PV      5 
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For p = 105.44 torr, v = 647 cc and P = 12.12 torr, we have from 

cc
P
pvV 5629

12.12
64744.105

≈
×

==  

 

2.1.3.2 Estimation of weight ppm of hydrogen absorbed by the specimen: Let the 

difference between the initial and final room temperature pressure readings be ∆P torr, the 

total internal volume of the system be V cc and the weight of the sample be W grams. Using 

gas laws, the number of moles of hydrogen absorbed by the sample is given by: 

PP
RT
PVn ∆×=

××
×××∆

=
∆

= −4
8 10031.3

298103144.8
56299816.13      6 

and weight of hydrogen absorbed by the sample will be 

wt. of hydrogen = 2n = 2 x 3.031 x 10-4∆P grams 

Hence the weight ppm of hydrogen can be approximated as 

[ ] ppm
W

P
W

PH Zr

∆∆ 2.6061010031.3 6
4

=×
×

=
−

   7 

Thus, knowing the weight of the sample and the difference between the initial and final 

hydrogen pressure, the average concentration of hydrogen picked up the sample can be 

estimated with a reasonable accuracy. 

 

2.2 Electrolytic hydrogen charging [32,34] 
2.2.1 Sample preparation: The inside and outside of tube sections are successively 

polished with 120, 400, 600, 800, and 1200 grit emery papers to prepare an oxide free surface. 

After grinding, the samples are pickled in a solution containing 5%HF + 45%HNO3 + 

50%H2O for 1 minute to get a surface totally free of oxides formed during grinding and also a 

very good surface finish. The samples are then thoroughly washed in distilled water. 

Subsequently the samples are cleaned ultrasonically in acetone for 15 minutes to remove any 

trace of grease and finally in methanol for 5 minutes to remove any residue of acetone. 

 
2.2.2 Anode preparation: Pure lead strips of 1mm thickness are imparted curvature of 

the pressure tube and can be used as anodes, with the sample to curved anode distance 

maintained at a predetermined distance. This ensures that the samples are hydrided uniformly 
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on both the sides. Prior to hydriding the lead anodes are polished using 600 grit emery paper 

and subsequently ultrasonically cleaned in acetone for 5 minutes. The lead anodes are 

suspended into the electrolyte solution by riveting it to 3mm thick strip of pure lead. 

 

2.2.3 Electrolysis: Sulphuric acid of strength 0.4N is used as an electrolyte for hydriding. 

It can be prepared by diluting 11ml of sulphuric acid (S.G. 1.84) to one liter by adding 

distilled water. Magnetic stirring is used to ensure a uniform bath temperature of 65+5 °C 

throughout the campaign. The electrolyte bath need to be covered on top, say with a Perspex 

sheet, to avoid excessive loss of water, due to evaporation. Few holes are drilled into the top 

cover, which helps in suspending the anode, sample and thermometer into the solution. The 

current is supplied to the samples with the help of stainless steel rod of 3 mm diameter, which 

can be screwed to the sample at one end. The immersed part of the steel rod is normally 

covered with Teflon tape to prevent it from coming in contact with the solution. A constant 

current power supply is used to supply the requisite current needed for electrolytic hydrogen 

charging of the samples. A current density of 0.2 A/cm2 is sufficient. The required current to 

be supplied is calculated depending upon the area of the sample. 

The solution level is maintained by adding distilled water intermittently. Care should 

be taken to dip the sample immediately into the hot solution after ultrasonic cleaning so as to 

prevent the oxide film formation. The duration of electrolytic charging is varied according to 

the required hydride layer thickness which in turn is decided based on the target hydrogen 

concentration [32]. After hydriding, one edge of the sample is polished using 600 grit emery 

paper for examination under the optical microscope (say at a magnification of 200X). After 

checking the integrity and uniformity of the surface hydride layer metallographically the 

demounted samples are thoroughly washed in acetone to remove any surface contamination. 

 

2.2.4 Homogenization: The samples are then homogenized in air to obtain a uniform 

hydrogen / hydride distribution throughout the bulk of the sample. The homogenization 

treatment limits the hydrogen concentration to the terminal solid solubility at the 

homogenization temperature. The hydrogen distribution across a plate of thickness 2B at 

various times is shown in figure 2(b) [32]. The minimum diffusion anneal time, t, required to 

ensure uniform hydrogen distribution is calculated as: 

D
Bt

2

5.1=     8 
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where, D is hydrogen diffusivity. After homogenization, the samples are furnace cooled to 

ambient temperature.  

3. Experimental 
 
3.1 Material  
The material was received from Nuclear Fuel Complex, Hyderabad. Zr-1wt% Nb fuel tube 

was of length 100 mm, diameter ~ 5.7 mm and wall thickness ~ 0.5 mm, Zircaloy-2 was in the 

form of tube of length 100 mm, diameter 81.5 mm and wall thickness ~ 4.0 mm whereas Zr-

2.5Nb alloy was in the form of tube of length 130 mm, diameter 103 mm and wall thickness ~ 

4.7 mm. Typical chemical compositions of Zircaloy-2 and Zr-2.5Nb alloy tubes are given in 

table 1 [45]. One of Zr-2.5Nb coupon of dimension 100 x 20 x 4 mm was heat-treated at 800 

°C for 30 min followed by furnace cooling to obtain equi-axed microstructure. 

 

3.2 Hydrogen charging  
Zr-1wt.%Nb fuel tubes were polished on both inside and outside surface. Since the pressure 

tube material was in autoclaved condition, oxide layer was removed mechanically by 

grinding. Coupons of length 50 mm, width 20 mm (for zircaloy-2) and 10 x 20 mm coupons 

(for Zr-2.5Nb alloy) were cut from the tube and were polished successively up to 1200 grit 

emery paper to obtain oxide free surface. The polished samples were gaseously charged with 

controlled amount of hydrogen (up to 1000 ppm) in a modified Sievert’s apparatus as 

described in § section 2.1. The heat-treated Zr-2.5Nb sample was also gaseously charged with 

80 ppm of hydrogen.  

Some of the samples were electrolytically charged (described in § section 2.2) with controlled 

amount of hydrogen. Figure 4 gives the schematic experimental setup for electrolytic hydride 

deposition. Hydriding was carried out for a predetermined time interval. For a target hydrogen 

concentration of 31ppm the hydriding was carried out for 9 hours (Total hydride layer 

thickness~12µ), for a target hydrogen concentration of 38ppm the hydriding was carried out 

for 14 hours (Total hydride layer thickness~18µ), and for a target hydrogen concentration of 

60ppm the hydriding was carried out for 21 hours (Total hydride layer thickness~26µ). The 

hydrided samples were washed in water to remove lead sulphate deposited on it. The hydride 

layer thickness measurement, of both ID side and the OD side, was done directly from the 

microscope. After hydride layer thickness measurement, the samples were demounted and 

subjected to homogenization treatment. The samples of thickness 4 mm with target hydrogen 
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concentration of 31ppm were homogenized at 246°C for 99 h, those with target hydrogen 

concentration of 38ppm were homogenized at 261°C for 63 h, and for target hydrogen 

concentration of 60ppm the samples were homogenized at 293 °C for 32 h. The control 

thermocouple was placed in contact with the samples.  

 

3.3 Determination of partial pressure of hydrogen in equilibrium 
with hydride  
After attaining a dynamic vacuum of the order of 10-5 torr or better, the source tube containing 

zirconium hydride is heated. The evacuation of the system is continued to allow evolution of 

volatile matter. Once temperature of the source tube reaches 600 °C, the system is isolated 

from the evacuation system. The source temperature is controlled at 600 °C for 30 min. The 

hydrogen pressure in equilibrium with hydride at this temperature is recorded. The source 

temperature is increased to 650 °C and the source is held at this temperature for 30 min. The 

hydrogen pressure at this temperature is recorded. Similarly the partial pressure of hydrogen 

in equilibrium with hydride at 700, 750, 800 and 850 °C were determined. 

 

3.4 Hydrogen analysis 
Small pieces of hydrogen charged samples were sliced manually by hacksaw or on a lath 

machine or using slow speed cut-off wheel. After slicing, the samples were thoroughly washed 

with acetone or carbon tetrachloride to remove any dirt or trace of coolant oil. For some 

samples, all the surfaces of the washed slices were mechanically polished using 1200 grit 

emery paper. Finally all these samples were analyzed for their hydrogen content by inert gas 

fusion technique using LECO Hydrogen Determinator, Model RH IE.  About 1.5 g tin granules 

as flux were taken in a graphite crucible. The system was degassed at 700-850 A, and then set 

to analyze with a current of 650 A. The blank reading was taken and then the sample to be 

analyzed was dropped in to the crucible. High purity argon was used as the carrier gas. 

Calibration standards were run in between. The evolved gases were passed through the dust 

trap to remove carbon particulates and then through Schultz reagent to oxidize CO to CO2. The 

CO2 was trapped by ascarite column and the water formed was trapped by MgClO4 column. 

The N2 and H2 gases were then separated by molecular sieve column and H2 was determined 

by TC detector.  

 

3.5 Metallography  
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For metallography, the hydrided coupons were sectioned along axial-radial and radial-

circumferential plane of the tubes. Standard metallographic technique was followed to reveal 

the hydride microstructure, its morphology and distribution. For optical microscopy, the Zr-

1Nb and Zr-2.5Nb alloy specimens were etched in a solution of HF:HNO3:H2O::2:9:9 for 20-

30 seconds whereas zircaloy-2 samples were chemically etched by swabbing for 30 s with 

cotton soaked in 8 % HF in HNO3 solution [35]. The micrographs were recorded using a 

digital camera. From the micrograph, parameters like average hydride platelet length, inter 

platelet spacing, area fraction of hydrides and their variation with hydrogen content were 

determined. The FN number was determined by manually counting the number of radial 

hydrides within 45 ° of the radial direction and dividing it by total number of hydrides 

platelets. 

Both the as-received pressure tube microstructure and the heat-treated microstructure of Zr-

2.5Nb alloy were examined under transmission electron microscope (TEM). The samples for 

observation under TEM were prepared by electro-jet polishing. TEM samples were jet 

polished using 20 % perchloric acid in methyl alcohol at 243 K and at an operating voltage of 

20V. TEM foils of as-received Zr-2.5 Nb pressure tube material were prepared parallel to the 

axial-radial, radial-circumferential and circumferential-axial planes of the pressure tube. For 

the heat-treated Zr-2.5Nb pressure tube material, the TEM foils were prepared parallel to the 

circumferential-axial plane. TEM foils for Zircaloy-2 pressure tube material were parallel to 

the radial-axial plane of the tube whereas the TEM foils for Zr-1Nb fuel tube were parallel to 

the axial-circumferential plane of the tube. 

 
4. Results 
4.1. Microstructure of Zr-alloy components 
The microstructure of the Zr-alloy components were examined under transmission electron 

microscope. The microstructure of Zr-1wt. % Nb fuel tube is shown in figure 5(a) and is 

found to consist of equi-axed α-Zr grains, of grain-size ~ 5 µm, with very small fraction of β-

Zr phase present within the α grains and sometimes at the α grain boundaries. TEM 

examination revealed that the βZr phase was present in the form of spherical particle within 

the matrix with particle size in the range of 40 to 100 nm. 

Contrary to the equi-axed microstructure of the fuel tubes the microstructure of the pressure 

tubes is anisotropic, both microstructurally as well as crystallographically. It consist primarily 

of heavily deformed α-Zr grains elongated along the axial direction of the tube and is 
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characterized  along three orthogonal directions with respect to the pressure tube viz. Axial 

(A), Circumferential (C) and Radial (R). The microstructure of Zircaloy-2 pressure tubes is 

shown in figure 5(b) and consists mainly of α-Zr grains elongated along axial direction of the 

tube but with a lower aspect ratio compared to that for Zr-2.5Nb tubes. It also consists of 

small volume fraction of intermetallic phases distributed within the grains. The current 

fabrication route of the Zr-2.5Nb alloy pressure tubes (for Indian PHWR similar to the 

modified route II of AECL [1,7]) imparts a duplex microstructure of elongated, hcp α phase 

grains and a nearly continuous grain-boundary network of bcc β phase [36-38]. Figure 6 

depicts the microstructure of the Zr-2.5Nb pressure tube material for three orthogonal planes 

(a) AR, (b) CA and (c) RC as illustrated schematically in figure 7. As can be seen from figure 

6, the α grains are heavily elongated along axial direction. Typical grains dimensions for Zr-

2.5Nb pressure tubes are 15-30 µm along axial, 2-4 µm along circumferential and 0.2-0.4 µm 

along radial direction [37]. The α grains are severely textured with ~ 54  % of basal poles 

along circumferential direction, ~ 43 % basal poles along radial direction and ~ 3 % along 

axial direction [37].   

The microstructure of the Zr-2.5Nb pressure tube material subjected to the stabilization 

treatment at 800 °C for 30 min followed by furnace cooling is shown in figure 6(d). Fine equi-

axed α (bright) and β (dark) grains can be seen in this figure. The β grains exist as separate 

grains at the triple junction and are smaller in size compared to α grains.  

 
 
4.2 Hydride microstructure  
The three orthogonal planes viz. AR, RC and CA with respect to tube are illustrated in figure 

7. Figure 8 shows the RC section of the Zr-1wt. %Nb fuel tube charged with (a) 10, (b) 25 

and (c) 200 wppm of hydrogen. With increasing hydrogen content, the traces of hydride 

platelets (dark lines) become longer. Figure 9 shows the micrograph of Zircaloy-2 pressure 

tube material charged with different hydrogen concentrations. The micrograph depicts radial-

circumferential section of the tube. Dark lines in these micrographs are the traces of hydrides. 

It is evident from these micrographs that with increasing hydrogen content level, the length of 

hydride platelets increases, though no significant decrease in the interplatelet spacing is 

observed.  

The microstructural features of hydrides on two orthogonal planes (AR and RC planes) of the 

Zr-2.5Nb pressure tube material, charged with about (a) 32 ppm, (b) 55 ppm and (c) 83 ppm, 
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wt. ppm of hydrogen are shown in figure 10. In figure 11, similar micrograph for Zr-2.5Nb 

pressure tubes material charged with (a) 100, (b) 250 and (c) 1000 wt. ppm of hydrogen are 

shown. These figures show that in the as-hydrided condition, hydride platelets (dark lines) are 

oriented along the circumferential-axial plane only. These hydrides are called circumferential 

hydrides [20]. This selective formation of circumferential hydrides (oriented along the axial-

circumferential plane of the pressure tube) in the as-hydrided condition is attributed to the 

microstructure of the pressure tubes [20]. The trace of the hydride platelet along the axial 

direction is relatively straight and longer as compared to that along circumferential direction. 

Figure 12 shows the hydride platelet size, its distribution and orientation for the heat-treated 

Zr-2.5Nb pressure tube alloy. Compared to the hydride features of the as-received pressure 

tube material, hydride platelets are shorter in length. On the radial-circumferential plane 

traces of both radial and circumferential hydrides can be seen. 

 

4.3 Metallographic analysis 
The optical micrographs depicted in figures 8-11, show that for Zr-alloy tubular product only 

two orientations are observed for hydride platelets. These are along circumferential-axial 

plane or along radial-axial plane and are respectively, called circumferential and radial 

hydrides. Radial hydrides are considered most deleterious as they are oriented normal to the 

hoop stress. Traditionally, the susceptibility of Zr-alloys to hydride embrittlement is measured 

in terms of FN number, which is the ratio of the number of hydride platelet within an angle of 

45 ° of the radial direction of the tube to that of the total number of the hydride platelets [39]. 

Sufficiently large area (> 1mm2 of actual sample dimension) should be considered for 

determining a truly representative FN number. A high FN means higher susceptibility to 

hydride embrittlement. The FN number for the Zr-1wt%Nb fuel tube, zircaloy-2 pressure tube 

and Zr-2.5Nb pressure tube hydrided to different hydrogen concentration determined using 

micrographs in depicted in figures 8-11 is given in table 2. The FN number for both fuel tube 

and pressure tube are less than 0.2 indicating low susceptibility to hydride embrittlement. 

However, it may be noted that the FN number for the heat-treated Zr-2.5Nb alloy is higher 

than that for as-received pressure tubes (Table 2). 

The variation in hydride platelet density (Number of hydride of any orientation per mm2) and 

mean hydride platelet length (µm) measured from the hydride micrographs depicted in figures 

10 and 11 are plotted as a function of hydrogen content in figure 13(a). The measurements 

were carried out on prints at a magnification of ~50X with the actual field of view of 
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dimension 3.14 x 2.39 mm2. This plot shows that with increase in hydrogen content, hydride 

platelet density decreases and the mean length of the hydride platelet increases. There is no 

significant change in the inter-platelet spacing up to 83 ppm of hydrogen, after which it 

decreases significantly (figure 13(b)). For very high hydrogen content, hydride platelets 

become longer and thicker (figure 11(c)). Figure 13(c) shows the variation in hydride volume 

fraction as a function of hydrogen content. The hydride volume fraction was computed for an 

assumed hydride platelet thickness of 5 µm.  

 
4.4 Hydrogen analysis 
Zr-alloy coupons of dimension 50-100 X 15-22 X0.4-4.7 mm and pressure tube spools of 

length up to 200 mm are being routinely charged with different hydrogen concentration  to 

carry out studies on hydride induced degradation of its mechanical properties. In gaseous 

hydrogen charging method the average hydrogen concentration added to the sample is 

estimated from the difference between the initial and final hydrogen pressure of the system as 

described in § section 2.1. However, if the samples get non-uniformly oxidized the hydrogen 

distribution through the samples is not uniform. The possible reasons for non-uniform 

oxidation of the samples are poor vacuum level attained before heating the sample either due 

to leak in the system or degassing. This problem is aggravated when the samples are of large 

dimension, the duration of the hydrogen charging is long and charging to very high hydrogen 

concentration is required. For the samples electrolytically charged with hydrogen, the 

hydrogen concentration can be estimated from the homogenization temperature as described 

in § section 2.2.  

In order to verify the hydrogen content and its distribution across the sample, some of samples 

charged with hydrogen were analyzed for hydrogen content using inert gas fusion technique 

described in § section 3.4. The samples for hydrogen analysis were cut from both the coupon 

as well as tubes. Three methods were used for cutting the samples, viz., manual cutting using 

a hacksaw from coupons, cutting a thin ring from the tubes using a lath machine and cutting 

small slices from coupons and tube sections using slow speed wafering wheels.  After cutting 

the samples were thoroughly washed with acetone or carbon tetrachloride to remove dirt or 

oil. For some samples all the surfaces of the cut-pieces (to be used for hydrogen content 

analysis) were polished using emery paper to remove surface layer before hydrogen analysis. 

The influence of the surface preparation on the estimated hydrogen content is evident from 

the results shown in table 3.  It was observed that the method of sample preparation had a 

pronounced effect on estimated hydrogen content. Thus, it was decided that irrespective of the 
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cutting method used for preparing the sample for hydrogen analysis, the surface layers must 

be polished before carrying out hydrogen analysis.  

The results of hydrogen analysis for some of the samples are shown in tables 4-6. Hydrogen 

analysis results of the Zr-2.5Nb pressure tube coupons which were gaseously charged with 

hydrogen are shown in table 4. These samples were sliced manually using a hacksaw. The 

hydrogen analysis results of the zircaloy-2 pressure tube samples gaseously charged with 

hydrogen are shown in table 5. The sample identity, hydrogen concentration estimated by 

Sievert's apparatus and actual hydrogen concentration (determined by IGF) are given in table 

5. These samples were sliced using a slow speed diamond impregnated copper wafering 

blade. Hydrogen analysis results of the Zr-2.5Nb pressure tube coupons electrolytically 

charged with hydrogen is shown in table 6. It can be seen from tables 4-6 that in general the 

estimated hydrogen content for samples hydrided using both the techniques – gaseous as well 

as electrolytic, are marginally higher compared to the hydrogen content estimated by inert gas 

fusion technique. Considering the fact that initial hydrogen content of the as-received 

zircaloy-2 and double melted Zr-2.5Nb pressure tube material is ~ 10-15 wppm, the 

aforementioned difference is understandable.  

In the gaseous hydrogen facility located in Materials Science Division, BARC, pressure tube 

spools of length up to 200 mm can be charged with controlled amount of hydrogen in a 

manner which maintains an unaltered microstructure. In order to assess the uniformity of the 

hydrogen distribution through the length and circumference of such tubes, samples for 

hydrogen analysis were prepared from both the leading and the trailing ends of the spools. 

The results of the hydrogen analysis of such samples are given in table 7. It was observed that 

the estimated hydrogen content for the leading end was always lower than that for the trailing 

end. This fact is illustrated more clearly by the hydrogen analysis results shown in table 8 of a 

150 mm long zircaloy-2 pressure tube spool which was gaseously charged with 60 wppm of 

hydrogen. The hydrogen analysis samples from this spool were prepared from rings cut at 30 

mm interval starting from the leading edge. These results indicate that the estimated hydrogen 

concentration is lowest for the leading edge of the spool and it increases as one approaches 

the trailing edge of the spools. Also, the hydrogen distribution along the circumferential 

direction was reasonably uniform.  

Materials Science Division, BARC is also carrying out studies on influence of hydrogen on 

the elevated temperature deformation behaviour of zirconium alloys in order to predict their 

behaviour under postulated loss of coolant accident condition (LOCA). It has been observed 

that above 600 °C, Zr-2.5Nb alloy deforms superplastically, and for such tests total elevated 
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temperature exposure for each sample could be as high as twelve hours. Apart from the 

microstructure of the material at these temperatures, the oxidation of the samples influences 

the deformation behaviour especially the tensile elongation to failure. In order to delineate the 

mechanism of superplastic deformation in this alloy at these temperatures, excessive 

oxidation of the samples needs to be prevented, which is ensured by coating the sample 

surface with borosilicate and purging argon through the testing furnace. However, hydrogen is 

known to permeate in / out of steels especially at elevated temperature. Hence, some of the 

hydrogen charged samples was subjected to elevated temperature exposure in air either with 

borosilicate coating (to prevent oxidation) or without it. The results of the hydrogen analysis 

of samples with borosilicate coating is given in table 9 and those without borosilicate coating 

is given in table 10.   These hydrogen analysis results indicate that the hydrogen content do 

not get altered due to elevated temperature exposure up to 800 °C in air. Also, the presence or 

absence of borosilicate coating does not seem to influence the estimated hydrogen content 

value. 

 

4.5 Partial pressure of hydrogen in equilibrium with hydride at 
elevated temperature  
The experimentally determined values of the partial pressure of hydrogen in equilibrium with 

hydride was observed to increase with increase in temperature (table 11). Plot of partial 

pressure with inverse of absolute temperature on a semi-log scale is shown in figure 14. A 

linear regression analysis of the data-points yielded a relationship between the partial pressure 

and absolute temperature of the form: 

( ) ( )TpH
19205872.9ln 2

1
2 −=     9 

which suggested the free energy of hydride formation to be ~ 76.538 kJ/mol. Using equation 9 

the partial hydrogen pressure in equilibrium with hydride was computed at lower temperature 

and the predicted values are shown in figure 15.  

 
 
 
5. Discussion 
 
5.1 Supercharging of hydrogen in Zr-alloys 
In § section 2 both gaseous and electrolytic hydrogen techniques were described. It may be 

recalled that in gaseous hydrogen charging technique the samples can be charged with a 
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hydrogen content far in excess of TSS, whereas in electrolytic hydrogen charging technique 

the amount of hydrogen charged into the sample is limited to the TSS at homogenization 

temperature. In the latter technique the hydride layer deposited on the sample surface acts as a 

source of hydrogen and hydrogen diffuses into the specimen. During homogenization, 

equilibrium is said to be attained when the matrix contains amount of hydrogen equal to TSS 

at the homogenization temperature (figure 2(b)). Under this condition both the matrix 

containing hydrogen equal to TSS and the surface hydride layer can co-exist in the same way 

as a hydride platelets co-exist within the matrix with the hydrogen content limited by the 

temperature. However, in the gaseous charging method the samples can be charged to 

hydrogen concentrations far in excess of TSS and that is why it is sometimes referred as 

supercharging. Theoretical justification of supercharging comes from the pressure 

composition isotherms shown in figure 2(a). For hydrogen partial pressure equal to or greater 

than the equilibrium value (i.e. corresponding to the plateau), samples can be charged till it is 

fully hydrided. From the data in figure 14 the parameters of the equation 3 were 

experimentally determined in the present investigation. Using these parameters, the 

equilibrium hydrogen partial pressure to form hydride at a temperature of 350-400 °C was 

computed and was observed to be few order of magnitudes smaller (figure 15) than the 

hydrogen pressure used in the present investigation. Thus, by using partial hydrogen pressure 

greater than that suggested by figure 15, Zr-alloy samples can be completely hydrided. 

 

5.2 Hydrogen analysis 
Zr-alloy samples charged with controlled amount of hydrogen were analyzed for their 

hydrogen content using inert gas fusion (IGF) technique. It is felt that the values obtained by 

IGF were significantly influenced by the surface condition of the samples. The hydrogen 

analysis of the samples which were polished by emery paper (table 3) showed a value more 

closer to that estimated by the methodology described in § section 2.1. Hydrogen analysis 

results of the pressure tube spools charged with hydrogen suggested that the leading edge of 

the sample contained lower hydrogen compared to the trailing edge. The surface examination 

of the pressure tube spool after hydrogen charging suggested significant oxidation at the 

leading edge compared to the trailing edge. Since oxide acts as a physical barrier to hydrogen 

ingress, the lower hydrogen content of the samples cut from the leading edge is 

understandable. The average of the hydrogen content values obtained by IGF for leading and 

trailing edge was comparable to that estimated by the  methodology described in § section 2.1. 
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Also, even though there were large variation in the hydrogen content values obtained by IGF 

across the length of the pressure tube spools, hydrogen distribution along the circumferential 

direction were uniform (table 4). It is felt that the inhomogeneous distribution of the hydrogen 

in pressure tube spools can be avoided by degassing the system, plugging leakage and by 

carrying out hydrogen charging at high partial pressure. By following these precautions 

during hydrogen charging and removing the surface layer of the samples before hydrogen 

analysis truly representative hydrogen analysis of the samples can be achieved. It may be 

observed that in table 7 some of the hydrogen content estimated by IGF were appreciably high 

suggesting that probably, samples surfaces were not cleaned carefully. 

 
5.3 Hydride orientation 
The Zr-alloy tubes are currently being manufactured by extruding the preheated hollow billets 

into tubes followed by  multiple cold-working steps involving intermediate annealing [1,7]. 

The microstructure consists primarily of strongly textured α-grains. The α phase is having 

hexagonal close packed (hcp) crystal structure with a c/a ratio less than ideal value. For the 

strain-rates imposed during fabrication of these tubes, prismatic plane is the primary slip 

system { }( )02110110  [40]. As a result of plastic deformation, the basal poles [ ]0002  of the α 

grains get oriented along the direction of rolling or extrusion. Since hydride precipitation in 

these alloys exhibit a habit plane




 −

7110 [28] which is nearly parallel to the basal plane, the 

hydride orientation in these alloys is interpreted in terms of the orientation distribution of the 

basal poles.  Kearns developed a methodology of representing the texture of these alloys in 

terms of the basal pole orientations by idealizing reflections obtained from 18 crystallographic 

planes of α grains along the three orthogonal direction of the tube i.e. radial, transverse 

(circumferential) and axial [41-43]. In the Kearns methodology the texture is represented in 

terms of a parameter called Nf number, which represents fraction of α grains having their 

basal poles within 25-30 ° of a reference direction. By controlling the diametral strain and 

strain along the thickness of the tubes, a predominantly radial or radial-circumferential texture 

is imparted to the Zr-alloy tubular components. 

 

5.3.1 Fuel tubes: For fuel tubes more than 80 % of the α grains have their basal poles 

along the radial direction of the tubes. Thus, for fuel tubes crystallographic factor favours the 

formation of circumferential hydride which are least deleterious, which is evident from the 
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micrographs shown in figure 8 also. The susceptibility of fuel tubes to hydride embrittlement 

is also represented in terms of FN number, which is defined as the ratio of the number of 

hydride platelets oriented within an angle of 45 ° to that of total number of hydrides. A lower 

value of FN number suggests lower susceptibility to hydride embrittlement. The FN number of 

the Zr-1wt.%Nb fuel tubes were determined using the micrograph in figure 8 and were 

observed to be lower than 0.2. 

 

5.3.2 Pressure tubes: The pressure tubes for both CANDU and PHWR reactors are used 

in cold worked and stress-relieved condition [1,7]. The basal pole texture of the Zr-alloy 

pressure tube material for both the reactors are predominantly along circumferential-radial 

direction. The predominantly circumferential texture [41-43] is imparted to counterbalance 

the dimensional change due to irradiation growth and diametral creep during service. 

However, such a texture is not beneficial for hydride orientation point of view [20]. For Zr-

2.5Nb alloy about 55 % of the grains have their basal poles along circumferential direction, 42 

% along radial and less than 3 % along axial direction [36-38]. Thus, as per the 

crystallographic factor, hydride platelet can precipitate along circumferential-axial and radial-

axial planes [20,39]. The hydrides oriented along the circumferential-axial plane are called 

circumferential hydrides and those oriented along radial-axial plane are called radial hydrides. 

However, it may be recalled that the microstructure of the pressure tubes (figures 5(b) & 6(a-

c)) is heavily deformed with α grains acquiring a plate like morphology. As a consequence of 

this, large grain-boundary area oriented along the circumferential-axial plane is available  for 

the preferential formation of circumferential hydride. Hence, it is said that the orientation of 

hydrides in the cold worked pressure tubes is controlled by microstructure.  

Figure 9-11 shows the traces of the hydride platelets formed in the as-hydrided Zr- alloy 

pressure tubes. The FN number for pressure tubes were less than 0.25 (table 2). For given 

hydrogen content two features of the traces of hydride on radial-axial plane and that on the 

radial-circumferential plane of the pressure tube are to be noted. Firstly, the trace on radial-

axial plane is straighter and longer than those on radial-circumferential plane. This is expected 

because the longer α phase grain dimension along axial direction of the pressure tube [36-38] 

provides uninterrupted growth along axial direction. The branching of the trace of the hydride 

observed on the radial-circumferential plane is due to shorter grain dimension along the 

circumferential direction [36-38] of the pressure tube (figures 6(b) and 7). Since hydrides 

always precipitate along the habit plane [28], which is nearly parallel to the basal plane, for 
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the texture of the pressure tube [36-38] one out of every three α phase grains will have 

favorable texture. Thus, hydrides cannot grow straight along the circumferential direction, 

instead every 3-5 µm they will branch out to grow along the favorably oriented grains. With 

increase in hydrogen content the length of the hydride platelet increases though there is no 

significant change in interplatelet spacing. This can be understood in terms of the stress field 

generated around a hydride platelet [33]. The stresses generated at the edge of the platelet is 

tensile in nature and hence, it will be energetically more favorable for an existing platelet to 

grow than the nucleation of a new precipitate. Also, with just 40 % of the grains having 

favorable texture and microstructure for hydride precipitation, the nucleation sites might be 

getting saturated. This could probably be the reason why all the hydride platelets appear to be 

of nearly same length. 

 

5.3.3 Heat-treated Zr-2.5Nb alloy: In order to delineate the role of texture [41-43], Zr-

2.5Nb coupon of dimension 100 x 20 x 4 mm was treated at 800 °C for 30 min followed by 

furnace cooling. This ensured the formation of equi-axed grains. It is reported that heat-

treatment of the Zr-2.5 Nb pressure tube alloy in the duplex phase region eliminates the 

microstructural anisotropy but crystallographic anisotropy becomes more pronounced [43]. 

Thus for heat-treated microstructure, one can expect the formation of both radial and 

circumferential hydrides. This indeed is the case as shown in figure 12. The FN number for the 

heat-treated microstructure was also significantly higher compared the as-received pressure 

tubes (table 2). 

 

5.4 Hydride micrographs prepared by round robin participants 
As a part of the IAEA sponsored coordinated Research project entitled "Hydrogen/Hydride 

induced degradation of mechanical and physical properties of zirconium alloy" Materials 

Science Division was provided with the hydride micrograph by the round robin participants 

for cold worked and stress-relieved AECL and quenched and aged RBMK pressure tube 

material [34]. The AECL pressure tube material is fabricated by cold working and stress 

relieving [7] similar to the pressure tubes for Indian PHWRs. As a result the grains are heavily 

elongated along axial direction and accordingly hydride dimension along axial direction is 

significantly larger than that along the circumferential direction. RBMK material is fabricated 

by different route and microstructure consists of equiaxed grains [44]. For a given hydrogen 

concentration, number of hydride platelets in RBMK material were higher than that in AECL 
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material. But hydrides in RBMK material were shorter in length. The metallographic 

parameters associated with hydride distribution in Zr-2.5Nb alloys are hydride platelet length, 

mean hydride plate length, interplatelet spacing, hydride area fraction and hydride volume 

fraction. The variation in some of these parameters with hydrogen content is shown in figure 

13 (a-c). It was found that the variation in volume fraction is most systematic. Hence, the 

micrograph for the round robin participants was quantified in term of hydride volume 

fraction. Figure 16 shows the variation of hydride volume fraction with hydrogen content. The 

hydride volume fraction obtained from the micrographs is also superimposed on this graph for 

comparison. It can be seen that most of the data-points are falling within reasonable scatter 

band, especially at lower hydrogen concentration. 

 

6. Conclusions 
 
1. Both gaseous and electrolytic hydrogen charging techniques for introducing controlled 

amount of hydrogen in Zr-alloy samples are described. In the former the samples can be 

fully hydrided while in the latter the amount of hydrogen added to the sample is limited to 

the terminal solid solubility of hydrogen at the homogenization temperature. 

2. For hydrogen analysis the surface of the samples should be polished carefully to avoid 

erroneous or unrepresentative values. For pressure tube spools samples to be gaseously 

charged with hydrogen, the system should be degassed and hydrogen charging should be 

carried out at higher pressure to avoid inhomogeneous distribution of hydrogen. 

3. Quantitative metallography suggested that with increase in hydrogen content the hydride 

platelet length increased but there was no significant change in interplatelet spacing up to 

80 ppm of hydrogen. For all the three as-received materials viz., Zr-1wt.%Nb fuel tube, 

zircaloy-2 pressure tube and Zr-2.5wt. %Nb pressure tube, the FN number was lower than 

0.2 suggesting a lower degree of susceptibility to hydride embrittlement. 

4. For pressure tube material hydride platelet dimension along axial direction is longer 

compared that along circumferential direction for cold worked tube, which could be due to 

larger α grain along axial direction facilitating uninterrupted growth along axial direction.  

5. Hydride volume fraction measured from metollography increase with hydrogen content. 

The reason for scatter in the data of the round robin participants could be the fact that all 

the micrographs were not at same magnification. Some of the micrographs were 

processed. 
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List of tables: 
Table 1: Chemical composition of nuclear grade zirconium alloys [45]. 

 
Table 2: The FN number, which is the ratio of the number of hydride platelet within a an 

angle of 45 ° of the radial direction of the tube to that of the total number of the 
hydride platelets, of the Zr-alloy components determined using optical 
micrographs depicted in figures 9-12. 
 

Table 3: Ring samples cut from the leading edge of gaseously charged Zr-2.5Nb tubes and 
analyzed at ACD, BARC by inert gas fusion technique. During charging 
temperature of the sample was kept below 370 °C. The samples were cut on a 
lathe machine. Normal coolant was used during cutting. Some of the samples 
were cleaned with acetone and analyzed for hydrogen. Some other samples were 
polished with emery paper to remove freshly cut surface layers and then analyzed 
for hydrogen. 
 

Table 4: The samples for hydrogen analysis were cut manually using hacksaw, cleaned 
with acetone and freshly cut surface layer was removed by polishing with emery 
paper. Hydrogen analysis samples were cut from gaseously charged coupons 
whose temperature was kept below 400 °C during hydrogen charging. The 
hydrogen content of these samples were analyzed at NFC, Hyderabad by inert 
gas fusion technique.  
 

Table 5:   Zircaloy-2 coupons charged with different hydrogen concentration (samples for 
hydrogen analysis were cut from these coupons using slow speed diamond 
impregnated copper wafering blade. The cut-pieces were cleaned with Carbon 
Tetra Chloride and all cut surfaces were freshly ground. The hydrogen analysis 
was carried out by ACD, BARC 
 

Table 6: Zr-2.5Nb alloy samples electrolytically (S. No. 1-5) and gaseously (S. No. 6-9) 
hydrogen charged to different hydrogen content levels. These samples were 
prepared by method described for samples used in table 5 and the hydrogen 
analysis was carried out at NFC Hyderabad using Inert gas fusion technique. 
Samples at S. No. 6-9 were used for quantitative metallography (Figures 10-11 
and 13(a-c)). 
 

Table 7: Results of hydrogen analysis of gaseously charged pressure tube spools. For 
hydrogen analysis  about an mm thick rings were cut about from both leading and 
back end of the tubes.  The hydrogen analysis was carried out by NFC Hyderabad 
using inert gas fusion technique. 
 

Table 8 : Five rings of Zr-2 pressure tube material for hydrogen analysis. These rings have 
been cut from a hydrogen-charged Zr-2 spool of length 150mm at equidistant 
interval to see the hydrogen distribution at different axial and circumferential 
locations. The 12 O’clock position has been marked on each ring. The samples 
were cut at 3, 6, 9 and 12 O’clock position for hydrogen analysis. 
 

Table 9: Coupon samples coated with glass were exposed to high temperature in the 
temperature range of 600 to 800 °C for about 12 hours. For hydrogen analysis 
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samples were cut manually using hacksaw. For all the faces, surface layers were 
removed by dry grinding with emery paper. Hydrogen analysis was carried out at 
NFC, Hyderabad. 
 

Table 10: Coupons samples were exposed to high temperature in the temperature range of 
600 to 800 °C for about 10 hours in air. For hydrogen analysis samples were cut 
manually using hacksaw. All the faces were cleaned by dry grinding with emery 
paper. 
 

Table 11: Partial pressure of hydrogen in equilibrium with hydride in the temperature range 
of 600-850 °C. 

 

List of figures: 
Figure 1: Zr-H phase diagram [20]. 

 
Figure 2: (a) Typical pressure composition isotherm at various temperatures [31]. 

 
Figure 2: (b) Hydrogen distribution through a plate of thickness 2B at various times [32]. 

 
Figure 3: Photograph of the gaseous hydrogen charging facility set up to charge pressure 

tube spools of length up to 200 mm with controlled amount of hydrogen. 
1 Tubular furnace for holding specimen, 2 Capacitance manometer indicator, 3 
Capacitance manometer gauge head, 4 Tubular heater for heating hydrogen 
source and 5 Vacuum pumping system [33]. 
 

Figure 4: Experimental setup for electrolytically depositing hydride layer on small Zr-
alloy samples [34]. 

Figure 5: Microstructure of (a) Zr-1Nb fuel tube material and (b) Zircaloy-2 pressure tube 
material as seen under transmission microscope. 
 

Figure 6: Transmission electron micrographs representing the as-received microstructure 
of the pressure tube along (a) AR plane, (b) CA and (c) RC plane. 
Microstructure obtained after subjecting Zr-2.5Nb pressure tube material to a 
stabilization treatment at 800 °C for 30 min followed by furnace cooling is 
shown in (d). Fine nearly equi-axed faceted α phase (light) and smaller β phase 
(dark) grains existing separately can be seen in (d). 
 

Figure 7: Schematic of a section of pressure tube showing the orientation of 
circumferential and radial hydrides [20] and typical α phase grain dimensions 
[37] observed in Zr-2.5Nb pressure tube alloy. A – Axial, C – Circumferential 
and R – Radial directions. AR – Axial-Radial, RC – Radial-Circumferential and 
AC – Axial-Circumferential planes. 
 

Figure 8: Micrograph of Zr-1Nb fuel tube along the RC plane of the tube. The tubes were 
gaseously charged with (a) 10, (b) 25 and (c) 200 wppm of hydrogen. 
 

Figure 9: Micrographs of Zircaloy-2 Pressure Tube along the RC plane of the tube. The 
coupons were gaseously charged with (a) 43, (b) 65, and (c) 107 wppm of 
hydrogen.  
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Figure 10: The microstructural features of traces of hydrides on two orthogonal planes (RA 

and RC) of Zr-2.5Nb pressure tube alloy charged with (a) 32 ppm, (b) 55 ppm 
and (c) 83 ppm of hydrogen. The orthogonal planes are defined in figure 7. With 
increase in hydrogen concentration hydride platelet length is found to increase, 
though there is no significant change in inter-platelet spacing. For higher 
hydrogen concentration the hydride platelets become longer and thicker. Arrow 
shows the direction. 
 

Figure 11: The as-hydrided Zr-2.5Nb pressure tube material containing (a) 100 ppm, (b) 
250 ppm and (c) 1000 ppm of hydrogen by weight shows circumferential 
hydrides (dark lines). For higher hydrogen concentration the hydride platelets 
become longer and thicker.  
 

Figure 12: Hydride platelet size, its distribution and orientation for the heat-treated Zr-2.5 
wt. % Nb pressure tube alloy charged with 80 wt. ppm of hydrogen. Compared 
to the hydride features of the as-received pressure tube material, hydride 
platelets are shorter in length. On the radial-circumferential plane traces of both 
radial and circumferential hydrides can be seen. 
 

Figure 13: Variation of (a) hydride platelet density and mean hydride platelet length, (b) 
interplatelet spacing and (c) hydride volume fraction with hydrogen content. 

Figure 14: Experimentally determined partial pressure of hydrogen in equilibrium with 
hydride at different temperature in the temperature range of 600-850 °C. 
 

Figure 15: Predicted values of partial pressure of hydrogen in equilibrium with hydride at 
different temperatures in the temperature range of 100-600 °C. The partial 
pressure values were predicted using equation 15. 
 

Figure 16: Hydride volume fraction variation with hydrogen content for Zr-2.5Nb pressure 
tube alloy. 
 

 

 


































