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Abstract :     Pressurized heavy water reactors (PHWRs) use zirconium and zirconium based alloys as clad
and coolant tubes since its beginning. The first ever zircaloy-2 pressure tube failure occured in 1983 at
Ontario Hydro's Pickering Unit 2 in Canada which necessitated a thorough examination of causes of such
failure. The failure was attributed to massive hydriding at the failed spot of pressure tube. Continuous
usage of zirconium alloys could result in their hydrogen and deuterium pick-up leading to hydrogen/
deuterium embrittlement. The life of the zircaloy coolant channels is dictated by hydrogen/deuterium
content and hence ageing management of the pressure tubes is essential for ensuring their trouble-free
usage. It is desirable to have a sound knowledge on the chemical aspects of zirconium and zirconium
based alloys metallurgy, the mechanistic principles of hydrogen ingress into the pressure tubes during in
reactor service, and identifying suitable analytical methodologies for precise and accurate determination
of hydrogen in wafer thin sliver samples carved out from insides of pressure tubes without causing any
structural damage so that it can continue to remain in service. This is desirable so that the ageing management
does not result in cost-escalation. This report is divided in to three main parts. The first part deals with the
chemical aspects of zirconium and zirconium based alloy metallurgy, the mechanism of hydrogen pick-up
and hydride formation in zirconium matrix. The second part describes various methodologies and their
limitations, available for hydrogen/deuterium determination. The third part deals in detail, about the
extensive investigations carried out at Radioanalytical Chemistry Division (RACD) in Radiochemistry and
Isotope Group for establishing an indigenously developed hot vacuum extraction system in combination
with quadrupole mass spectrometry for precise determination of hydrogen and deuterium in wafer thin
sliver sample of zircaloy. The uncertainty arising in the determination of deuterium is also discussed. The
results obtained on various coolant channels of different PHWRs in India and the conclusions drawn are
given at the end of the report.
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ABSTRACT 

Pressurized heavy water reactors (PHWRs) use zirconium and zirconium based alloys as clad and 

coolant tubes since its beginning.    The first ever zircaloy-2 pressure tube failure occured in 1983 at 

Ontario Hydro’s Pickering Unit 2 in Canada which necessitated a thorough examination of causes of 

such failure.  The failure was attributed to massive hydriding at the failed spot of pressure tube.  

Continuous usage of zirconium alloys could result in their hydrogen and deuterium pick-up leading to 

hydrogen/deuterium embrittlement.  The life of the zircaloy coolant channels is dictated by 

hydrogen/deuterium content and hence ageing management of the pressure tubes is essential for 

ensuring their trouble-free usage. 

It is desirable to have a sound knowledge on the chemical aspects of zirconium and zirconium based 

alloys metallurgy, the mechanistic principles of hydrogen ingress into the pressure tubes during in 

reactor service, and identifying suitable analytical methodologies for precise and accurate 

determination of hydrogen in wafer thin sliver samples carved out from insides of pressure tubes 

without causing any structural damage so that it can continue to remain in service.  This is desirable 

so that the ageing management does not result in cost-escalation.   

This report is divided in to three main parts.  The first part deals with the chemical aspects of 

zirconium and zirconium based alloy metallurgy, the mechanism of hydrogen pick-up and hydride 

formation in zirconium matrix.  The second part describes various methodologies and their 

limitations, available for hydrogen/deuterium determination.  The third part deals in detail, about the 

extensive investigations carried out at Radioanalytical Chemistry Division (RACD) in 

Radiochemistry and Isotope Group for establishing an indigenously developed hot vacuum extraction 

system in combination with quadrupole mass spectrometry for precise determination of hydrogen and 

deuterium in wafer thin sliver sample of zircaloy.   The uncertainty arising in the determination of 

deuterium   is also discussed.  The results obtained on various coolant channels of different PHWRs 

in India and the conclusions drawn are given at the end of the report.    

KEY WORDS:  

zirconium alloys; PHWR coolant channels; hydrogen embtrittlement; hydrogen/deuterium 

determination;  IGF-TCD; HVE-QMS; sliver samples; bulk samples; initial hydrogen content. 
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PART I: CHEMICAL ASPECTS 

1.1 Indian nuclear power program:   

Homi Bhabha charted a three phase Nuclear Power Strategy much before the first  commercial 

nuclear power reactor was built any where in the world [1].  The three stages of  this plan are (i) 

natural uranium fueled pressurized heavy water reactors (PHWRs), producing electric power and 

fissile plutonium (ii) fast breeder reactors (FBRs) utilizing the plutonium produced from PHWRs and 
233U from blanket thorium and (iii) Th-233U fueled breeder reactors and or Advanced Heavy Water 

Reactors (AHWRs) to sustain longer energy needs of India [2].  India has successfully constructed 

and   operating PHWRs and a Fast Breeder Test Reactor (FBTR). A Prototype Fast Breeder Reactor, 

PFBR is under construction.   In all the PHWRs zircaloy 2 or Zr-2.5wt% Nb are used. 

1.2 Historical development 

In test/research  reactors Aluminum alloys are chosen as the core components due to their low 

thermal neutron absorption cross section and low corrosion rate in water around 100° C.  When the 

reactors for electricity production were designed, newer materials that could withstand high 

temperature with very low thermal neutron absorption cross section were being investigated.    

Systematic research and development on zirconium and their alloys resulted in superior alloys with 

low absorption cross section, good ductility with high strength.  

1.3  Fabrication of zirconium alloys 

Nitrogen will be invariably present in zirconium.  Even a small amount of nitrogen forms ZrN and is 

harmful to the corrosion resistance.  Therefore nitrogen is limited to < 40 ppm.  To nullify the 

negative effect of nitrogen tin is added. An alloy of Zr with 2.5% Sn, which improved the corrosion 

resistance, strength and fabricability, was thus developed.  This is known as zircaloy-1.  However 

zircaloy-1 did not improve the breakaway transition in corrosion of zirconium. An accidental addition 

of stainless steel piece to zircaloy-1 caused the serendipitous discovery of another zirconium alloy, 

zircaloy-2.  This alloy has Fe, Cr and Ni in addition to Sn compared to zircaloy-1.  Sn content was 

reduced from 2.5% to 1.5%.  Zircaloy-2 has good strength as compared to zircaloy-1 and has 

improved corrosion resistance.  Tin is known to be bad element for long time corrosion under 

pressurized water reactor conditions and hence tin content in the alloy had been reduced further to 

0.25% and simultaneously iron content was increased to 0.25%.  This led to the most corrosion 

resistant alloy in the zirconium family and is called zircaloy-3.  However, because of inadequate 

mechanical strength, zircaloy-3 was abandoned.    

The major problems encountered with zirconium alloys is hydrogen embrittlement.    Hydrogen, by 

forming zirconium hydride, affects the mechanical properties.  During the work carried out on the 

eutectic studies of zircaloy-2, it was observed that nickel accelerates the absorption of hydrogen into 
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zirconium.  For achieving higher burn-up of the fuel elements, i.e., longer stay of the reactor 

components in the reactor, it is necessary that more corrosion resistant zirconium alloys have to be 

developed which have low hydrogen absorption [4].  Since zircaloy-2 contains small amount of 

nickel, nickel free alloy with increased iron content (0.05% in zircaloy-2 to 0.24% in the new alloy) 

was developed. This is called zircaloy-4.  This alloy has good steam corrosion resistance, and has an 

added advantage i.e., hydrogen absorption is reduced by 50% compared to zircaloy-2. The data on the 

performance of both zircaloy-2 and zircaloy-4 under reactor operating conditions showed corrosion 

under aggressive conditions and emphasized for the development of a more robust alloy.  Russians 

have  developed new series of zirconium alloys with niobium and have carried out exhaustive studies 

with these alloys.  Zirconium - 2.5% niobium, zirconium - 1% niobium and zirlo are the three 

important alloys.  The primary difference between zirlo and Zr-Nb binary alloys is the presence of tin 

in zirlo.  The presence of tin increases the uniform corrosion of the alloy and provides a more robust 

alloy.  Zirconium – niobium alloys, apart from the better corrosion behavior compared to zircaloy-4, 

have lower absorption of hydrogen, lower dimensional growth and creep resulting in improved 

dimensional stability. 

Oxygen, hydrogen, and nitrogen are dissolved in α phase of zirconium and form interstitial solid 

solution [5]. Oxygen is considered as an alloying element and not an impurity. Tin forms a solid 

solution with zirconium.  Oxygen and tin stabilize α phase.  Iron (< 120 ppm) and chromium (< 200 

ppm) have very little solubility in α phase and hence form precipitates at lower temperatures.   In the 

case of nickel, it forms Zr2Ni as the stable second phase. Niobium has complete range of substitution 

solid solution with zirconium at higher temperatures.  At lower temperatures, α zirconium phase, with 

supersaturated alloy exists.  

Hydrogen is not an alloying element by design.  Its behavior with zirconium is of concern.  It can be 

absorbed in the bulk of the alloy.  Hydrogen will be located at the tetrahedral sites of the h.c.p. 

zirconium matrix up to the solubility limit, above which it precipitates as ZrH1.66. Due to volume 

expansion occurring because of this hydride precipitates, brittle constituent will be formed.   

Contamination of zircaloy with fluoride (F-) react with the major matrix and complexes of Zr-F will 

be formed.  These cause partial dissolution of oxide film facilitating the hydrogen absorption.  The 

presence of nitrogen ion (N3-) leads to higher oxidation rate [6]. Carbon, silicon and phosphorous 

form the respective carbide (ZrC), silicides (Zr3Si, ZrSi2) and phosphides (ZrP, Zr3P) and get 

precipitated as second phase particles (SPP). The oxide layer thickness which acts as a barrier 

between hydrogen and zirconium, decreases with increasing size and chemical composition of SPP 

thus leading to hydriding [7].  
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As one of the major life limiting factors of zirconium alloys is hydriding, various parameters that 

cause the intake of hydrogen and the mechanism of hydriding are discussed below, with reference to 

PHWR coolant channels. 

1.4 Pressurised Heavy Water Reactors [8]: 

PHWRs employ large number of horizontal fuel channel assemblies (> 300) (coolant channels), each 

surrounded by heavy water moderator within the calandria vessel. These pressure tubes / coolant 

channels are supported at its ends by the calandria tube.  The dimensions of the Indian PHWR (220 

MW) Coolant Channels are 5.2 m long x 83 mm inner diameter with 4 – 5 mm thickness.  Inside 

these channels a string of 12 fuel bundles each containing 19 fuel pins, through which pressurized 

heavy water passes, are located.  The inlet and outlet temperatures of coolant are ~290°C and ~315°C   

respectively. The pH value of the coolant is maintained >7 by adding LiOD.  Low pH and pH above 

12 accelerates the general corrosion rate and the oxide layer then peels off. [4]. Hence the pH is 

maintained at ~10.   The pressure tube is rolled at each end into the hub of a stainless steel end 

fittings.  This is connected to feeder pipes through couplings.  The assembly is supported to the 

calandria by end fitting bearings and   spacers called garter springs.  The annulus between the 

calandria tube and the pressure tube is filled with carbon dioxide or nitrogen.   

1.5 Limitations of zirconium alloys: 

When the metal or alloy is put into service, it undergoes the exposure to different environments, 

temperatures and pressures.  Under extreme conditions, the material may fail.  Important corrosion 

problems encountered by zirconium alloys in water cooled reactors are oxidation, hydriding, nodular 

corrosion, stress corrosion cracking and hydride blistering. 

1.5.1 Oxidation of zircaloy: 

Since zircaloy is in contact with water / heavy water at high temperatures, the chemical reaction of 

water with zirconium takes place and zirconium oxide is formed with the liberation of hydrogen as   

Zr + 2H2O   → ZrO2  +  4H 

During the oxidation of zircaloy, tin will preferentially be taken in to oxide layer over the main matrix 

[9].   

1.5.2 Nodular corrosion:  

This refers to the localized formation of white nodules (patches) on the thin black oxide film coated 

on the zircaloy.   The mechanism of nodular corrosion is not well established.  The location on the 

oxide layer wherein the hydrogen atom is produced and is absorbed by the oxide, before hydrogen 

atoms combine to form hydrogen gas, nodular corrosion takes place.  
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1.5.3 Stress corrosion cracking: 

This generally happens due to the pellet to clad mechanical interaction (PCMI).  One of the important 

fission products, iodine, above a certain threshold concentration reacts with zirconium to form 

zirconium iodides, resulting in wakening the zirconium-zirconium bond, thus leading to Stress 

Corrosion Cracking (SCC).  

1.6.1 Hydriding:  

Of all the reasons for failure, hydrogen embrittlement phenomenon constitutes the greatest concern. 

Hydriding depends on the amount of hydrogen left in the material during the fabrication and the pick 

up of hydrogen during the service.  Hydriding occur due to the hydrogen liberated during the 

oxidation, hydrogen gas flushed through the coolant, radiolytic decomposition of water and from the 

impurities present in the annulus gas.   

1.6.2 Delayed hydride cracking:  

This occurs when the hydrogen concentration in zirconium exceeds the terminal solid solubility at the 

specified temperature.  Under high local stress conditions of the zirconium alloy, in the presence of 

hydrogen exceeding the terminal solid solubility of hydrogen, fracture of the hydride takes place.  

From the point of this flaw, more and more hydrogen pick-up takes place.  The above process repeats 

and the flaw grows in a discontinuous mode in steps resulting in cracking after a certain delay time 

from initiation of the flaw.  Hence it is called delayed hydride cracking [10].  Thus DHC is a time-

dependent cracking mechanism based on diffusion of hydrogen in the presence of a tensile stress to 

the tip of a flaw, followed by nucleation, growth and fracture of a brittle hydride phase along 

appropriately oriented crystal planes. Repetition of these processes, aided by a thermal cycle, can lead 

to crack propagation in zirconium alloys. 

1.6.3 Terminal solid solubility: 

Since the hydrogen pickup is responsible for embrittlement and fracture of zirconium, the binary 

phase diagram of zirconium-hydrogen is well studied well over the past five decades or more [11]. 

The solubility of hydrogen in zirconium follows the Sieverts law.  The limiting solubility of hydrogen 

in zirconium at any temperature is called terminal solid solubility. It is < 1 ppmw at room temperature   
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Fig. 1. Calculated phase diagram of the binary H–Zr system 

(as given by N. Dupin, I. Ansara, C. Servant, C. Toffolon, C. Lemaignan and J. C. Brachet, Journal of  

Nuclear Materials, Vol 275 (1999) 287.) 

 

and ~ 60 ppmw at 300°C.  Above these levels of hydrogen zirconium hydride gets precipitated, which 

is brittle in nature.  Hence even small concentrations of hydrogen above its solubility limits 

potentially have deleterious effect on the integrity of zirconium alloy.                                   

Hydride will precipitate either as plates or needles with three types of structures i) γ-hydride (ZrH), ii) 

δ-hydride (ZrH1.6) and iii. ε-hydride (ZrH2).  Due to the fact that the hydrides have a different 

structure and mechanical properties than zirconium, the hydrides have an embrittling effect on 

zirconium alloys.  The maximum acceptable amount of hydrogen depends on the temperature of the 

zicaloy subjected to.   

1.6.4 Hydride blistering:  

Hydrogen ingress in zircaloy is driven to the weak spot under the action of thermal (prefer the lower 

temperatures), stress (prefer the high stressed areas) and concentration (migrates from higher to 

lower) gradients.  If the hydrogen concentration exceeds terminal solid solubility, the hydrides will be 

thick and there is tendency for the hydride agglomerations formation.  These are hydride blisters.  

1.7 Hydrogen migration: (axial and radial):  

Zircaloy, after absorbing hydrogen forms zirconium hydride.  Hydrogen migrates from one region of 

pressure tube to the other, in both the directions viz., axial and radial, under temperature gradient.  It 

moves from higher temperature regions to the relatively colder parts. As has been discussed earlier, 

the pressure tubes are surrounded by colder calandria tube.  Pressure tubes are located in specified 

positions and are separated from one another and from the calandria tube by means of garter springs.  

During the operation of the reactor, the pressure tubes undergo corrosion and hydrogen pick-up.  Due 

to the restraint at the ends and the load due to fuel bundles, the coolant channels sag.  If the garter 

springs are slightly dislocated from the original place, the pressure tube may come in physical contact 
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with the calandria tube (PT-CT contact) leading to reduction in PT-CT gap. At the point of contact 

and lower PT-CT gap the outside surface of the pressure tube will be at relatively low temperature 

(cold spot). This leads to temperature gradient and results in migration of hydrogen to the cold spot. 

Hydrogen accumulation at this point may lead to zirconium hydride blister which grows and cracks. 

This is axial distribution of hydrogen in the coolant channel.  Similarly, hydrogen may migrate from 

inner surface to the outer surface where the temperature is relatively lower [12]. This is called the 

depth profile of hydrogen in zircaloy coolant channel.    

1.8 The first ever zircaloy-2 pressure tube failure:  

Failure of channel G16 of Ontario Hydro’s Pickering Unit 2 occurred on August 1, 1983. On 

examination of the cracked pressure tube after its removal showed that the crack was located at the 

bottom of the pressure tube and a number of white blister like patches were visible near the crack.  

These were subsequently found to be massive zirconium hydride precipitates [8].   

Hydrogen uptake from the surrounding environment during the operation of the reactor was identified 

as the precursor leading ultimately in the the pressure tube failure.  From that time onwards lot of 

work has been carried out through out the world in this respect.   

Zirconium alloy is used both as clad and coolant channel material. Hydrogen ingress in the clad is not 

of concern since fuel, along with the clad, is replaced after attaining the maximum expected burn up. 

Since the coolant channel stays for maximum permissible time in the reactor, for economical reasons, 

it is essential to know HEq at regular time intervals, as the life of coolant channel is also dictated by 

the extent of hydride/deuteride formation.    

1.9.1 Source for hydrogen/deuterium:  

Before discussing about the mechanism of hydrogen pick-up, it is of importance to ascertain the 

various sources for hydrogen ingress.  These are: 

i. Coolant is heavy water under high pressure and temperature.  pH of this is maintained at ~ 10 

by adding LiOD.  Deuterium liberated due to the oxidation reaction, Zr + 2D2O   →  ZrO2  +  

4D may be absorbed by zirconium. 

ii. For controlling the oxygen content that arises due to the radiolytic decomposition of D2O, 

deuterium gas (~ 10 cc D2 per kg of coolant) is passed through, which may contribute to the 

deuterium ingress. 

iii. The annulus gas is either CO2 or N2.  Since nitrogen under reactor operating conditions form 

radioactive 14C, due to (n, p) reaction, CO2 is preferred as annulus gas. Hydrogen impurity 

present in the annulus gas is also a source. 

iv. Ingress from the end fittings and the rolled joints of the coolant channels due to the galvanic 

coupling.   
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1.9.2 Hydrogen equivalent (HEq):   

Both hydrogen and deuterium ingress in zircaloy and cause damage to the alloy.  Therefore, the 

concentrations of both have to be known.  The conventional notions of presenting the concentration 

of an element in the matrix are  

i. atom percentage and 

ii. weight percentage. 

The difference between the two may be examined by taking the example of ZrH2, ZrHD and ZrD2.  

Hydrogen and deuterium are two isotopes.  Therefore only the physical properties vary while the 

chemical properties remain same.  The atom ratios of zirconium, hydrogen and deuterium are 1:2:0;  

1:1:1 and 1:0:2 respectively in the above hydride/deuterides.  The weight percentages depend on the 

atomic weights of zirconium, hydrogen and deuterium.  The average atomic weight of zirconium, 

hydrogen and deuterium are 91.3, 1 and 2 respectively. The weight percentages of zirconium, 

hydrogen and deuterium are 97.86,2.14,0; 96.82,1.06,2.12 and 95.8,0,4.20 respectively.  The 

metallurgical properties of zirconium matrix depend on the extent of the total hydrogen species 

present as zirconium hydride/deuteride, since effect of both hydrogen and deuterium in the Zr-H/D is 

same.  Therefore it is convenient to express both hydrogen and deuterium as hydrogen equivalent 

(HEq).  HEq is given as H + D/2 if both hydrogen and deuterium concentration was expressed in 

weight% (since the atomic weights of hydrogen and deuterium are 1 and 2 respectively).  .  

1.9.3 Mechanism of hydrogen take up: 

Hydrogen ingress will be higher at the rolled joints and welds with the end fittings.  This is due to the 

galvanic couple between two different materials. The ingress is caused due to damage in the 

protective surface oxide layer.  This is a special case of hydrogen ingress.   

Detailed studies were carried out by Shah et al. on the hydriding of zirconium in water which is 

flushed with tritium [13]. It was observed that no tritium was tied up with zirconium.  From these 

studies it was concluded that dissolved hydrogen will not be picked up by zirconium and it is only the 

free radical or hydrogen atom that attacks zirconium.  Therefore deuterium gas used for controlling 

the oxygen content arising due to the decomposition of D2O and the trace hydrogen impurities present 

in the annulus gas will not contribute for the hydride formation. 

Due to large affinity of oxygen with zirconium, a thin layer of oxide is formed over zircaloy even at 

room temperatures.  There are three sub-oxides, Zr2O, ZrO and Zr2O3 which are accompanied with 

ZrO2.  This protective oxide acts as barrier between zirconium and hydrogen, for hydrogen ingress 

controlling the entry of hydrogen, thus preventing hydride formation.  Hence, to minimize the hydride 

formation, zirconium alloys are coated with thin film of oxide.   
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Hydrogen can enter through the oxide film only if it is damaged or degraded.  Inside the surface of 

coolant channel, the corrosion reaction is Zr + 2D2O → ZrO2 + 4D.  Most of the deuterium produced 

combines to form D2 gas, and is released into coolant.  Only a small portion of it (2-10%) is absorbed 

by the zirconium metal.  Over a time the deuterium concentration increases and high levels of 

deuterium will lead to deleterious effects.  They affect the mechanical properties, and if the deuterium 

content exceeds the terminal solid solubility in the zirconium alloy, brittle deuterides will precipitate 

and lead to delayed deuteride cracking, deuteride blister formation and finally pose problem to wards 

the end of life of the pressure tube.   

The transport mechanism of hydrogen through the oxide layer is not fully known.  Different 

hypotheses have been proposed for hydrogen ingress.   

Based on the results of corrosion of zirconium, Kuwae et al [14] suggested the following mechanism 

for corrosion: water is dissociated on the surface of the metals during oxidation and O2- ions are 

formed.  These ions diffuse through the oxide film.  These O2- ions react with zirconium at the metal-

oxide interface and electrons are produced.  Since ZrO2 has low electrical conductivity, migration of 

protons takes place in preference to electrons.  These protons form hydrogen atoms and then 

hydrogen gas at the metal-oxide interface.  When the pressure of hydrogen gas exceeds the 

mechanical strength of ZrO2, the oxide layer brakes.  Zirconium metal will then be exposed to 

hydrogen free radicals/ hydrogen atoms.  They react and form zirconium hydride. 

As discussed earlier, during the corrosion of zirconium by water, hydrogen is released as  

2H2O + Zr → ZrO2 + 4H 

4H + 2Zr → 2 ZrH2 

Hydrogen pick up in zircaloy can be related to the time and temperature according to the Arhenius 

equation  

[H2] = A.t. e –(Q/kT)  

where t is the time, T is temperature, Q is activation energy and k is Boltzman constant.   

Kearns [15] studied the terminal solid solubility (TSS) of hydrogen in α zirconium and expressed the 

solubility of hydrogen, CH, as  

CH = 9.9x104  e (-8250/RT) ppm 

The TSS of hydrogen increases with small additions of oxygen [16], which may be due to the 

hydrogen trapping by the oxygen atom. The solubility of hydrogen in the oxide films is low and 

decreases with temperature [17,18].   

Berry et al [19] studied the hydrogen absorption by zirconium binary alloys.  They reported that tin 

has no effect and iron and chromium reduce while nickel increases the hydrogen absorption. Kass and 
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Kirk have made detailed investigations on the effect of nickel on the absorption of hydrogen with 

similar conclusions [20]. 

In Hillner’s model [21] of hydrogen absorption, anion vacancies occur at the metal-oxide interface 

since zirconium has high affinity for oxygen.  Oxygen atoms in the oxide jump to an interstitial 

position in the underlying metal, thus forming oxygen vacancies.  Due to jumping of oxygen inside, 

anion vacancy gradient is established.  Water molecule on dissociation gives  

H2O → 2H+ + O2-. 

Hydrogen ions will be neutralized by electrons  

H+ + e- → Ho. 

The hydrogen atoms formed may recombine to form hydrogen gas (H2) or enter the oxide through the 

anion vacancy. The hydrogen atom at the anion vacancy diffuses through the oxide to the metal by 

jumping from one anion vacancy to the other anion vacancy. 

Cox proposed [22,23] that small cracks and pores in the oxide layer act as the route for hydrogen 

ingress.   

Radiolytic decomposition of water takes place under the operating conditions of reactor and mainly 

the following two reactions take place 

H2O → H+ + OH- 

or 2H2O → H2 + H2O2 

When the oxide layer cracks or pores are formed, the radiolysis within the pores could result in and 

cause hydride formation. 

According to Cox [24] ZrO2 takes H2O to form (ZrOH)n, as per the reaction 

ZrO2 + nH2O → (ZrOH)n  + OH- 

at the surface of metal.  This OH- leads to crack and its propagation.  (ZrOH)n further reacts with the 

O2
- produced by radiolysis. Hydrogen from OH- will diffuse to the metal-oxide interface and form 

metal hydride. 

Oxide layer will generally grow uniformly if enough hydrogen is present to suppress radiolysis of 

water.  However when the oxide thickness increases more than 100μm, delamination and spalling 

occur [25].  

Irrespective of the mechanism suggested by several authors, hydride formation occurs by the 

penetration of hydrogen through oxide layer.  Corrosion (oxidation) and the hydrogen absorption of 

zircaloy are very closely related to each other due to the fact that during corrosion process hydrogen 

is released from water.  Therefore if corrosion is minimized automatically the hydriding also 

decreases [4]. 
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Department of Atomic Energy, India, has carried out extensive work in the field of zirconium alloys 

starting from mining to the production of various zirconium based alloys, minimization of  the 

residual hydrogen content in these alloys [26], studies to understand  various parameters   affecting 

the life of these alloys,  hydride induced embrittlement of zirconium alloy pressure tubes  [27] 

development and attaining expertise in Non Destructive Testing for the determination of the presence 

or absence of flaws in the component [28-30].  If flaw exists in the material, by the combination of 

various Non-Destructive Testing Techniques it is characterized with respect to location, size, 

orientation, shape and nature. Post irradiation examinations of Zr-2.5% Nb alloy pressure tubes for 

various physical parameters were carried out by Sah et.al. [31]. Hydrogen concentration (HYCON) 

for hydrogen pick-up by the PHWR coolant channels is theoretically evaluated considering various 

degradation mechanisms [32]. This data is validated by the experimentally determined hydrogen 

equivalent in several irradiated coolant channels. 

1.10 Sampling:  

The economy of the reactor depends on the life of various components employed.  As discussed 

above, one of the life limiting factors of the coolant channels is hydrogen/deuterium pick-up.  For the 

precise and accurate determination of hydrogen and deuterium independently in the channels, 

destructive methods are ideal.  Sampling is an important criteria for any analytical technique for 

adoption on a regular basis.  Without disturbing the integrity of the coolant channel, sampling has to 

be carried out. Hydrogen and deuterium ingress occurs through the oxide layer and on the oxide layer 

hydrogen and deuterium will be present as (ZrOH/D)n.  Therefore, if the sample is taken from the 

oxide layer, the hydrogen and deuterium content will not give the correct picture about their content 

in the zirconium matrix.  Hence the oxide layer has to be removed prior to the actual sampling.  With 

this in view, a sampling device has been developed by Reactor Engineering Division, BARC.  

Employing the device, the oxide layer is first removed by scrapping and then a sliver sample below 

this oxide layer, weighing about 50 to 100 mg is taken.  The complete operation is generally carried 

out in either dry or wet operating condition.  In dry sampling methods, usually high purity and dry 

helium gas is flushed.  In Indian reactors, either pure H2O or D2O and dry H2 or D2 gases are flushed 

through the coolant channels during the sampling.  During the sampling, due to the heat liberated, 

hydrogen and or deuterium will be picked-up by the coolant channels.  When such samples are 

analysed for the respective hydrogen and deuterium contents, they give higher values.  In order to 

check and incorporate the correction (H/Dmeasured = H/Dservice + H/Dscraping) for  the pickup of hydrogen 

and or deuterium during sampling, a number of mock up experiments were carried out on sampling 

from virgin coolant channels under above environmental conditions, by Reactor Engineering Division 

of BARC. These samples have to be analysed for hydrogen and deuterium content to arrive at the 
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correction, H/Dscraping.  If any coolant channel is removed from the reactor, the channel may be cut 

into pieces and bulk samples will be available for analysis.  

The sliver and bulk samples employed for the determination of hydrogen and deuterium contents will 

have high β and γ dose.  The source for the high dose is the long exposure of the coolant channels to 

very high neutron flux.   

1.11 Different activation products of zircaloy: 

Zirconium has five stable isotopes.  The atom % abundance and thermal neutron absorption cross 

sections respectively are 90Zr (52, 0.014), 91Zr (11, 1.2), 92Zr (17, 0.2), 94Zr (17, 0.049) and 96Zr (3, 

0.020).  92Zr on absorption of neutron gives 93Zr which is β active and gives stable 93Nb.  Its half life 

is 1.5x106 years.  94Zr, on irradiation results in a β active 95Zr, whose half life is 64 days.  This on 

decay gives 95Nb, a β active element with half life 35 days and ultimately gives stable 95Mo.  

Similarly 96Zr gives 97Zr (β active with half life 17 hours) and 97Nb (β active with half life 74 minutes) 

and ultimately stable 97Mo.  The main alloying element Sn has ten stable isotopes.  120Sn (32.6, 

0.001), 122Sn (4.6, 0.15) and 124Sn (5.8, 0.13) are of concern since they give β active elements.  The 

decay products are  
120Sn (n,γ) → 121Sn (β, t1/2 = 27 h) → 121Sb (stable) 
122Sn (n,γ) → 123Sn (β, t1/2 = 129 d) → 123Sb (stable) 
124Sn (n,γ) → 125Sn (β, t1/2 = 9.6 d) → 125Sb (β, t1/2 = 2.77 a) → 125Te (stable). 

Similarly, 59Co whose abundance is 100% gives β active 60Co with t1/2 = 5.3 a. 

Thus irradiated zircaloy will have high β and γ dose. 
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PART II: DIFFERENT METHODS FOR HYDROGEN AND DEUTERIUM 

DETERMINATION: 

2. Determination of Hydrogen and Deuterium in zircaloy samples: 

Having discussed in detail about the intricacies of hydrogen absorption by zirconium based alloys 

which results in eventual embrittlement, it is of significance to study various methodologies for the 

determination of hydrogen and its isotope (deuterium) in zirconium based alloys, in arriving at and 

assessing the life of PHWR coolant channels.    

The determination of the hydrogen and deuterium in zirconium alloys is an issue of persisting interest 

for the application of the zirconium technology to the zirconium base components of Nuclear Power 

Plants. That is because the integrity of these components can be severely affected by the precipitation 

of zirconium hydride / deuteride, a brittle phase of the zirconium-hydrogen / deuterium system. 

Though the initial hydrogen content in zircaloy is maintained less than 5 ppm, these components later 

pickup additional hydrogen and deuterium during reactor operation. Therefore its monitoring at 

regular time intervals is required as a part of ageing management of zirconium alloy components. 

Differential Scanning Calorimetry (DSC), Inert Gas Fusion (IGF), nuclear techniques, Spark Source 

Mass Spectrometry (SSMS) and Hot Vacuum Extraction - Quadrupole Mass Spectrometry (HVE - 

QMS) are employed for the determination of hydrogen.  Brief discussion about the methodology and 

pros and cons of each technique is given below. 

2.1 Differential Scanning Calorimetry (DSC): 

DSC is a non destructive technique.  It is based on the functional relationship between the hydride 

dissolution temperature and hydride content in the matrix. It is well established fact that the Terminal 

Solid Solubility for hydride Precipitation (TSSP) during cooling down is higher than the Terminal 

Solid Solubility during Dissolution (TSSD) when the specimen is heated. Furthermore it has been 

observed that the TSSD values are very close to the thermodynamic equilibrium values. The 

reproducibility of the technique is good and the average values for different series agree within the 

experimental error. The standard dispersions are low and variance analysis indicates that the values of 

TSSD and TSSP do not depend on the heating and cooling rates. As mentioned above, the 

determination of hydrogen by DSC depends on the heat of dissolution of zirconium hydride in the 

zirconium matrix.  The solubility of hydrogen in zirconium depends on the temperature.  The 

Terminal Solid Solubility (TSS) and the temperature are related by the Arhenius equation 

TSS = A e-Q/RT 

The temperature at which zirconium hydride completely goes in to solution is a measure of hydrogen 

content.  The process of dissolution is monitored by DSC.  In a typical analysis for the determination 

of TSS, known amount of sample is sand-witched in high purity tin cup and lid.  Similarly a reference 
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is also prepared.  Both sample and reference are placed over two identical metal pans of the DSC 

system.  The pans are provided with independent thermocouples and heaters.  The entire sample 

arrangement is flushed with dry and high purity argon gas.  The temperature of both reference and 

sample are increased / decreased by uniform heat flow.  During heating / cooling the sample may 

undergo physical or chemical changes.  In the zirconium alloy samples, dissolution / precipitation of 

zirconium hydride in zirconium matrix takes place, which is an endothermic / exothermic reaction, 

resulting in cooling / heating in the sample. The temperature of both sample and reference are 

maintained same by the supported heaters electronically.  A typical DSC curve between the heat flow 

and time is shown in figure-2. In this figure T1 corresponds to the terminal solid solubility in 

dissolution (TSSD), T2 corresponds to the end of effect of phase transformation on heat flow [33].   

The derivative of the DSC plot gives a point of inflexion corresponding to the complete dissolution / 

precipitation of zirconium hydride, T3.  This point of inflexion is a measure of hydrogen content.  A 

linear calibration plot is constructed, by analyzing several zirconium alloy samples containing known 

amount of hydrogen (hydrogen standards), between the inverse of T3 and log [amount of hydrogen 

present in the sample].  The amount of hydrogen in the unknown sample is computed from the DSC 

run and the point of inflexion.   

DSC has the added advantage that it will detect only the hydride / deuteride.  However the difference 

between the enthalpy of dissolution of zirconium hydride and zirconium deuteride is so small that 

DSC cannot distinguish between hydride and deuteride.  

 

 
Fig. 2 Typical DSC plot for  determination of hydrogen in zirconium alloys 
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2.2 Inert Gas Fusion (IGF) 

The commercially available and dedicated equipments based on Inert Gas Fusion - Thermal 

Conductivity Detection are widely employed for the determination of hydrogen in metals.  The 

analysis is very fast.  Advantages and the shortfalls of the method are discussed in experimental and 

discussion part.  

However isotopic information on hydrogen cannot be arrived at employing the above methodologies.   

Only methods employing nuclear techniques and mass spectrometry can give the estimation of 

hydrogen and deuterium content separately. 

2.3 Nuclear techniques 

Nuclear techniques are non destructive and by far the most sensitive of all the methods available for 

hydrogen determination.  Nuclear techniques have an added advantage that they are not dependent on 

the chemical nature / bond and the matrix. Lanford [34] has published an excellent review on the 

analysis for hydrogen by nuclear reaction and energy recoil detection,  in which the use of MeV ion 

beams to measure hydrogen concentration profiles have been reviewed. Generally nuclear techniques 

fall into two categories viz. nuclear reaction analysis (NRA) and energy recoil detection (ERD).     

2.3.1 Nuclear reaction analysis (NRA):  

In the NRA sample containing hydrogen (target) is bombarded with high energy ions.  Prompt 

gammas emitted by nuclear reaction are monitored by suitable detector.  Most common nuclear 

reactions applied for hydrogen determination and the signal detected are given below. 
1H + 19F → 4He + 16O + γ ray (γ ray monitoring) 
1H + 15N → 4He + 12C + γ ray (γ ray monitoring) 
1H + 7Li → 4He + 4He + γ ray (γ ray monitoring / 4He monitoring) 

Deuterium content in zircaloy can also be determined by the following nuclear reaction [35] 

D (3He,p) → 4He. 

However the requirement of accelerators or other ion beam sources is not always possible to realize.   

2.3.2 Energy recoil detection (ERD) 

Cohen and coworkers [36] described a method for hydrogen profiling in thick ( ∼ 100 μm) foil.  In 

this methodology the target was bombarded with protons (17 MeV) and the incident and recoil proton 

are detected in coincidence by two detectors at plus and minus 45° to the beam direction.  For every 

proton detected on one detector which comes from an elastic scattering from hydrogen in the target 

there must be a proton also detected in coincidence in the other detector. Hence, there must be two 

protons detected simultaneously in the two detectors.  The depth profile depends on the total energy 

lost in the target.  The energy detected in both detectors is summed. The highest energy events 

observed comes from scattering at the back edge of the foil and the lowest energy events come from 
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scattering at the front side. The advantage of this method is high sensitivity and detection well below 

1 ppm. The disadvantage of this method is that it requires samples in thin film form enough to 

transmit the protons.  If the thickness is higher, high energy protons have to be employed. 

2.3.3 Rutherford backscattering:  

In ion beam analytical techniques Rutherford backscattering spectrometry is the most versatile and 

widely employed one [37].  The methodology involves the measurement of energy and yield of 

backscattered ions.  The ratio of energy of the ion backscattered from the target atom to the incident 

beam energy is a function of the masses of the projectile and the target.  The technique is less 

sensitive to low mass elements and more sensitive to high mass elements.  However, with limitations, 

this method can be employed for estimation and depth profile of H/D content in Zr samples.   

2.4 Spark Source Mass Spectrometry (SSMS): 

Ramakumar et al. [38] have successfully developed and demonstrated application of spark source 

mass spectrometry (SSMS) technique for the determination of hydrogen and deuterium present in the 

zircaloy samples, by two-level exposure technique.  Despite some limitations, SSMS with 

conventional photo plate detection system can still be considered as an attractive solid sample 

analysis technique. In the two-level exposure technique, the photo plate is exposed at two different 

magnetic field settings. One longitudinal half is exposed to cover the m/z values from 6 to 240 and 

the other half is exposed to cover the mass range from m/z 1 to 30 by varying the electronics 

accordingly. Hydrogen is determined with respect to an internal reference material (IRM).   Either 

nitrogen, carbon or even a multiply charged Zr+n mass peak can be chosen as internal reference 

material and the results for hydrogen and deuterium were computed.  This two-level exposure 

technique was successfully employed for the analysis of a failed zircaloy clad sample.   

2.5 Hot Vacuum Extraction: 

Development and application of hot vacuum extraction methodology for hydrogen in zirconium 

alloys dates back to 1953 wherein Mc Geary [39] reported the determination of hydrogen from 

zircaloy. This technique has minimum blank and no other material is added to get the hydrogen 

released from the sample. 

Raaphorst and Kout [40] have first time employed vacuum extraction coupled with mass 

spectrometry for the determination of hydrogen and deuterium in zircaloy. The methodology involves 

heating the sample to 1000 – 1100° C and extraction of gases released into known volume by 

mercury diffusion pump, measurement of the pressure exerted by Penning Gauge and the composition 

by mass spectrometry. Both irradiated and un-irradiated zircaloy cladding materials were analysed for 

their hydrogen and deuterium content.   
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PART III. INVESTIGATIONS CARRIED OUT IN RADIOANALYTICAL CHEMISTRY 

DIVISION 

3.1 Inert Gas Fusion (IGF): 

3.1.1: Methodology:  

Inert Gas Fusion – Thermal Conductivity Detection (IGF – TCD) methodology involves fusion of the 

sample in a graphite crucible in presence of tin as flux, under flowing inert gas atmosphere (argon) at 

about 2000° C.  Hydrogen, in whatever form it may be, is released as H2.  Nitrogen and oxygen 

present in the sample, in all the forms, are released as N2 and CO.  Carbon monoxide is selectively 

oxidized to carbon dioxide at room temperature by Schutze reagent (I2O5).  Caron dioxide is trapped 

by ascarite (NaOH) and anhydrone (anhydrous magnesium perchlorate).  Hydrogen and nitrogen are 

separated by zeolite gas chromatography column.  Hydrogen being lighter gas comes out first.  It is 

detected by thermal conductivity detector.  Thermal conductivity cell has the ability to detect the 

difference in the thermal conductivity of the reference and measure gas.   

3.1.2 Correction factor:  

In the sample, if other isotopes of hydrogen are also present, the instrument gives erroneous results.  

Since the TCD depends on the thermal conductivity difference between the reference and sample (for 

hydrogen kH = 44; for deuterium kD = 33 and for argon kAr = 4 (X105Cal/cm/sec/°C), if the sample 

contains mixture of hydrogen and deuterium, the effective thermal conductivity will be between 44 

and 33 (x105Cal/cm/sec/°C) depending on its composition.  If Tc is the true total molar amounts of 

hydrogen and deuterium and the mole fraction of deuterium (XD) then the concentrations of hydrogen 

and deuterium can be expressed as  

[D2] = Tc . XD   

[H2] = Tc . (1 - XD)   

The relation between the observed concentration of hydrogen and deuterium together ([H+D]obs) and 

the mole fraction of deuterium (XD) can be expressed as  

[H+D]obs = Tc . (1-XD) + (Tc . XD) . {(kD – kAr)/ 2(kH – kAr)} 

The factor 2 in the denominator of the above expression is due to the fact that the commercial 

equipment assumes all the gas is only hydrogen whose molecular weight is 2.  However in the actual 

run, there exists deuterium along with hydrogen.  Therefore, in calculating the weight percentage of 

hydrogen and deuterium both, the presence of deuterium whose molecular weight is 4 has also to be 

accounted.   Depending on the mole fraction of deuterium (XD) the effective molecular weight will be 

between 2 and 4 leading to further low value. In other words, the value obtained by IGF will be less 

than what it would be.  Necessary correction has to be incorporated.  The correction factors were 
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theoretically calculated [41] over the entire range of compositions of pure hydrogen and deuterium.  

The correction factor (CF) is derived from the above expression as  

CF = 2/(2-1.27365 XD) 

The correction factors ranges from 1 (with 100% hydrogen) to 2.75 with 100% deuterium.  Hydrogen 

values obtained by inert gas fusion technique have to be multiplied with the appropriate correction 

factor for attaining the true value.  However, for applying the correction factor, the isotopic 

composition should be known.  

3.1.3: Analysis of samples:  

A few zircaloy samples containing both hydrogen and deuterium were first analysed by HVE-QMS 

system for its hydrogen, deuterium, the isotopic composition and HEq.  Fresh aliquots of the same 

samples were then analysed by IGF-TCD.  Using the isotopic composition of hydrogen and deuterium 

in the samples obtained by HVE-QMS system, the correction factor (CF) is theoretically calculated.  

The corrected hydrogen equivalent (HEq) is computed from this data.   

Typical results obtained on the analysis of a few zircaloy-2 samples for the total HEq content by IGF-

TCD are given below. 

Table 1. Comparision of IGF- TCD and HVE-QMS after employing correction factors for TCD. 

Sample 

no 

Correction Factor 

(CF)(obtained by 

theoretical calculation) 

[H2] +[D2] as 

obtained by 

IGF-TCD 

[H2] + [D2] as 

obtained by 

HVE – QMS 

technique 

[H2] + [D2] as 

obtained by 

IGF-TCD after 

applying CF 

1 2.683 81 217 217.3 

2 1.955 61 119 119.3 

3 1.553 28 44 43.4 

4 1.217 28 34 34.1 

5 1.086 27 29 29.3 

6 1.146 13 15 14.9 

7 1.136 16 18 18.1 

8 1.123 13 15 14.6 

 

It can be seen from the table that after incorporating the necessary correction factor, the [H2] + [D2] 

values obtained by both the methods agreed well. 

3.2 Hot Vacuum Extraction – Quadrupole Mass Spectrometry (HVE-QMS): 

As discussed earlier, It is all the more necessary to maintain the integrity of the coolant channel even 

after taking out some sample for the analysis.  Hence only very small quantity of sliver sample (∼ 10 - 
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20 mg of zircaloy) will be available for the analysis.  Inert gas fusion cannot be employed mainly due 

to two reasons viz., low level sample size and even for applying the correction factor to arrive at HEq 

one more aliquot of the same sample has to be analysed for the isotopic composition. Differential 

scanning calorimetry has also limited applications for the determination of individual isotopic 

concentrations. Nuclear techniques involving neutron scattering or heavy ion induced reactions are 

time consuming and cannot be applied for routine analysis. With this in background a hot vacuum 

extraction – quadrupole mass spectrometry (HVE – QMS) technique has been visualised, designed, 

developed and optimised in our laboratory [42].   

3.2.1 Description of equipment:   

The equipment is essentially an high vacuum system made out of high quality stainless steel with 

NWCF type joints and all metal valves. Schematic diagram of the system is shown in figure-3.  The 
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 Fig.3 HVE-QMS system 

DP: Mercury Diffusion Pump; EP: Mercury Ejector Pump; TMP: Turbomolecular Pump; RP: Rotary 

Pump; V: Valve; LV: Leak Valve; MC: McLeod Gauge; EV: Extra Volume; LN: Liquid Nitrogen 

Trap; F: Resistance Furnace; QMS: Quadrupole Mass Spectrometer; PC: Personal Computer; PR: 

Printer. 

 

system has a quartz reaction tube to contain the sample, a resistance furnace to heat the sample to 

required temperature, a mercury diffusion pumping system to evacuate the system, a mercury ejector 

pump to extract the gases, liquid nitrogen trap to condense the condensable gases, a pre calibrated 
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volume in to which the gases are extracted, a McLeod gauge to measure the pressure accurately, a 

quadrupole mass spectrometer to identify the gas composition, a turbo molecular pumping station to 

evacuate the mass analyser and a personal computer to store the data and to compute the results 

employing a off-line program. 

3.2.2 Procedure:  

The sample weighing about 10 mg is taken in quartz tube.  Initial evacuation is carried out with a 

rotary pump.  Then the entire system is evacuated to a vacuum better than a 10-6 mbar.  The quartz 

tube, along with sample, is heated by a resistance furnace employing a temperature programmer.  

Degassing of the sample is carried out at 1000 C and 4000 C for removing moisture and surface 

contamination of organic materials.  The outlet valve at the quartz tube end is closed and the 

temperature is slowly raised at the rate of 100 C/min to 10500 C and maintained at this temperature for 

15 minutes.  The valve is then opened and the evolved gases are extracted into a known volume, by 

an ejector pump through liquid nitrogen trap for condensing the condensable gases.  Pressure exerted 

by these non-condensable gases is measured by employing a McLeod gauge.  The gases are then fed 

to on line quadrupole mass spectrometer through a micro leak valve.  The resolution of the masses 

was shown in Fig.4.  Peak intensities are monitored at m/z =1, 2, 3, 4, 18, 28, 32 and 44 

corresponding to H+, H2
+ / D+, HD+ , D2

+ ,  H2O+, CO+ /  N2
+, O2

+ and CO2
+ respectively.  A typical 

spectrum in bar graph mode is given in Figure-5.  The total pressure due to all the evolved gases and 

all the individual ion intensities have been considered in arriving at the concentrations of hydrogen 

and deuterium.  

 
Fig. 4. Typical mass spectra in analogue mode. 
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Fig.5 Typical mass spectra in bar graph mode. 

3.2.3 Cleaning of the samples:  

All the standards, bulk and sliver samples and mock-up samples were cleaned with high pure carbon 

tetrachloride in an ultrasonic cleaner to remove the contamination with oil and loose particles.  They 

are air dried prior to the analysis. 
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4 Results and Discussion: 

4.1 Significance of HVE-QMS:  

The limitations of other methodologies and the necessity to develop HVE-QMS have been discussed in 

section 3.2. Hence, for the determination of hydrogen and deuterium content at very low amounts in 

zirconium alloy, a hot vacuum extraction technique has been developed in our laboratory.  Hot Vacuum 

Extraction cum Quadrupole Mass Spectrometric equipment is essentially an ultra high vacuum system 

was fabricated. Since the system should be free from any contamination from hydrogenous materials only 

mercury diffusion pumps are incorporated in the unit.  As the amount of hydrogen and deuterium contents 

are very small and any leak in the system leads to highly erroneous results, the complete system is 

fabricated employing all metal valves and NWCF flanges.  The computation of hydrogen and deuterium 

content are based on the volume of the system into which the gases are extracted, pressure and the gas 

composition, employing gas laws.  The volume of the system is arrived at by expanding dry nitrogen gas 

of known volume (measured by weight method after filling it with distilled water) and pressure into the 

entire volume and measuring the pressure.  For precise and accurate pressure measurement an absolute 

pressure measurement device, i.e. a McLeod gauge is employed.  To optimise the conditions for 

quantitative release of hydrogen a number of experiments were carried out by varying the experimental 

conditions on Titanium based steel standards (28±5ppm) and zircaloy standards (35±5 ppm). 

4.2 Qualification of Ejector Pump in Hot vacuum Extraction for the determination of Hydrogen: 

A set of experiments were carried out using above standards at 1050°C. The pressure exerted was 

measured employing a McLeod gauge. The amount of hydrogen is calculated from the pressure and the 

volume of the system employing gas laws.  It was found to be 6.5 ppm and 2.3 ppm respectively which 

amounts to 23% and 6% recovery. The reason for lower recovery is due to the existence of an equilibrium 

pressure of hydrogen released from the sample over the condensed phase. The relatively higher recovery 

in steel may be due to lower activity of titanium in steel.  Raaphorst and Kout [40] have reported that the 

equilibrium hydrogen pressure over zirconium containing 1 ppm of hydrogen is 4 X 10-7 torr and 1.2 X 

10-6 torr respectively at 600 and 700° C.  Therefore it is essential to maintain the pressure of the 

surroundings less than this pressure at these temperatures for quantitative removal of hydrogen from 

matrix.  If the hydrogen content is high, relatively higher volumes have to be chosen to remove hydrogen 

from the matrix to this extent.   

4.3  Quantitative extraction / release of hydrogen:  

It can be achieved by removal of the hydrogen released from the reaction  

2 ZrH2  →  4 H + 2 Zr 

either by chemical or mechanical means.  Initial experiments were carried out by chemical means wherein 

palladium metal is employed for the absorption of hydrogen released from the sample.  This is heated to 
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liberate the absorbed hydrogen.  In the later studies, we have chosen mechanical means and a mercury 

ejector pump has been incorporated in the system. To evaluate the working of this ejector pump, set of 

experiments were carried out under identical conditions except the inclusion of an ejector pump. 

Hydrogen content was calculated for both steel standards and zircaloy standards. The recovery was found 

to be quantitative and gave 28±2 ppm and 36±2 ppm respectively. This can be explained based on Le 

Chatlier principle.  Hydrogen is continuously removed from the condensed phase by the ejector pump and 

the equilibrium is disturbed leading the reaction to completion in the forward direction as mentioned in 

above equation. These studies show that ejector pump is an important constituent of Hot Vacuum 

Extraction system. 

4.4.1 Determination of hydrogen and deuterium in its mixture by quadupole mass spectrometry 

From the investigations made on several samples, it was observed that the main constituents of the gases 

released from zircaloy employing hot vacuum extraction method are hydrogen and deuterium (> 99%) 

only.  Therefore if the zircaloy sample contains only hydrogen, hot vacuum extraction employing ejector 

pump is adequate. However, if the sample contains deuterium too, as in the present case, for finding out 

the composition a mass spectrometer has to be incorporated in to the system.   

4.4.2 Equilibrium:  

In the samples containing deuterium along with hydrogen, there exists equilibrium between hydrogen 

and deuterium as  

    H2 + D2  =   2 HD 

Hence isotopic composition of hydrogen and deuterium depends on the concentration / peak 

intensities at mass nos. 2, 3 and 4.  Steflea et.al. [43] have therefore employed a mass spectrometer 

with three collector system corresponding to masses 2, 3 and 4 for the deuterium analysis. 

Quadrupole mass spectrometers are highly amenable for the determination of gas composition.  

Hence a commercial quadrupole mass spectrometer consisting of 8 cm long mass analyzer with a 

constant energy of electron impact ion source with Faraday cup detector has been used for this 

purpose.  The system has a provision to measure the ion intensities at 16 pre selected m/z values. The 

mass spectra showing the resolution at lower masses (m/z 2, 3 and 4) employing above mass 

spectrometer is shown in the figure 4. 

4.4.3 Preparation of Mixtures:  

Mixtures of hydrogen and deuterium gases over the entire range of 5 - 100 % were prepared as 

follows: 

Weighed amounts of pure H2O and D2O are mixed and a series of mixtures of  known composition 

over the range 5 - 95% are prepared. High pure calcium metal taken into quartz reaction tube which is 

fitted with a thistle funnel, a rotary pump and S.S. tube connecting to quadrupole mass analyser 
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through a desiccant. Reaction tube is evacuated. Synthetic mixture of H2O and D2O, taken in thistle 

funnel, is slowly added to the reaction tube to reduce the mixture to H2(g) and D2(g).  It is allowed to 

equilibrate, dried over the desiccant and fed to the mass spectrometer.  Peak intensities at 2, 3 and 4 

are monitored. Zielinski [44] employed zinc powder for reduction.  The gas mixture is introduced into 

the mass analyzer system through a micro leak valve.   

4.4.4  Mass Spectra:  

As given above, in a gaseous mixture containing both hydrogen and deuterium equilibrium exists as  

H2 + D2 ↔ 2 HD. 

Therefore if a mass spectrum is recorded containing both hydrogen and deuterium peaks at 3 also is 

revealed apart from the peaks at 1, 2 and 4 corresponding to H+, H2+/D and D2
+ . Mass spectra at m/z 

1, 2, 3 and 4 corresponding to H+, H2+/D, HD+ and D2
+  respectively were monitored.  Depending on 

the amount of hydrogen present in the mixture, the ratio at m/z corresponding to 4/3 varies from ∞ to 

o. The intensity ratios of 4/3 corresponding to D2
+/ HD+ and corresponding mole fraction of 

deuterium, X(D2), were calculated.  Regression analysis has been carried out by fitting this data to a 

polynomial to obtain the calibration plot.  The relationship between   4/3 atom ratio ( [R] ) and X(D2) 

is shown in the figure 6. 

 
Fig. 6 Calibration plot for mole fraction of deuterium Vs 4/3 ratio. 

 

The mole fraction of deuterium could be expressed as  

X(D2) = A0 + A1[R] + A2[R]2 + A3[R]3 + A4[R]4 

Where A0 = -0.0024, A2 = 1.8733, A3 = 0.6116 and A4 = -0.0859. 

From the 4/3 ratio obtained in the sample gas, mole fraction of deuterium can be calculated 

employing above relation. 
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For the calculating hydrogen and deuterium contents, the peak intensities obtained at m/z = 1, 2, 3 

and 4 are considered.  Initial experiments conducted on pure hydrogen mass spectrometric studies 

showed that peak intensities at m/z = 1 is less than 1% of the peak at m/z = 2. This is because the 

diatomic molecule is more stable and the formation of atomic ion will be very difficult.  Similarly the 

formation of atomic ion of deuterium will be negligible. Hence the peak intensity at m/z = 2 is due to 

H2
+ only and the uncertainty encountered due to the contribution from D at m/z = 2 is negligible.  

4.4.5 Calculations:  

Atom fraction of hydrogen and deuterium can therefore be arrived at from the data on the peak 

intensities at m/z = 2, 3 and 4 as: 

 

Hydrogen =            Intensity at m/z 2 + (Intensity at m/e 3)/2 

                   Total intensity of peaks at m/z = 2, 3 and 4 

 

Deuterium =            Intensity at m/z 4 + (Intensity at m/e 3)/2 

                    Total intensity of peaks at m/z = 2, 3 and 4 

 

It was observed that the atom ratio calculated in a mixture of hydrogen and deuterium by both the 

methods, i.e. from polynomial correlation and from peak intensities agreed well.  Hence either of the 

above two methods can be employed for the calculation of deuterium atom ratio. 

4.4.6 Molecular ion formation 

As discussed above the partial pressure of hydrogen and deuterium can be calculated from the peak 

intensities at m/z  2, 3 and 4. Peak at m/z 3 corresponds to HD+. If the pressure of hydrogen is very 

high, the existence of H3
+, due to ion-molecular reaction H2 +  H2

+
 ↔ H3

+ + H, is also possible.   Thus 

the peak at m/z = 3 may correspond to either HD+ or  H3
+. Similarly deuterium exhibits peak at D3

+.  

If hydrogen is present in deuterium, depending on its concentration, D2H+ and H2D+, are also 

possible. Formation of these molecular ion peaks have to be taken into account for the accurate 

calculations of hydrogen and deuterium. Otherwise the formation of these ions will result in wrong 

computation of hydrogen isotopic concentration.  It is known that the formation of the molecular ion 

is directly proportional to the square of the exerting pressure [45]. Hence it is essential to determine 

the formation of these molecular ion peaks as a function of pressure of the system.  Hydrogen gas is 

filled into the system at a pressure >5mbar and is allowed to enter the quadrupole mass analyser at a 

fixed leak rate.  Mass spectra are recorded at m/z 1, 2 and 3.  The pressure is then reduced in steps 

and spectra are recorded up to a pressure of 1 X 10-4 mbar. The experiment is repeated several times.  

Similar studies have been carried out with deuterium and the peaks at m/z 1, 2, 3, 4, 5 and 6 are 
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monitored [46].  Table-2 shows the quantities of molecular ion peaks formation as a function of 

pressure for both hydrogen and deuterium. It can be seen from the table that the molecular ions 

formation is negligible at system pressures less than 1 X 10-1 mbar.  Graphical representation of 

molecular ions intensities of hydrogen and deuterium with respective pressure (log - log plot) is 

shown in figure-7.  In the analysis of zircaloy samples, the pressure of the gases released is in the 

range 5 X 10-4 to 5 X 10-2 mbar. At these pressures, the molecular ions are not formed.  It is also seen 

from the analysis of several zircaloy samples that the gases released are mainly the hydrogen isotopes 

(> 99.9%).  Hence in the analysis of zircaloy, it is adequate if the peaks at m/z 2, 3 and 4 are 

monitored. If the pressure is more than 1 X 10-1 mbar, it should be suitably manipulated and brought 

down to < 5 X 10-2 prior to feeding the gas to mass analyser.   

Table 2.  Intensities of various peaks  for Hydrogen and Deuterium Gas 

Pressure 

of system 

Gas Peak intensity at m/z (after correcting for blank) (amp/mbar) 

1 2 3 4 5 6 

> 5 mm 

Hg 

H2 1.4x10-7 1.7x10-5 1.6x10-7 1.8x10-10 -- --- 

D2 -- 1.3x10-6 2.7x10-6 7.4x10-5 2.3x10-7 5.2x10-6 

> 1 mm 

Hg 

H2 8.0x10-8 1.0x10-5 4.5x10-8 6.0x10-11 -- --- 

D2 -- 7.3x10-7 1.0x10-6 1.9x10-5 2.1x10-9 4.6x10-8 

9.0 x10-2 

(mb) 

H2 4.0x10-8 6.3x10-6 1.3x10-9 1.0x10-11 -- --- 

D2 -- 2.2x10-7 4.4x10-7 6.6x10-6 1.5x10-9 1.7x10-10 

2.3 x10-2 

(mb) 

H2 8.5x10-9 1.7x10-6 1.0x10-10 --- -- --- 

D2 -- 1.7x10-8 1.5x10-7 2.7x10-6 3.7x10-11 4.1x10-11 

 

Fig. 7  Plot between intensity of molecular ion as a function of pressure 

Isotopic composition as well as concentration of hydrogen and deuterium is measured from the peak 

intensities at m/e 2, 3 and 4.  
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4.5 Isotopic dilution mass spectrometry (IDMS):  

It is preferably employed to obtain the concentration precisely.  Conventionally, spike with different 

isotopic composition is externally added to the sample in IDMS.  In the present work a method has 

been developed in generating the spike internally and the technique is referred to as Internal Isotopic 

Internal Isotopic Standardization of the methodology [47]. 

4.6 Calibration:  

The HVE – QMS method so developed is then checked for its performance by analyzing several 

titanium based LECO steel standards, zircaloy working standards (analysed by IGF technique) and 

Alpha zircaloy standards for hydrogen.  Results obtained are given in the table 3. 

Table 3 Analysis of Standards by HVE-QMS 

S.no. S.S standard 

(28 ± 5 ppmw) 

(0.25 g each) 

Zircaloy standard 

(6 - 10 ppmw) 

(0.2 – 0.5 g each) 

Alpha zircaloy standard 

(11.1 ± 1 ppmw) 

(0.1 g each) 

1 27 8 10.6 

2 30 6 10.7 

3 31 9 11.0 

4 26 7 10.9 

5 29 7 11.0 

6 28 6 11.2 

7 32 8 10.9 

8 28 6 10.9 

9 27 7 11.1 

10 30 8 10.8 

 

The method is sensitive and precise. 

4.7 Irradiated zirconium alloy sample analysis: 

A known weight of specimen is taken into the quartz reaction tube and attached to the system.  After 

evacuating to 10-5 mbar, it is degassed at 400° C and then the system is isolated.  Under these static 

vacuum conditions, the sample is heated to 1050° C for 15 minutes and the gases are extracted into 

pre-calibrated volume.  The pressure is measured employing on-line McLeod gauge. Gases collected 

are fed to the on-line mass spectrometer through a micro leak valve and mass spectra are recorded.  

Blank spectra are also recorded prior to the analysis of sample.  Peak intensities obtained with sample 

are corrected for the blank. From the data hydrogen and deuterium contents are calculated as 

explained below by taking an example: 
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4.8 Typical calculation: 

 Weight of the sample         :  0.052 g 

       Volume of the system         : 1.47 Litre 

       Total pressure                      : 0.019 mb (1.875E-05 atm.) 

            Corrected peak intensities at different m/z values 

                               M/z value                       Peak intensity 

1 1.000E-08 

2 1.350E-06 

3 2.400E-06 

4 1.100E-06 

18                                     0.000 

28                                     0.000 

32                                     0.000 

44                                     0.000 

                                                 Total Intensity     4.862E-06 

            Mole fraction of  (H+D)      =  0.999 

            Partial pressure of (H+D)     =  1.874 E-05 atm. 

            Mole fraction of Deuterium     =  0.4733     

Partial pressure of Hydrogen                = 9.872E-06 atm. 

Partial pressure of Deuterium               = 8.869E-06 atm. 

No. of moles of Hydrogen                    =  5.931E-07     (calculated by using PV=nRT) 

No. of moles of deuterium                    = 5.329 E-07     (calculated by using PV=nRT) 

    Amount of hydrogen                             = 1.1958 E-06 g 

   Amount of deuterium                            =  2.131 E-06 g 

Concentration of hydrogen                    = 23 ppm 

   Concentration of deuterium                   = 42 ppm 

                    =  21 ppm (Hydrogen equivalent) 

 Total Hydrogen equivalent                    =  23 + 21 =  44 ppm 

4.9.1 Development of Internal Isotope Dilution Mass Spectrometry (IIDMS):   

It has been established from our detailed studies on bulk sample analysis of irradiated zircaloy coolant 

channels and from the Canadian Reports [48], that hydrogen content in the channels remains 

unchanged from its initial values, in other words, there is no hydrogen pick-up in PHWR coolant 

channels and only deuterium is picked up during the stay of theses coolant channels in the reactor. 

This necessitates the determination of deuterium content accurately, provided the initial hydrogen is 



 29

known, to decide the life of the channel. It is also known that the pick up of hydrogen equivalent by 

the coolant channels during its service, is 1 - 2 ppm per year.  An error of even one ppm in the 

deuterium values arrived, including the sampling, weighing and determination, will lead to a loss of 

about one year active life of the coolant channels, leading to escalation of cost of power generated. 

The sensitivity and accuracy by normal mass spectrometry can be enhanced enormously by adopting 

isotopic dilution mass spectrometry (IDMS) [49]. This technique has been successfully employed for 

determination of elements and compounds of hydrogen, carbon and nitrogen [50]. However, in this 

technique, an external spike is added.  The feasibility of generating an internal spike from the mixture 

of hydrogen and deuterium liberated and collected from irradiated zircaloy was envisaged and the 

method was established.  The methodology developed in IIDMS and comparison of results with the 

normal method of analysis is given below. 

In IIDMS, the volume in to which the gases are extracted are split into two chambers, A and B which 

are separated by a valve, as shown in Figure 8.  

Fig. 8. Chambers for IIDMS 

4.9.2.  Methodology:  

Known amount of sample containing both hydrogen and deuterium, taken in quartz extraction tube 

and after initial evacuation and degassing, is heated to 1050°C and the released gases are extracted 

into chambers A and B whose volumes are known, and the pressure is measured using on-line 

McLeod gauge.  Chambers A and B are then isolated by closing the isolation valve shown in Figure 

8.  The gas composition is determined by feeding the gas from Chamber B to on-line quadrupole 

mass spectrometer, through a micro leak valve.   
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Fig.  9. Spectra in IIDMS 

Different gases have different diffusion coefficients, and hence when controlled evacuation through a 

micro leak valve is carried out, lighter gas will diffuse first.  For example, in the present case 

hydrogen diffuses faster than deuterium.  Therefore, if a gas containing hydrogen and deuterium is 

passed through a micro leak valve, the isotopic composition of the gas in the reservoir changes and it 

will be enriched with the heavier isotope, deuterium. This property has been successfully adopted for 

generating 'SPIKE' internally.  Several spectra are recorded by feeding this gas till the composition of 

H and D changes appreciably.  Pressure and composition of this gas are then measured. This is taken 

as 'SPIKE'. Gas in chamber A is taken as 'SAMPLE'.  Both SPIKE and SAMPLE are allowed to mix 

and equilibrate by opening the isolation valve. The pressure and composition of this 'MIXTURE' are 

measured. Typical spectra in bar graph mode for sample, spike and mixture is given in figure 9.  From 

this data i.e., the pressure, volume and composition of SAMPLE, SPIKE and MIXTURE, hydrogen 

and deuterium contents are calculated.   

4.9.3. A typical calculation:  

Gas content evolved during the analysis:  Volume:    VA + VB litre   

                                                                    Pressure:   p1 atm. 

 

Spike:                                                         Volume:    VB litre 

                                                                    Pressure:   p2 atm. 
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Sample:                                                      Volume:    VA litre   

                                                                    Pressure:   p1 atm. 

Mixture: 

      Volume:    VA + VB litres;   

      Pressure:   p3 atm. 

VB litres spike + VA litres sample  =       (VA + VB) litres of mixture 

Fractional Intensities of deuterium (FI D) is calculated from peak intensities obtained in the mass 

spectra as  

    (p at m/z 3)/2  + (p at m/z 4) 

           FI D =   -------------------------------------- 

              (p at m/z 2)  + (p at m/z 3)  + (p at m/z 4) 

Deuterium in μ g =   (FID) (pressure) (Volume) 4 / RT 

D in μ g of spike and mixture are calculated 

μ g D in mixture - μ g D in  spike  = μ g  D in sample* 

μ g  D in sample = (μ g  D in sample*) (VA + VB) / VA 

4.9.4 Typical results:  

Tables 4-5 given below present the results obtained on the determination of deuterium and hydrogen 

in several samples.  The tables also include the difference between the direct and IIDMS values.  It 

can be seen that the difference in determination of hydrogen is always negative biased and in the 

range 8 to 20 % while in deuterium it is < 5% and evenly distributed. By this technique addition of 

separate SPIKE is avoided. 

Table 4: Determination Of Deuterium (μ g) 

SAMPLE 

NO. 

SPIKE MIXTURE SAMPLE 

CAL. 

SAMPLE 

DIRECT 

% ERROR *

1 0.099 1.161 1.610 1.555 +3.6 

2 0.061 0.526 0.705 0.714 -1.3 

3 0.180 1.763 2.400 2.475 -3.0 

4 0.068 1.100 1.565 1.605 -2.5 

5 0.036 0.700 1.006 0.920 +9 

6 0.217 2.500 3.460 3.990 -13 

7 0.039 0.400 0.547 0.598 -8 

8 0.143 1.200 1.602 1.606 -0.3 

9 0.200 1.600 2.122 2.090 +1.5 
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*   (Direct - Sample) / Direct  X 100 

 

Table 5: Determination Of Hydrogen (μ g) 

 

SAMPLE 

NO. 

SPIKE MIXTURE SAMPLE 

CAL. 

SAMPLE 

DIRECT 

% ERROR* 

1 0.590 10.145 14.480 16.988 -14 

2 0.290 3.225 4.448 5.493 -19 

3 0.200 2.635 3.692 4.391 -16 

4 0.074 3.600 5.343 5.966 -10 

5 0.103 2.800 4.087 4.698 -13 

6 0.200 3.200 4.546 5.350 -15 

7 0.174 3.000 4.283 4.646 -8 

8 0.219 2.500 3.457 4.066 -14 

9 0.300 3.200 4.395 4.758 -8 

 

*   (Direct - Sample) / Direct  X 100 

4.10. Bulk samples analysis and Initial hydrogen determination: 

Bulk samples of coolant channels are available from only those channels which are discarded / 

redundant from the reactor.  The method is first extended for this bulk samples analysis of actual 

coolant channels which are removed from the reactor to establish the method. The reproducibility of 

the method developed has been checked by analysing replicate analysis of bulk samples.  The results 

obtained on the analysis of pressure tubes in bulk samples are shown in tables 6 and 7 below.  It can 

be seen from the results that deuterium pick up increases axially from inlet end to outlet end. It can 

also be seen from the table 6 that in bulk sample analysis the axial distribution of hydrogen was 

consistent through out the channel, which is equivalent to initial hydrogen content and that the 

deuterium content increases steadily with the distance from the inlet end.  Analysis of several bulk 

samples of coolant channels of which the initial hydrogen was known showed that there is no pick up 

of hydrogen by the coolant channels during the operation of the reactor. Hence this method can also 

be used for finding out the initial hydrogen content. This is in agreement with the Canadian reports 

[48] Hence the initial concentration of hydrogen can be determined from the bulk sample analysis. 
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 Table 6: Results of hydrogen and deuterium in a typical coolant channel 

Sample name Weight (g) Distance from 
inlet end  (m) 

[H2] 
ppmw 

[D2] 
Ppmw 

7C 0.3808 2.6 21 78 
 

7C 0.6062 2.6 20 78 
 

7C 0.1592 2.6 23 69 
 

7C 0.3272 2.6 21 74 
 

7C 0.3981 
Mean of above 5 
determinations 

2.6 
 

20 
21±1 

74 
75±4 
 

4B Mean of 4 determinations 4.0 22±1 132±5 
 

2B Mean of 4 determinations 4.8 21±1 160±6 
 

 

Overall hydrogen concentration:            21 ± 1 ppmw 

From archieve data        :   20       ppmw  

 

 Table 7.Results for H2, D2 and HEq for a coolant channel (Bulk samples) 

S.No. Distance from I.E. 
(meters) 

H2 ppmw D2 ppmw Total HEq 

1 0.5 18 6 21 
2 1.0 16 6 19 
3 1.5 17 10 23 
4 2.0 14 11 20 
5 2.5 17 13 27 
6 3.0 16 13 23 
7 3.5 17 13 24 
8 4.0 16 13 23 
9 4.3 14 19 24 

10 4.8 15 21 25 
11 5.1 14 21 25 

 

4.11 Sliver sample analysis 

Unlike in bulk sample analysis, the hydrogen values obtained in the sliver samples show 

inconsistency, while there is a systematic trend in the deuterium values.  Deuterium content increases 
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with distance from inlet end of the channels as shown in figure 10. The inconsistency in hydrogen 

values may be due to the pick up of hydrogen during sampling.  

 
Fig.10 Variation of deuterium content with distance. 

4.12 Mock-up experiments: 

As discussed above, there is hydrogen / deuterium pick-up in sampling.  The extent of pick-up 

depends on the environmental conditions.  To incorporate the correction (Dmeasured = Dservice + Dscraping) 

for  the pickup of deuterium during sampling, a number of mock up experiments were carried out on 

sampling from virgin coolant channels under various environmental conditions like light water, heavy 

water and deuterium gas by Reactor Engineering Division of BARC. These samples were analysed 

for hydrogen and deuterium. Deuterium content was found to be 4 ppm (HEq = 2) in the samples 

taken from D2O and D2 atmosphere and is 0.4 ppm (HEq = 0.2ppm) if the sampling is carried out in 

light water environment. This correction has to be incorporated to the deuterium measured (Dmeasured) 

to arrive at the actual pick up of deuterium during the service (Dservice) of the coolant channel. The 

hydrogen equivalent at any location in the channel can be therefore expressed as   

HEq = H2(initial) + D2(service) / 2  

provided the initial hydrogen is known.  

4.13 Three samples analysis: 

After the fabrication and optimization of HVE-QMS system in our laboratory, one sample at a time 

was analysed. Since the sample load was high, we had to improvise the existing system so that more 

number of samples could be analysed within the available time. Hence upgradation of the system was 

visualized and modified accordingly. Three quartz extraction tubes were incorporated without 

disturbing the main system.  These extraction tubes are provided with individual isolation valves and 

independent furnaces for heating.  Three samples are then loaded in the three quartz tubes and 

connected to the system.  After pre-evacuation with a rotary pump, the entire system is evacuated to a 
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vacuum better than a 10-6 mbar. All the three samples are degassed at 673 K. The samples, one after 

the other, (keeping the other two isolated)  are then heated to 1313 K for 15 minutes under static 

vacuum conditions and the released gases are extracted into pre-calibrated volume. Pressure exerted 

by these gases is measured and then fed to on line quadrupole mass spectrometer through a micro leak 

valve. After up gradation of system, few S.S and Zircaloy standards  were analysed to check it. It had 

several advantages, viz. time for each sample was about 5hrs, while for three it was 6 hrs; liquid 

nitrogen consumption was minimised and the personal exposure had been brought down.  

4.14.  Zircaloy-2 coolant channels analysis: 

Data obtained from the analysis of number of coolant channels from various Indain PHWR’s 

employing HVE-QMS are given in pictorial representation (Figure 12). These are given at the end of 

the report.  

4.15 Zr-2.5% Nb Coolant channels analysis: 

PHWRs built according to the earlier designs used Zircaloy-2 as the pressure tubes.  This alloy has all 

desirable properties for use in nuclear core.  However, they have short service life due to hydrogen / 

deuterium embrittlement.  To over come the life limiting factor due to deuterium pick-up, a new 

zirconium alloy, (Zr-2.5%Nb) has been chosen.  This alloy has lower pick-up rate for the hydrogen / 

deuterium. After satisfactory performance of zircaloy-2 coolant channels for a few years in reactors 

wherein zircaloy-2 is employed, these channels were replaced en masse with Zr-2.5%Nb alloy for 

better performance.  KAPS-2 has Zr-2.5%Nb alloy as coolant channels. This reactor started 

commercial operation since September 1, 1995, and is operating with 70% capacity. To evaluate the 

life of the coolant channels of this reactor, sliver samples were taken out for the determination of 

deuterium pick-up in 2005. 

The deuterium pick-up in eight coolant channels of  KAPS-2 as a function of distance from inlet end, 

at 8.5 EFPY, is given in the figure 11.   
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    Fig.11 Deuterium content as a function of distance in Zr-Nb coolant channels 

4.16: Comparison of deuterium pick-up in zircaloy-2 and Zr-Nb alloys:  

In the zircaloy-2 coolant channels from other reactor (RAPS-2) at 8.5 EFPY, deuterium pick-up is in 

the range 25 to 50 ppmw.  It is around 10 ppmw in Zr-Nb alloy.  The deuterium pick-up is in Zr-Nb 

alloy is low compared to Zicaloy-2 coolant channels with same EFPY.  This observation is in 

accordance with the one reported in literature [51, 52]. Singh et.al. made elaborate studies on the 

threshold stress intensity factor for delayed hydride cracking in Zr–2.5%Nb pressure tube alloys [53].  

However Zr-2.5Nb has higher sensitivity to delayed hydride cracking, hence the maximum hydrogen 

absorption allowed will also be lesser than Zircaloy-2. 

4.17  ESTIMATION OF UNCERTAINTY:   

Having discussed about the determination of deuterium by HVE-QMS technique, it is of importance 

to deal about the uncertainty arising in the analytical methodology [54].   

4.17.1 Significance of Uncertainty:  

When reporting the result of a measurement of a physical quantity i.e. the measurand (in the present 

case, deuterium),  it is necessary to give quantitative indication of the quality of the result so that 

those who use it can assess its reliability.  Error and error analysis have been in use for long since and 

it is a general measurement science.  Even after knowing all the suspected components of error, there 

still remains an uncertainty about the correctness of the stated result.  The actual quantity given as 

uncertainty should be directly derivable from the components that contribute to it and the same should 

be transferable for arriving at any other parameter.   
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4.17.2 Systematic and random errors:   

Earlier days the errors contributing in the measurement are divided into random and systematic errors.  

Random errors are unpredictable and are compensated by repeated measurements.  Systematic errors 

can be reduced by applying certain correction factor.  Often this factor is arrived at by analyzing 

standards.  However, these standards themselves may be having certain uncertainty, which also has to 

be accounted for.   

4.17.3. Type A and type B errors:  

Hence instead of errors, uncertainty resulting in the analysis is given. The main sources of uncertainty 

are non representative of sampling, effect of environment on the sample, personal bias in reading, the 

instrumental resolution, inexact value of the standards employed and the approximations taken in the 

calculation of the measurand.  The first two uncertainty sources are not considered as measurement 

uncertainty sources.  The remaining source of uncertainty may be divided into type A and type B 

uncertainties.  Type A uncertainty is evaluated by statistical methods while type B is evaluated by 

other means such as taking some approximations.   

4.17.4. Top-down and Bottom-up approaches:  

For evaluating the measurement of uncertainty two main approaches are available.  They are Top-

Down and Bottom-Up approaches.  Generally in Top-Down approach, a matrix matched standard be 

available [55]. The value obtained with this standard is compared with the value obtained with the 

actual sample.  However, in this approach, the actual step that plays the critical role in arriving at the 

uncertainty of the method cannot be identified.  In the other approach, i.e. Bottom-Up one, each and 

every step involved in the analysis is considered independently.   

4.17.5. Combined and expanded uncertainty:  

After obtaining the uncertainties, they are combined by applying the usual methods of combination of 

variances.  This value is multiplied by a factor to obtain the expanded uncertainty at the required 

confidence level.   

4.17.6. Estimation of uncertainty:  

Arriving at the overall uncertainty by statistical treatment is explained by applying it to a typical data 

obtained by HVE-QMS method in the measurement of deuterium content.    

Various steps involved in the analysis of sample for deuterium content by HVE-QMS technique are: 

sampling, contamination due to oxide layer, weighing the sample, evacuation of the system, volume 

calibration, pressure measurement, ionic currents measurement, its conversion into partial pressures, 

calculation of moles and finally the calculation of concentration,   
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    ID P V                   4 
C    =              -------------    X     ------ 

ITOT R T                W 
 

wherein C is the concentration, ID is the peak intensity due to deuterium, ITOT  is the total peak 

intensities, P is the corrected  pressure exerted due to the gases released from the sample, V is the 

volume into which the gases are collected, T the room temperature, R the gas constant and W is the 

weight of the sample.  It is multiplied with 4 because the molecular weight of deuterium is four.  

We have to get the uncertainty of ID, ITOT , P, V, R, T and W have to be known to arrive at the overall 

uncertainty.   

The uncertainties in ID and ITOT are type A while all other are type B errors as explained below by 

taking a typical sample analysis data: 

4.17.6.1.Mass of the sample:  

The sample is weighed employing electronic balance which can read upto 0.1 mg.  The uncertainty 

quoted by the manufacturer of the balance is 0.1mg over the entire range. The sample taken is 25 mg. 

Hence the relative standard uncertainty in the weighing is  

0.1 X 100 / 25  = 0.4 % 

4.17.6.2Pressure measurement:  

As explained in the methodology, pressure is measured employing McLeod Gauge. The pressure is 

given as  

  K X h 2 

wherein h is difference in the mercury levels in the capillary and K is McLeod constant.  K is 

provided by the manufacturer of the McLeod gauge and is 4.02 X 10 -6 m bar in the present system.  

The uncertainty in the measuring h is 1 mm.  The height difference is 100 mm in the present sample 

analysis. Therefore the relative standard uncertainty is 1.41 % 

4.17.6.3.Volume measurement:  

The volume of the system is calibrated by expanding dry nitrogen gas taken in pre calibrated known 

volume at known pressure into the pre-evacuated system and measuring the resulted pressure. For 

arriving at the uncertainty in the volume of the system, the uncertainty in the calibrated volume, 

pressure measurement before and after expansion has to be considered.  Therefore the relative 

standard uncertainty in the volume of the system is 1.49 % 

4.17.6.4:Determination of peak intensities:  

The partial pressure of deuterium is obtained from the peak intensities at m/e 3 and 4 (p3/2 + p4) ,  Σpi 

and pressure exerted by the released gases. Hence the uncertainty encountered in peak intensities 
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measurement is obtained by taking the mass spectral scan for five times. The uncertainty is calculated 

by statistical means and hence it will be type A uncertainty.  It is found to be 1.32%  

4.17.6.5Combined uncertainty:   

Numerical  values of variables, uncertainties with their classification and relative standard uncertainty 

are given in the table 8.  Combined uncertainty is calculated employing uncertainty propagation 

formulae.  It is found to be 2.48 %.  The expanded uncertainty at 95% confidence level is 4.96 %.   

 

Table 8: Uncertainty components of determination of deuterium by HVE-QMS 

S.No. Origin of uncertainty Type of 
uncertainty 

Value of 
variable 

Uncertainty Relative 
Standard 

Uncertainty 
(%) 

1 Mass detn (mg). B 25 1.0 x 10-1 0.4 
2 Pressure Measurement (mbar) B 0.04 5.7 x 10-4 1.41 
3 Volume of system (L) B 1.47 2.2 x 10-2 1.49 
4 Fraction of deuterium A 95 1.3 x 100 1.32 

Combined relative uncertainty 2.48 
Expanded uncertainty (95% confidence level) 4.96 

 

4.18 Disposal of analysed irradiated zircaloy samples:   

Last but not the least important work pertaining to the analysis of highly radio active sliver samples of 

zircaloy coolant channels, is the ultimate disposal of the analysed samples. As mentioned in the 

introduction part, the coolant channels, after a stay in the reactor for prolonged time, becomes highly 

active with respect to β and γ dose.  Moreover, zirconium is highly pyrophoric (if present in fine 

powder or sponge form).  Hence sufficient care is to be taken both in handling and disposal of these 

samples after analysis.  In our laboratory, the sliver samples, after analysis are first cemented in lead 

cylindrical vessels with lid, having 10 mm thickness, 20 mm i.d and 60 mm height.  These vessels, 

intern are cemented in stainless steel container.  The external dose of these S.S. containers, after 

cementing is much less than the permissible dose for waste disposal.  These will be deposited  as 

medium level sold waste in depositaries. 
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5 CONCLUSIONS 

5.1 Hydrogen / deuterium embrittlement is one of the life limiting factors for zircaloy coolant 

channels.  To evaluate the life span of coolant channels, periodical analysis for hydrogen and 

deuterium pick-up is essential.  Sampling has to be carried out in such a way that the integrity of the 

channels is not disturbed.   

5.2 Though IGF and DSC are ideal and fast, they cannot give the isotopic information.  With the 

hot vacuum extraction coupled with quadrupole mass spectrometer (HVE-QMS) it is possible to 

obtain both hydrogen and deuterium contents in zircaloy coolant channels.    

The pressure of the gases before feeding to the mass analyzer should be < 1 X 10-1 mbar, to avoid the 

interference due to molecular ion formation.  The gases released from the zirconium alloy samples are 

mainly hydrogen and deuterium (> 99.9%), it is adequate if the mass spectra are recorded at m/z 2, 3 

and 4.   

5.3 Since hydrogen will not be picked-up during the service of the coolant channels and it is only 

deuterium which is picking-up, it is sufficient if deuterium content is determined.   

During sampling, due to the friction of sampling tool with the zircaloy, depending on the 

environmental conditions, hydrogen and or deuterium pick-up takes place.  To incorporate the 

correction (Dmeasured = Dservice + Dscraping) for the pick-up during sampling, a number of mock up 

experiments were carried out on sampling from virgin coolant channels.  

5.4 An interesting offshoot of the HVE–QMS technique is IIDMS.  In this method internally 

generated gas with different composition is exploited as a spike instead of external spike. The method 

is specific for hydrogen / deuterium determination only but obviates the need for an external spike. 

5.5 In correlating the life of the coolant channels due to the hydrogen / deuterium, it is sufficient 

if the deuterium content alone is determined. The hydrogen equivalent at any location in the channel 

can be given as HEq = H2(initial) + D2(service) / 2, provided the initial hydrogen is known, and  the 

deuterium content is determined,  

5.6 The deuterium content increases with the distance from the inlet end and effective full power 

years (EFPY).  

5.7 The deuterium pick-up is low in Zr-2.5Nb compared to Zicaloy-2 coolant channels with 

about same EFPY.  However Zr-2.5Nb has higher sensitivity to delayed hydride cracking. Hence the 

maximum hydrogen absorption allowed will also be lesser than Zircaloy-2. 
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Fig 12.  Results of deuterium content with respect to distance from inlet end  for  coolant channels of 

different reactors. 
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Madras Atomic Power Station (MAPS) 
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Rajastan Atomic Power Station (RAPS) 
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Narora Atomic Power Station (NAPS) 
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Kakrapara Atomic Power Station (KAPS) 
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Kakrapara Atomic Power Station (KAPS) 
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