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HIGH TEMPERATURE CATHODIC CHARGING OF HYDROGEN
IN ZIRCONIUM ALLOYS AND IRON AND NICKEL BASE ALLOYS

John T. John, P.K. De and H.S. Gadiyar
Metallurgy Division

Bhabha Atomic Research Centre

1. • INTRODUCTION

Hydrogen, the lightest element with the simplest

atomic structure can enter into most of the metals and alloys and

interact with its lattice and electronic structure thereby

producing changes in their chemical, physical and metallurgical

properties. Thus metal-hydrogen systems form the subject matter

of a large variety of investigations. Apart from the hydrogen

related failures of metallic materials, several interesting

physical and metallurgical properties such as changes in magnetic

behaviour, hydrogen induced phase changes* etc. are reported in

the literature. For most of these studies it is necessary to

obtain specimens charged with hydrogen. Tha gaseous hydrogen

charging and the aqueous electrolytic charging are the two widely

used hydrogen charging techniques. In the gaseous hydrogen

charging the specimen Is brought into contact with pure hydrogen

gas at an elevated temperature. Oxygen is usually detrimental to

hydrogen pick up from the gas phase. Hence elaborate vacuum

system is necessary for the hvdrogwi charging. Inspite of this,

the technique is widely used, as it is clean and straightforward.

Electrolytic charging is characterised by its simplicity. It

requires a D.C. power supply, (battery), an electrolyte (dil

HSO4) and materials that can act as anode and cathode. However,



due to the low temperatures involved, hydrogen does not diffuse

deep into materials having low hydrogen diffusivity. A

homogenisation step is beneficial in some materials. For

zirconium and titanium alloys, autoclaving in high pressure and

high temperature steam (400-450°C) or in dil LiOH solution

(10-100 gpl) at 300°C is very convenient. At high temperatures,

water (or steam) reacts with the metal to liberate hydrogen, a

part of which is then absorbed by the metal. Because of the

obvious simplicity of the electrolytic charging, it is decided to

explore the possibility of conducting electrolytic charging at

high temperatures, so that the process becomes applicable to a

wider range of materials.

2. EXPERIMENTAL

2.1 High temperature cathodic charging (HTC)

It is possible to heat aqueous solutions to high

temperatures in a pressure vessel for the electrolytic charging.

However, it looses the simplicity associated with cathodic

charging as it involves high pressure autoclaves and valves.

Alternatively there are a large variety of chemicals that contain

hydrogen which can be electrolysed at the required temperatures

to release hydrogen2. Some molten salt can be kept saturated

with water at high temperatures and oan ba electrolysed in an

open container (atiri. pressure), to liberate hydrogen. Survey of

some of the current literature has shown that hydrogen could be

produced at high temperatures by electrolysis of water contained

in molten NaOH3 and sulphate/bisulphate salt systems". In such

systems, in presence of water, decomposition of the water is the



preferred reaction. Keeping this in view, in the present

investigations detailed studies have been carried out using a

mixture of sulphates and bisulphates in presence of water. The

electrolytic charging was carried out at an elevated temperature

of 2600C.

2.2 Experimental Details

The experiments have been done in a tall 1 litre

corning glass beaker. It was closed with a lid made of teflon.

Holes were drilled in the lid to insert the electrodes, a

thermocouple, a bubbler to pass steam into the molten salt and an

outlet tube. Steam produced in a small boiler was passed in to

the molten salt through the glass bubbler (Fig. 1).

Initial experiments were carried out to charge hydrogen

into zirconium alloys, namely zircaloy-2 and Zr-2.5Nb. The

advantage with zirconium alloys is that it is very convenient to

characterise and to ascertain the extent of hydrogen uptake by

observing the hydrides using optical microscope. Moreover, these

alloys find extensive use for in-core applications in nuclear

reactors. Zircaloy-2 or Zr-2.5Nb specimens of size approximately

2cm x 3cm x 0.4cm were out out from pressure tube sections and

each of them spot welded to a thick zirconium alloy wire to serve

as cathode. They were pickled in a solution of HF, HNOs and H2O

(5:45:50 by volume) rinsed and dried prior to introduction into

the bath. A platinum wire mesh.in the shape of a hollow cylinder

was used as the anode. The electrolysis was carried out at 260°C

at a current density of 0.1 tc 0.2 A/cm* for 2 to 8 hours.

About 600 gm salt mixture was used as the electrolyte.



Temperature of the molten mixture was monitored bv a thermocouple

attached to a temperature controller.

After the charging is complete, a part of the specimen

was chemically anavlsed for hydrogen content by inert gas fusion

technique. The other part was used for iniorostructural

examination to study the nature and distribution of the zirconium

hydride precipitates. To reveal the zirconium hydrides, a two

stage etching technique was employed. The solutions used were :

Solution A (stage I)

HF 5 ml

HNO-j 45 ml

H20 50 ml

Solution B (Stage II)

C2H5OH 25ml

H2O2 50 ml

HNO3 10 ml

HF 0.5 to 1 ml

In addition a few zircaloy-2/Zr-2.5Nb samples were

hydrogen charged by autoclaving in high temperature lithium

hydroxide solutions (10 to 30 gpl) for comparison. Experiments

were carried out at 316°C (pressure 1600 psi - 1700 psi) in a

stainless steel autoolave. Oxygen was flushed out of the

solution by bubbling pure argon for 1 hour prior to the

commencement of heating*. The heating continued for 100-200

hours depending on the amount of hydrogen required in the

samples.

3.

3.1

RESULTS

Evaluation of the electrolytes

In the present investigation, nine different salt



mixtures were explored to be served as electrolytes and their

compositions are given in Table 1. Initially, 2ircaloy-2

specimens were charged at a cathode current density of 0.2 A/cm?

for 2 hours in these electrolytes and the corresponding H pick up

is also given in Table 1. It was observed that the hydrogen

uptake increased with the sulphate content in the electrolyte

made up of either sodium bisulphate or potassium bisulphate.

However, the sulphate concentration cannot be increased beyond a

certain level, as the mixture do not melt completely in the

temperature range 200 - 300«C. The increased hydrogen uptake in

the 2iroaloy-2 samples from sulphate containing electrolytes may

be due to the water retention capacity of the salt getting

enhanced by the. presence of sulphate. Salt mixtures are known to

form several double salts with different degree of water of

hydration. Hence a mixture of all the four salts having the

maximum possible sulphate contents as indicated by mixtures 4 and

8 were prepared. The hydrogen uptake in zircaloy-2 sample

charged from this composition (No. 9) was only marginally higher

than that from mixture 4. But composition 9 was found to be

more stable and remained in liquid state at 140»C for sev« ral

weeks.

Bisulphates and sulphates can uneargo electrolytic

decomposition at the anode as follows:

NaHSO* •> Na* + HSO4-

2HSi 4- > H2SO4 + SO3 + 1/202 +2e

SO,.2- > so5 + 1/2 O2 + 2e~



Pungent sin .11 of SO3 was noticed during the electrolysis

especially if the steam flow was insufficient or if temperatures

above 300°C were used.

3.2 Hydrogen charging in Zr alloys

Figures 2 to 5 are the optical micrographs of

zircaloy-2 specimens charged from bath composition 9, at 260°C

and cathode current density 0.2 A/cm*. Figures 6 and 7 are the

optical micrographs of Zr-2.5Nb specimens charged under similar

conditions. It can be seen that hydrogen has penetrated deep

into the matrix. However, a layer of zirconium hydride is often

formed at the surface. The hydride precipitates formed in this

case was much smaller than those observed when the H was

introduced by high temperature autoclave exposure in LiOH

solution. Fig. 3 is the iviicrostructure of a specimen containing

780 ppm hydrogen. After homogenisation at 400°C under partial

vacuum for 24 hours, the precipitates have grown in size (Fig. 4)

and oriented circumferentially. Along the cross section of a

thick specimen, a gradual decrease of hydride density towards the

centre of the specimen is usually observed. Such a feature can

be observed in samples charged by high temperature autoclaving

in LiOH solution also as illustrated in Fig. 8.

Table 2, presents the data on the H pick up by

zircalov-2 and Zr-2.5Nb alloys charged by HTC technique from bath

composition 9 as a function of time and current density. It may

be observed that under identical conditions the Zr-2.5Nb alloys

picked up only about half as much hydrogen as zircaloy-2 or even

less.



3.3 Effect of heat treatment, on the hydrogen pick up

in Zr-2.5Nb allov

The major steps,, in the fabrication of Zr-2.5Nb

pressure tube (coolant tubes) as practiced in NFC, Hyderabad are

hot extrusion at 780-800»C (oC-» S range), air cooling, cold

pilgering by about 20-30% and a final stress relieving at a low

temperature 400-500°C ( «^ range). Hot extrusion in the high

( °C-t/3 ') region as seen in the phase diagram of Zr-Nb system

(Fig. 9) results in a two phase elongated oQ -* ft microstructure.

The introduction . of an. optimum level of cold work by pilgering

gives rise to the, required level of dislocation density. Texture

development in the entire fabrication processing dictates the

orientation of hydride plates in the matrix. Northwood et al6

have shown that the longer the duration of the secondary heat

treatment, the lesser the corrosion (and lesser the amount of

hydrogen produced) ,but the higher the hydrogen pick up because

the thinner oxide layer permit more hydrogen to be picked up.

In electrolytic charging, since hydrogen is generated

independent of corrosion.process, (and the oxide layer), it is

interesting to see the effect of heat treatment on hydrogen pick

up by HTC charging. Zr-2.5Nb pieces cut from coolant tubes were

heat treated at 850»C for 1/2 hour air cooled, subjected to 15%

cold rolling and aged at 550°C For 16 or 24 hours and hydrogen

charged by HTC. The results are given in Table 3.

A longer heat treatment resulted in a reduction in

hydrogen pick up, contrary to the earlier observation by

Northwoodd et. al.<>. After heat treating at 550°C for 24 hours,

it was observed that most of the n phase was converted into

8



alpha phase. Fig. 6 gives hydrides in Zr-2.5Nb charged in the

as received condition and Fig. 7 shows hydrides in Zr-2.5Nb

specimen after heat treated at 550&C for 24 hrs and charged

subsequently by HTC. The reduction in hydrogen pick up may be

due to microstructural modifications brought about by heat

treatment.

3.4 Hydrogen (hydride) ernbrittlement in zirconium alloys

3.4.1 Mechanical properties as a function of H content

Half inch (12.7 mm) gauge length tensile specimens were

machined from cold rolled 0.53 mm thick Zr-2.5Nb alloy strip.

These were heat treated at 850»C for 1 hour, water quenched,

which is followed by aging at 550<>C for 2 hours and air cooled.

They were hydrogen charged by HTC for different levels of

hydrogen (100 to 600 uin) by varying the charging time. They were

tensile tested using Instron Universal Tensile Testing Machine at

a strain rate of 6.56 x 10-*see-i (0.005 om/min). The results

are presented in Fig. 10. A drastic reduction in ductility was

observed in hydrogen charged samples. However, the YS and UTS

values were only marginally decreased.

3.4.2. Effect of tensile stress on the orientation of hydrides

The tendency of zirconium hydride to orient itself in a

direction perpendicular to an applied tensile stress field has

been demonstrated by the following experiment. One side of a

zircaloy-2 annular ring has been cut open and a ceramic piece has

been inserted through this opening and the whole ring has been

hydrided by HTC. The inner surface experienced tensile stress



equal to the yield strength of the material. Figs. 11-12 show

the change in orientation of the hydrides in the absence of the

tensile stress and in the presence of it. The latter shows large

number of precipitates aligned perpendicular to the applied

stress.

3.4.3. Migration of hydrogen under thermal gradient

localised accumulation of hydrogen

In the life of a nuclear reactor, the hydrogen picked

up by the pressure tube is around 150-200 ppm, which is well

within the accepted limit. However in some instances hydrogen

embrittlement has been reported as a result of the accumulation

of hydrogen at a level much higher than this average value in

some spots. One mechanism that can lead to the localised

accumulation of hydrogen is migration of hydrogen to relatively

colder spot from the surrounding areas. If a pressure tube

(280-300°C) comes in contact with the calandria tube (80»C) by

some means a cold spot will be formed.

An experiment has been designed to study the migration

of hydrogen under a thermal gradient in a stressed zircalov-2

specimen that was initially charged to a known concentration of

hydrogen. " Tensile specimens of 440 mm gauge length and 4 mm

thickness were charged to about 100-150 ppm hydrogen by exposing

to high temperature LiOH solution (30 gpl) in an autoclave at

300«C for 120-144 hours. The specimens were then plaoed in an

S litre autoclave at 280°C and were directly stressed to 110 MPa

(tensile) using constant load lever system. A small area in the

middle of the sample gauge length was cooled intermittantly by

10



injecting cold water, cooling it to about 50-70°C. A schematic

diagram of the experiment set up is shown in Fig. 13. The

experiment was continued for 750 hours in whioh the specimen was

exposed to low temperature for about 50 hrs. The cold spot and a

region 30-35 mm away from it were1analysed for hydrogen. The

results given in Table 4 show that considerable amount of

hydrogen has migrated to the cold spot.

This can be explained by the fact that the solubility

of hydrogen in zirconium is very sensitive to temperature. At

300°C it is about 65 ppm? and at 80°C it is about 2-3 ppm. So at

the cold spot hydrogen present in excess of about 3 ppm gets

precipitated as zirconium hydride. when the temperature goes up

not all of this hydrides dissolve. This sets in the diffusion of

hydrogen from the surrounding regions, which get accumulated at

this spot. Such accumulation of hydrogen over a long period can

eventually lead to severe hvdriding and embrittlement.

4. X-RAY DIFFRACTION STUDIES OF H CHARGED ZIRCONIUM ALLOYS

To ascertain the nature of the surface film and to

observe the diffusion of hydrogen into the specimen, X-ray

diffraction studies were carried out on the following samples,

(i) uncharged zircalov-2

(ii) zircaloy-2 specimen as hydrogen charged by HTC

technique

(iii) specimen (ii) after removing about 200 micron thick

surface layer by grinding

(iv) uncharged Zr-2.5Nb alloy

(v) Zr—2.5Nb specimen as hydrogen charged by HTC.

11



The X-rav diffraction (XRD) patterns obtained in the

case of zircaloy-2 specimens and Zr-2.5Nb specimens are given in

Fig. 14 and 15 respectively. Bv comparing curves (a) and (b)

(Fig. 14) the peaks corresponding to zirooniu.vi and Zr hydrides

can be identified. Alpha-Zr, delta ZrHi.« (FCC) and epsilon

ZrH2 (FCT) were observed around 2.Theta value of 32°. The peaks

obtained around 2-Theta values of 34.8°, and 36.3° correspond to

those of alpha-Zr. Peaks of both delta ZrHi.« and gamma ZrH

exhibit around 37° as a tailing of the alpha Zr peak at 36.3°.

The peaks at 47.35° and 56.8© are those of alpha Zr. The broad

peaka at 54.2° and 64° are also those of the hydrides. Since the

surface hydride layer is very thick 150 urn (approx.) the peaks

due to the base metal (Zr) are very weak in curve (b) and peaks

corresponding to Zr hydrides are rather prominent.

The outer hydride rich layer was removed by grinding

and curve (c) shows X-ray diffraction pattern of this sample. In

this case, peaks corresponding to both base metal and hydrides

appear clearly. Thus curve (c) may be regarded as the

combination of (a) and (b). The weak interference from the

hydrides that appear around 37° is present as a tailing of the

36.35° peaks which correspond to the metal.

The H ingress in the Zr-2.5Nb alloy sample was only 120

ppm and hence the hydride peaks were not so clearly delineated as

in the case of zircaloy-2 (which had 800 ppm) though they could

be clearly identified in the chart (Fig. 15). Peaks around

33.3°, 34°, 52.3°, 54.2° and 65° are those of the hydrides. In

addition zirconium peaks around 32°, 36.5°, 63.5°, 68.5° and

73.7° coincide with different hydride peaks.

12



XRD studies conclusively prove the formation of

zirconium hydride and its presence well inside the material.

However, it was not possible to find out which hydride was formed

because the zirconium hydrides have very closely spaced peaks.

It has been reported that high hydrogen concentration and slow

rate of formation favour £+<f - hydrides and low concentration and

short duration of formation favour Y hydride". Therefore, it

could be assumed that at the surface where there is a high H-

oonoentration of hydrogen epsilon and delta hydrides might be

present and (though not exclusively) and within the sample where

there is low concentration of H, gamma hydride might have been

formed, in the short duration of charging by the HTC technique.

5. DISCUSSION

The data presented in the foregoing sections show that

high temperature cathodio charging (HTC) is a convenient hydrogen

charging technique for Zr alloys. A better understanding is

possible by comparing different techniques using an equation

given by Marino'. According to this equation, the hydrogen

concentration M (g/oo) above the solubility limit Cie that

existing as hydrides) at a distance x from the specimen centre is

given by

M =

where t = time of charging (seconds)

oC - a constant

13



D = diffusion coefficient of H in the phase (pin* sec)

jo = surface flux (g/cir»2/sec)

1 - specimen half thickness (cm)

The value of was determined experimentallv by £ Hiliner et. al 1 0

as 0.07 seci/2. The diffusion coefficient of H in ô -Zr is given

by the equation as determined by Kearns1*

D = .00217 e

where R is the gas constant 1.99 cal

The hydrogen flux, Jo, for the LiOH charging is calculated from

the corrosion rate at that temperature and LiOH concentration*.

For the electrochemical charging it is given by Jo = e x c where

e is the electrochemical equivalent of hydrogen (g/coulomb) and c

the current density A/cm2.

The hydrogen distribution calculated using the above

equation are given in Fig. 16. On the x axis the distance from

the specimens centre is plotted. On the Y ' axis the

logarithm of H-coneentraticn (in ppm ie rog/kg) is plotted. The

curve 'a' is the distribution of H at a cathode current density

of 0.02 A/cm2 and at 100°C typical of a conventional electrolysis

from dil H?S04. Curves 'b' and *c' represent hydrogen

distribution by electrolytic charging at 260«C for 2 hours and

6 hours respectively at a cathode current density of 0.2 A/cm*.

Curves 'd* and 'e' represent the distribution of H from LiOH

charging at 316«C for 2 hours and 38 hours respectively.

The hydrogen distribution profiles show that in all

these cases there exists a concentration gradient for H in

2ircaloy sample. Three factors affect the H distribution across

the specimen. They are the charging temperature, the hydrogen

14



flux and the charging time. The higher the charging temperature

the lesser the concentration gradient (curves a, b and e). A

higher hydrogen flux or longer duration of charging has the

effect of pushing the distribution profiles along the x and

y axis which means a higher hydrogen pick up and deeper-

penetration.

In conventional electrolytic oharging the temperature

is less than 100»o and hence the diffusion coefficient is very

low. So hydrogen doesn't diffuse to any significant depth (curve

a). The entire hydrogen is concentrated on the surface (within

about 0.27 mm). This is seen as a hydride layer when zircaloys

are charged in this way. In contrast the curves for HTC charging

(curves b and c) show migration of hydrogen deep into the

specimen. Curve 'b' has to be compared with curve ld' which is

obtained if LiOH charging is done for 2 hours (at 316°C). The

depth of penetration is very small and the amount of H charged is

also very small. This is because the initial hydrogen flux is

nearly two thousanth of the.H flux available in HTC charging

under the normal charging conditions. In 40 gpl LiOH at 316°C,

Jo •= 1.093 x 10-3 g/cm2/see. At 0.2 A/omZ at 260»C the

Jo = 2.072 x 10-6 g/cit)2/seo in the HTC charging.

It is interesting to see the effect of charging time.

Curve 'o' and 'e' are the H distribution profile for 6 hour HTC

charging and 38 hour LiOH oharging. These may be compared with

curves b and d respectively. It can be seen that the amount of

hydrogen charged and the depth of penetration are more when the

time of charging is increased. To verify this point, 4 mm thick

.zirealoy-2 specimens were H charged from LiOH solution for 2

15



hours and 40 hours and the hydrogen contents were 45 ppm and 65

ppin respectively (starting material had 35 ppm hydrogen). These

values are very small compared to those obtained by HTC charging

(Table 2).

The presence of a hydride layer in samples charged by

HTC and its absence in samples charged from LiOH is easily

explained by Fig. 16. The horizontal line f represent 22000 ppm

correspond to composition epsilon ZrH* (11000 ppm represent

composition of gamma ZrH). The H concentration at the surface in

the case of specimens charged from LiOH is much smaller than this

value.

Thus these curves clearly demonstrate the superiority

of high temperature cathodic charging compared to other charging

techniques. It should be stressed that these curves are good for

only a qualitative understanding. The H pick up by zirconium

alloys is influenced by the alloying elements (Ni, Nb, etc.), the

formation of a hydride layer at the surface and the resultant

change in diffusion coefficient and so oh.. When a hydride layer

is formed H concentration at the surface may not- exceed this

value and this can alter the profile. The value of Jo is to be

calculated from the amount of hydrogen that actually goes into

the metal rather than that produced at the surface. In high

temperature autoclaving in LiOH, it was shown that only 65% of

the H generated by the corrosion reaction is picked up by the

ziroaloy*2. For electrolytic charging it could be much less.

(During a HTC charging the total hydrogen produced is enough to

completely transform .the metal into zirconium hydride. The fact

that the hydrogen pick up is only 100-500 ppm shows that only a

16



small fraction is actually picked up).

6. HYDROGEN CHARGING IN NICKEL AND IRON BASE AUSTENITIC

ALLOYS

Alloys containing nickel, iron and chromium, where

nickel content varying from 8* to 75% were subjected ' to H

charging by HTC technique. These alloys are having an austenitie

structure and are known to be highly resistant to hydrogen pick

up and hence to H - embrittlement. This is probably the result

of a very low H diffusion rate and the absence of any stable

brittle hydrides for these elements (and their excellent

ductility). For a hydrogen assisted crack propagation it is

necessary for the hydrogen to diffuse continuously to the region

of high triaxial stress in front of the crack tip, either to

produce a lattice deoohesion or to interfere with the mobility of

dislocation. The absence of any stable hydrides preclude the

possibility of a zirconium type embrittlement. However, there

are isolated instances of 'H embrittlement' in these alloys.

Hydrogen enibrittlement in these cases means onlv a change in the

mode of failure or a slight reduction in ductility. The main

difficulty in the study of hydrogen embrittlement in these cases

is the difficulty in charging these materials with hydrogen.

Hence an attempt was made to introduce hydrogen into some of

these alloys by the HTC technique. Half inch tensile specimens

(spot welded to thick (rigid) stainless steel wires for

electrical connection) were charged for 2 to 6 hours at 260°C in

a salt bath having composition 9 as given in Table 1. The

specimens thus charged were tensile tested at a strain rate of

17



6.56xlO-ssec-i. The fracture mode was observed using SEM. The

results are summarised in Table 5.

Because of the very low diffusivltv of hydrogen in

these alloys (=sio*9 cm2/secO it is likely that only a very small

amount of hydrogen oould be introduced even by HTC. Hydrogen

appeared to be confined at or near the surface. Prolonged

charging did not yield enhancement in H content with time of

charging probably because of the close packed austenite structure

of these alloys. Some reduction in ductility with lydrogen

content was observed in the case of Monel 400, Incone] 600 and SS

304 L. In the case of Duplex stainless stjel and Alloy 800 there

appears to be no definite correlation between the H content (in

the range of 50-75 ppm) and ductility. The UTS values remained

almost unaffec ad. The fracture mode observed in SEM for these

alloy system , are shown in fig. 17 to 20. In the case of Monel

400 and Inconel 600 there appears to be a change in fracture mode

from ductile (MVC) to intergranular (IG) at high H level. In the

case of SS 304 L, duplex SS and alloy 800 there is no indication

of any trans-granular or intergranular fracture.

At this stage it may be stated that the HTC technique

developed in the laboratory has several advantages particularly

for a quick assessment of materials behaviour with respect to

hydrogen pick up as well as its reflection on corrosion and

mechanical prop""ties.

7. STUDY OF THE DEUTERIUM/HYDROGEN SEPARATION FACTOR IN

HIGH TEMPERATURE WATER ELECTROLYSIS

Soon after the discovery of deuterium, Urey and
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Washburni3 proved that when ordinary water is electrolysed

protiuin (Hi) is preferentially discharged at the cathode. The

electrolyte remaining in cell becomes enriched with deuterium.

This fcf uied the basis of the heavy water production by

eleotrolvtic technique. The difference in discharge rates

between the two isotopes of an element depends, according to

Belli4, on the difference in the zero point energy between their

hvdrated ions. The heavier the isotope (of any element) the

lesser the percentage difference in the zero point energy and

lesser the difference in the rate of discharge and hence the

separation factor. If H and D represent the fraction of the

hydrogen and deuterium, then separation factor is defined as

«»C - (K/D) gas / (H/D) electrolyte

This ratio depends on the cathode material, presence of

impurities, oxygen, poisons that increase over voltage,

temperature and current density. For a giiven set of materials the

separation factor, ̂  , tend to increase with current density15,

and decrease with increase in temperature*6. In addition to

these there is chance of a chemical exchange as soon as HD is

evolved at the cathode namely,

HD + H*0 ^==* HDO + H2

that also affect the overall separation. The rate of this would

decrease with increase of temperature. Hence eleotrolvtic

separation of H&D has bean done at low temperatures. However,

all these results are obtained for electrolysis less than 100°C.

In connection with the high temperature oathodio

charging of hydrogen in metals, electrolysis of water was being

done at 250-270°C. Hence it was decided to study whether the
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separation factor followed the same trend.

A schematic diagram of the experimental set up is given

in Fig. 21. The electrolyte was the same as No. 9 of Table 1.

The bath was maintained at 250-260»C and electrolysis was done at

0.2, 0.4 and 0.5 A/cm2. The gases coming out of the cell were

passed through a condenser to remove water and then through a

strong solution of NaOH to remove any trace of SO3 . The gases

coining out were passed through a liquid nitrogen trap to remove

last trace of water and then through a heated (400°C) CuO. The

hydrogen converted to steam is condensed and collected in a

suitable trap.

The water collected in the trap is analysed for the D/H

ratio by mass spectrometer after taking the water over a uranium

furnace where the water will decompose to give hydrogen and

deuterium. The D/H ratios, after correcting for the H34 , and the

corresponding separation factors are presented in Table 6. D/H

calculated from the liquid was accurate to + 1 pprn. The D/H

values reported above are average values obtained in 2 or 3

independent experiments. These results confirm the report that

is decrease with increase in H content.

CONCLUSIONS

1. The high temperature catnodic charging (HTC) is a versatile

technique for charging a variety of metals and alloys with

hydrogen

2. Because of the high temperature and high flux present in this

case it can introduce more hydrogen than by any other

20



hydrogen charging technique in the same time.

3. The H-D separation factor during the electrolysis at 260°C

was smaller than that in low temperature electrolysis,

showing there by that the diminished rate of HD-HaO exchange

do not have any beneficial effect on separation factor.
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Table 1 Composition of the nine salt baths studied. The last
column gives the hydrogen content in zircalov-2 sample charged
at 0.2 A/cni2 for 2 hours at 260<>C from the oorrespond! 119 bath.

Bath
compositions
No.

1

2
3
4
5

6
7
3
9

KHSO«
gins

500
500 '
500
5 0 0
0

0

0
0
250

K*SO<
grns

0
50
100
150
0

0

0
0

' 75

NaHS04

91ns

0
0
0
0
5 0 0

500
500
5 0 0
250

Nc,2S0,
91T1S

0
0
0
0
0
25
50
75
37

t Average H content
in ziroaloy-2
(ppm)

121
146
184
190
97
112
136
136
2 0 0

Table 2 - Comparison of H pick up by zirealov-2
alloys as a function of time and current density

and Zr-2.5Nb

Duration of
chargin9
in i n .

30
90
120
ISO
240
360

H content
Zr-2.5 Nb
0 . 1 A/0in2

22
24
34
-

65
B4

, ppm
0.2 A/om*

19.5
19.5
67
84
146
349

H content
Ziroaloy-2
0 .05 A/Gin*

47
47
70
-
95
130

i n
, ppm
0.1 A/oifi2

35 '
71
80
-
195
255

0.2A/OlT|2

60
120
196
336
350
689
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Table 3 Effect of heat treatment on the hydrogen pick up by
Zr-2.5Nb coolant tubes in electrolytic ohar'9ing.

Charging
time
minutes

ISO

240
I

H. cent.
(850»C,30 min
+ 15% CW
(ppm >

84

140
f

H. oont.
after 16 hrs
at 550©c
(ppin)

42

SI

H. cont. after
24 hrs at
at 550OC
(ppm

31

50.5

Table 4 Accumulation of hydrogen at cold spot

Sample No, H. content away from
the cold spot
(ppm)

H. content at the
cold spot
(ppm)

1.

2

143

107

264

246
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Table 5 - Results obtained for H charging and tensile testing of
austenitio alloys. Unless otherwise specified the cathode
current density was 0.2 A/om* and temperature 260°C

Material and
duration of
charging (hrs)

SS 304 L
2
4
6

Monel 400
2
4
6

2hr s/ .3A/cni2

2hrs/0.3A/cni2

Duplex S.S.

(ferrite 40%)
2
4

6
2hrs/0.4A/cni2

3hrs/0.3A/cifi2

Inconel 600
2
4
6

Allov 800
2
4

6

2hrs/0.4A/oin2
2hrs/0.3A/cm2

H content
Ppirt

56 + 6
56 + 6
64 + 6

14 +• 1

17 + 2
33 + 3 •
15 + 2
14 + 2

24 + 2
21 + 2
25 + 3
75 + 8
33 + 4

20 + 2
28 + 3
41 + 4

44 + 4
47 + 5
42 + 4
47 + 5
46 + 5

Ductility

elongation

96
84
72

40
40
24
39
26

43
32
39

43
38.6

60
72
40

48
48
50
42.5
52

UTS
Mpa

58
56
57.6

53
60
86

48
51

81
76
81
81
62.5

54.8
54.2
54

48
54.6
57
54.6
54.9

Mode of failure*

MVC
MVC
MVC

MVC
MVC
MVC+IG
MVC
MVC

MVC
MVC
MVC
MVC
MVC

MVC
MVC
MVC+IG

MVC
MVC
MVC
MVC
MVC

* MVC = Mutlivoid coalesence
IG = Intergranular
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Table 6

Currant D/H rat io 153.5/<D/H)
A/cin2 ppm (Average)

0.2 107.5 1.43

0.4 119 . 1.305

0.5 • 113 1.37
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GLASS CELL.

FURNACE.

FIG. I.

HIGH TEMPERATURE CATHODIC CHARGING SET UP.



250 X
2a. Cross section of zircaloy-2 specimen hydrogen charged by HTC containing 370 ppm hydrogen. Note

that the precipitates arc very line and are oriented randomly.

250 X
Fit;, MI. Cross section of 7ircaloy-2 specimen hydrogen charged by HTC containing /X0 ppm hydrogen. Note

the hydride layer at the surface, the line nature of hydrides, the random orientation and the
concentration gradient.

-28



i • . ' . ' • ."i * ' ' - - *

125 X

/•7». 2b & Jb. Montage of hydrogen distribution in tin.' cross section of zircaloy-2 specimens hydrogen charged
by HTC containing 370 pptn and 780 ppm hydrogen respectively. The hydrogen concentration
gradient is more obvious at high hydrogen concentrations and/or thick specimens.

- 2 4 -



250 X
•/. Hydride> in zirealoy-2 hydrogen charged by HTC containing 780 ppm hydrogen uf'ter homogenising in

partial vacuum at -MXPC for 24 hours. Note the precipitate grow in size and take lhe preferred
orientation.

125 X
5. Cross section of a thin /irealoy-2 specimen hydrogen charged by HTC. The hydride layer and the tine

precipitate tan be seen.
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V,» 6. Hydrides in Zr-2.5Nb hydrogen charged by HTC. The alloy has an <* + /3 structure, and the hydrides are
along the grain boundaries ( 600 x , H = 350 ppm ).

40pm
\

7. Hydride in Zr—2.5 Nb hydrogen charged ( by HTC ), after aging for 24 hours al 55OCC tor 24 hours-
Note the change in structure compared to Fig. 6 ( 250X, H = 200 ppm).
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125 X

<v. Hydrides in /ircaloy-2 sample charged by autoclaving in LiOH ;it 316°C, illustrating the hydrogen
gradient.
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FIG. 10. OBSERVED MECHANICAL PROPERTIES OF Zr-2.5Nb

AS A FUNCTION OF HYDROGEN CONTENT.
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^ ' ^ M f i i ' '' '.''.•'•'.''.••• '' '•' • I •'•'. . • ' - ' • • ' * ? - ' . ^ - ^ v - ^ ^
' i i i * <

125 X

// . Hydrides in zircaloy-2 ring hydridet! under stress. The circumferential hydrides van be observed
on the extreme right side.

V*
t • * • > -

600 X

/2. Radial hydrides in zircaloy-2 Specimen hydrided under stress.
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DEAD WEIGHT

PRESSURE GAUGE.

— T O WflTER TANK.

(LOADING SYSTEM LEVER)

SPECIMEN COOLING SYSTEM.

FIXED STAND.

AUTOCLAVE.

FURNACE. WEIGHTS-

SPECIMEN.

CAGE

THERMOWELL.

FIG. 13. EXPERIMENTAL SETUP FOR H-M1GRATION STUDY UNDER THERMAL AND STRESS GRADIENT.
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FIG. 14. XRD PEAKS OF HYDRIDED Z I R C A L O Y - 2 . a) BLANK ZIRCALOY " 2 . b) ZIRCALOY-2. AS HYDRIDED

CONDITION, c) ZIRCALOY-2 HYDRIDED AND SURFACE LAYER REMOVED.
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- lOppm

- I ppm
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FIG. 16. HYDROGEN DISTRIBUTION IN CONVENTIONAL ELETROIYTIC CHARGING HIGH TEMPERATURE

CATHODIC CHARGING ( HTC) AND HIGH TEMPERATURE AUTOCLAVING IN LiOH AS

PREDICTED BY THEORY.



50(1 X

Ft". /7. 1'raciurc mode observed lor Inconel 600 coniaining 41 ppm livdiogcn.

500 X

/•'it:, /.N. Fraoiure mode observed in the case of Moncl 400 containing 33 ppm H,

;• 40 -



/Vg. /!/. Fracture mode of SS 304 L containing 64 ppm hydrogen [ 500 X ] showing MVC.

500 X

2». Fracture mode of duplex stainless steel ( ferrite 40'/, ) containing 75 ppm hydrogen.

- 41 -
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FIG.2I. EXPERIMENTAL SET UP FOR STUDING 0 /H RATIO IN HIGH TEMPERATURE ELECTROTYSIS OF WATER.
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