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Abstract A simple, fast and sensitive instrumental neu-

tron activation analysis (INAA) method has been opti-

mized for the determination of trace concentrations of

chlorine in five types of samples namely zirconium oxide,

zircaloy 2, zircaloy 4, Zr–Nb alloy and Zr–Sn alloy sam-

ples. The samples were neutron irradiated for short dura-

tion (1 min) using pneumatic carrier facility of Dhruva

research reactor at a neutron flux of 5 9 1013 cm-2 s-1

and measurement of 1,642.7 keV gamma-ray of 38Cl was

carried out using a 40 % HPGe detector coupled to 8 k

MCA. Concentrations of chlorine were found to be in the

range of 9–575 mg kg-1. The 3r detection limits of

chlorine were in the range of 0.1–2.7 mg kg-1 for various

samples.
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Introduction

Zirconium and its compounds are widely used in various

fields of science and technology. Zirconium oxide is used

as traditional and advanced ceramics and as a refractory

material. It is also used as a raw material for production of

different types of zirconium based alloys. Zirconium alloys

like zircaloy 2, 4 and Zr–Nb alloys are extensively used as

cladding for nuclear fuels and for making core structural

material for water cooled nuclear power reactors for gen-

eration of electricity. The corrosion resistance of zircaloys

may change due to variations of (1) cladding material

condition, (2) alloying content of the cladding, (3) impurity

content of the cladding, and (4) the coolant chemistry. If

there is any excess or less concentration with respect to

required specifications, it adversely affects its properties as

well as durability of the alloys in the power reactors. The

trace impurities which are undesired in zircaloys are O, C,

Si, P and Cl [1]. Chlorine is considered a detrimental

impurity in the zircaloys, because even at trace level it can

cause the local depassivation of the oxide film on the

surface of the zircaloy clads leading to corrosion and

eventual failing of the cladding [2]. The segregated chlo-

rine acts as centers to produce fissures and enhances the

rate of ingression of hydrogen during reactor operation

leading to deterioration in the strength of pressure tubes

made up of zircaloys. As the concentration of Cl increases,

the fracture toughness of zircaloys decreases. The source of

chloride in pressure tubes is magnesium chloride formed

during the Kroll’s process in manufacturing of zirconium

sponge. The residual chlorine in the sponge is carried to

alloy component during its manufacturing process. Based

on examination of Cl content during melting of ingots, four

melting cycles are required to reduce its concentration to

acceptable level [3]. Thus, for chemical quality control of

zirconium based oxides and alloys, determination of con-

centration of chlorine by a suitable analytical method is a

necessity.

The determination of Cl in a wide variety of solid matrices

is a challenging task. The turbidimetric method is one of the

classical methods for the determination of chlorine in various
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matrices. However this method is applicable only in the

concentration range of 20–2,000 mg kg-1 of chlorine in the

sample. Pyrohydrolysis-ion chromatography (PH-IC) is

another most widely used technique for the determination of

Cl even at ultra trace levels. However, it needs extensive

sample preparation before the analysis. The sample needs to

be heated slowly and soaked at 1,100 �C in a mixture of

moisture and oxygen for about an hour. It was reported that

the accuracy depended on the percentage of release of Cl

from sample into solution. Loss of volatile halide may occur

due to heat generated during the dissolution by acids. In

addition, any reagents used in the dissolution and separation

processes are potential sources of contamination. PH-IC has

been used for the determination of chlorine in nuclear fuels

and various material like aluminum foil, Whatman filter

paper, surgical gloves, methanol and tetrachloroethelene that

were used during fuel fabrication process [4, 5]. Chlorine was

determined in nuclear fuel by pyrohydrolysis coupled with

spectrophotometry [6], while glow discharge mass spec-

trometry has been used to measure chlorine in Zr-2.5Nb

alloys [7].

Although many solid sampling techniques are used for

the determination of Cl in different matrices, these methods

require a matrix matching certified reference material

(CRM), which may not be available all the time. However,

a method that is matrix independent and nondestructive in

nature is advantageous. There are a few such analytical

techniques capable of quantifying chlorine in materials

such as zircaloys and they include X-ray fluorescence

spectroscopy (XRF), proton induced X-ray emission ana-

lysis (PIXE), instrumental neutron activation analysis

(INAA) and prompt gamma-ray NAA (PGNAA). Com-

pared to PIXE and XRF, PGNAA and INAA (used in the

present work) are better choice for bulk sample analysis as

they do not require any sample pretreatment which helps in

avoiding any possible contamination.

INAA has been used for the determination of chlorine

using zirconium itself as the comparator [8, 9]. However, it

requires the complex mathematical calculations and often it

is difficult to accurately calculate the input parameters,

which in turn affects the accuracy of the results. Radio-

chemical neutron activation analysis (RNAA) has been

used for determination of Cl in Zr-2.5 % Nb coolant tubes

[10]. Special care needs to be taken during the radio-

chemical separation of chlorine as its amount is low and

half-life of 38Cl is short. In this case, INAA can be

employed to determine trace amount of chlorine using

short duration irradiation of samples with higher neutron

flux obtained from research reactors. This paper reports

INAA results on chlorine concentrations in zirconium

based alloys and oxide samples utilizing short duration

neutron irradiation in pneumatic carrier facility (PCF) of

Dhruva research reactor.

Experimental

The samples of zircaloys and zirconium oxide powder were

received from Nuclear Fuel Complex, Hyderabad, India.

Zirconium oxide replicate samples were chosen randomly

from every batch of the storage drums. Samples were

homogenized by mixing, while cone and quartering method

helped in taking subsamples for analysis. The high purity

zirconium oxide powder was spiked with chlorine standard

solution (amount in the range of 1–20 lg) for determina-

tion of chlorine by standard addition method. The samples

of zircaloys and Zr–Sn alloy were sequentially cleaned

with dil. HNO3, water and acetone. All the samples in the

mass range of 75–125 mg were sealed in a precleaned

polythene pouches. Standard solution of NaCl (Merck,

India) was prepared in distilled water containing

1,000 mg L-1 of chlorine. An aliquot of 100 lL was

pipetted out onto Whatman 542 filter paper, which was air

dried and then sealed in polythene. Samples and standards

along with blank polythene (of same size and mass to that

of sample and standard) were sealed in small polythene

pouches of approximately square geometry. These samples

were kept inside a polypropylene capsule (called rabbit)

and irradiated at a neutron flux of 5 9 1013 cm-2 s-1 for

1 min duration using pneumatic carrier facility (PCF) of

Dhruva research reactor.

The activity measurement of irradiated sample was car-

ried out using a 40 % relative efficiency HPGe detector

coupled to an 8 k MCA having the Pulse Height Analysis

SofTware (PHAST) developed at BARC, Mumbai [11]. The

resolution of HPGe detector at 1,332 keV photo peak of 60Co

was 2.0 keV. Samples and standards were counted after a

decay period of 5–30 min for 600–4,000 s to get higher
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Fig. 1 Gamma ray spectrum of a neutron irradiated zircaloy 2 sample

showing peaks of 38Cl (Irradiation time = 1 min, Decay time = 10

min, Counting time = 15 min)
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counts with lower counting statistical error. For minimizing

the effects of geometry in the detection efficiency, samples

and standards were measured at 10 cm from the endcap of

the detector. A typical gamma ray spectrum of a neutron

activated zircaloy 2 sample is shown in Fig. 1. The relative

method of NAA was used for concentration calculations

utilizing 1,642.7 keV gamma ray of 38Cl. Blank samples of

both Whatman filter paper and polythene (used as sample

container) were also analyzed along with the standards and

samples, respectively, in a similar way to take care of any

contribution of blank to chlorine contents. The 3r detection

limit in mg kg-1 for chlorine in various samples was cal-

culated using background counts under the photopeak of

interest of the sample, sensitivity of chlorine and mass of the

sample.

Results and discussion

Since no reference material for chlorine in zirconium

matrix was available in house, the method was validated by

determining concentrations of chlorine in a high purity

zirconium oxide matrix spiked with different concentra-

tions of chlorine in the range of 1–20 lg. The results from

three independent sample analyses (N = 3) are given in

Table 1. The percentage recovery was quantitative

(97–100 %). The uncertainties on the results are within

±3 %, arrived from standard deviation of replicate

samples.

Determined concentrations of chlorine in zirconium

oxide, zircaloy, Zr–Nb and Zr–Sn alloy samples are given

in Table 2. Zr–Nb-1, Zr-1 and Zr-3 are the zircaloy samples

after first melt, whereas Zr-2, Zr-4 and Zr-5 are finished

products of zircaloys. The Cl concentrations in these sam-

ples were found to be in the range of 9 to 575 mg kg-1. The

results were arrived from replicate (N = 3 or 4) sample

analysis. The uncertainties reported in Table 2 are the

standard deviations of replicate samples at ±1 s confidence

limit. The % relative standard deviations (% RSD) are in the

range of ±1–6 %, indicating that the samples analyzed

were homogeneous. The samples from two different bat-

ches were analyzed and results showed a difference of 6 %.

Compared to chlorine concentration values in zirconium

oxide, decrease of 20–55 % for the first melt and 80–90 %

for the fourth melt (finished product) zircaloys was

observed. The expected concentration of the chlorine in first

melt zircaloys is *25 mg kg-1; however the amount

detected in the first melt zircaloy samples are between 50

and 100 mg kg-1, while the zirconium oxide powder con-

tains more than 100 mg kg-1 of chlorine. The finished

product obtained after the fourth melting contains less than

20 mg kg-1 of chlorine, which is the maximum limit for

zircaloy 2 and zircaloy 4 as per the specifications. The

results showed that the purification procedure employed for

preparing the zircaloys from zirconium oxide maintains the

chlorine concentration level well below the specification

limit. In the case of Zr–Sn alloy samples, the concentration

of chlorine varied from 83 to 575 mg kg-1. Though the

method is capable of determining composition of samples

including other trace elements, we have focused on

Table 1 Results of chlorine contents by INAA using standard addi-

tion method in zirconium oxide powder matrix

Amount added (lg) Amount obtained (lg) % Recovery

1.04 1.01 ± 0.03 97

1.98 1.98 ± 0.05 100

5.00 4.94 ± 0.12 99

10.3 10.2 ± 0.2 99

20.4 20.4 ± 0.4 100

Uncertainties quoted on the results are standard deviation of three

samples at ± 1 s confidence limits

Table 2 Determined

concentrations of chlorine by

INAA in zirconium oxide and

various zirconium based alloys

NA not available; Concentration

has been reported as

mean ± standard deviations,

obtained from replicate samples

(N = 3 or 4) at ± 1 s

confidence limit

Sample ID Sample name N Concentration

(mg kg-1)

LD

(mg kg-1)

Maximum

allowed limit

(mg kg-1) [3]

ZrO-1 Zirconium oxide 4 109 ± 2 0.5 NA

ZrO-2 Zirconium oxide 4 115 ± 2 0.6 NA

Zr–Nb-1 Zr–Nb alloy 4 49.6 ± 2.0 0.1 NA

Zr-1 Zircaloy 2 4 67.7 ± 2.0 0.5 NA

Zr-2 Zircaloy 2 4 9.61 ± 0.12 0.3 20

Zr-3 Zircaloy 4 4 87.4 ± 2.4 0.5 NA

Zr-4 Zircaloy 4 4 14.1 ± 0.3 0.1 20

Zr-5 Zircaloy 4 4 18.2 ± 0.5 0.2 20

Zr-Sn-1 Zr-Sn alloy 3 575 ± 24 2.7 NA

Zr-Sn-2 Zr-Sn alloy 3 166 ± 6 1.9 NA

Zr-Sn-3 Zr-Sn alloy 3 148 ± 5 1.4 NA

Zr-Sn-4 Zr-Sn alloy 3 83 ± 4 0.4 NA
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determination of chlorine concentrations only. The 3r
detection limits (LD) of chlorine in these samples were in

the range of 0.1–2.7 mg kg-1. The variation of detection

limit values is due to varying background under the photo

peak of sample spectrum arising from experimental condi-

tions in terms of (i) variation in composition of the sample

matrix, (ii) mass of sample and (iii) decay period before

counting.

Conclusions

INAA using high neutron flux, short duration irradiation

and assaying the sample at the site with minimum delay

was optimized for the determination of minor to trace

concentrations of chlorine in zirconium based oxide and

alloys. The method is fast, non-destructive (direct solid

sample analysis), simple and sensitive. The detection limit

was quite variable for the different samples, ranging from

0.1 to 2.7 mg kg-1. There was no gamma ray interference

in the determination of low concentration level of chlorine

in the presence of major matrix element Zr and other minor

and trace elements, as the higher energy gamma-ray

1,642.7 keV of 38Cl was used for assessing chlorine

content.
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