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a b s t r a c t

Background: The chemical characterization of metallic alloys and oxides is conventionally

carried out by wet chemical analytical methods and/or instrumental methods. Instru-

mental neutron activation analysis (INAA) is capable of analyzing samples nondestruc-

tively. As a part of a chemical quality control exercise, Zircaloys 2 and 4, nimonic alloy, and

zirconium oxide samples were analyzed by two INAA methods. The samples of alloys and

oxides were also analyzed by inductively coupled plasma optical emission spectroscopy

(ICP-OES) and direct current Arc OES methods, respectively, for quality assurance pur-

poses. The samples are important in various fields including nuclear technology.

Methods: Samples were neutron irradiated using nuclear reactors, and the radioactive assay

was carried out using high-resolution gamma-ray spectrometry. Major to trace mass

fractions were determined using both relative and internal monostandard (IM) NAA

methods as well as OES methods.

Results: In the case of alloys, compositional analyses as well as concentrations of some

trace elements were determined, whereas in the case of zirconium oxides, six trace ele-

ments were determined. For method validation, British Chemical Standard (BCS)-certified

reference material 310/1 (a nimonic alloy) was analyzed using both relative INAA and IM-

NAA methods.

Conclusion: The results showed that IM-NAA and relative INAA methods can be used for

nondestructive chemical quality control of alloys and oxide samples.

Copyright © 2017, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

The chemical characterization ofmaterials is an important step

in chemical quality control (CQC) exercises. It involves the

determination of major, minor, and trace concentrations of

elements with good accuracy and precision. CQC helps in

ensuring the quality of the material as per the required speci-

fications. In the case of nuclear reactor materials, the finished

products should meet the stringent chemical specifications for

major to trace constituents for better performance of a nuclear

reactor during its operation. The materials of interest are

mainly nuclear reactor structural materials of alloy and oxide

matrices. It is important to use suitable analytical techniques to

analyze these complex matrix samples to obtain good quality

results. The routinely used analytical methods are mostly wet

chemical and spectroscopic techniques, such as atomic ab-

sorption spectroscopy, inductively coupled plasma optical

emission spectroscopy (ICP-OES), and ICP-mass spectrometry

(ICP-MS), as well as chromatographic techniques. Although

these techniques give high quality results, they are destructive

methods and are associated with a cumbersome dissolution

process that uses various acids. In some cases, radioanalytical

techniques such as X-ray fluorescence (XRF), instrumental

neutron activation analysis (INAA), prompt gamma-ray NAA

(PGNAA), and ion beam analysis are used. Nuclear analytical

techniques, suchas INAAandPGNAA,haveseveral advantages.

They are able to perform simultaneous multielement determi-

nation, are nondestructive in nature, have a negligible matrix

effect, are highly sensitive and selective, and have achievable

high precision and accuracy.

Routinework using conventional INAA ismainly carried out

using the relative method, in which a priori knowledge of the

constituents in a sample needs to be known. By contrast, k0-

based NAA uses a single comparator such as gold (197Au) or any

other suitable element that is coirradiated with the same

neutron flux along with the sample [1e3]. As the single

comparator is different to the element of interest, this method

requiresneutronspectrumparameters, namely, the epithermal

neutron flux shape factor (a) and the subcadmium to epi-

thermal neutron flux ratio (f), absolute detection efficiency, and

the k0 factor [4, 5] for concentration calculations. In the case of

k0-based internal monostandard NAA (IM-NAA), an element

present in the sample, which is expected to be reasonably ho-

mogeneous, is used as the monostandard [6e8]. IM-NAA using

in situ relative detection efficiency [7, 8] is useful for the analysis

of small- as well as large-size (gekg scale) and nonstandard

geometry samples. The k0-NAAmethodwas adapted in 1995 in

our laboratory. Later, in 2003, the IM-NAA inconjunctionwith in

situ relative efficiency method was developed. The irradiation

positions of APSARA [9] and KAMINI [10] reactors were char-

acterized for f and a values by the cadmium ratiomethod using

multiflux monitors. As IM-NAA gives mass fraction ratios with

respect to the internal monostandard, knowledge of the con-

centration of internal monostandard is required to obtain ab-

solute concentrations of the elements in the sample. When all

the major and/or minor elements present in a sample are

amenable toNAA, e.g., in zircaloys and stainless steels, IM-NAA

is useful for calculating the absolute concentrations by a

standard-less approach using the mass balance procedure.

The IM-NAA method was successfully applied for the

standard-less analysis of nuclear reactor structural materials

such as zircaloys [7, 11] and stainless steels [7, 8, 12]. For

validation of the IM-NAAmethod, British Chemical Standards

(BCS) certified reference materials (CRMs) 225/1 (low alloy

steel) and 466 (austenitic stainless steel) [8, 12, 13] were

analyzed. Various analytical techniques have been used for

the analysis of alloys and oxides including NAA [14], prompt

gamma-ray NAA [15, 16], XRF [17], spectroscopic methods

such as ICP-OES [18e21], atomic absorption spectroscopy

[22e26], and ICP-MS [27e29].

This research paper deals with the chemical characteriza-

tion of zirconium and nickel based alloys by IM-NAA and

compares results with conventional INAA and ICP-OES. Sam-

ples in triplicate analyzed by INAA, IM-NAA, and ICP-OES are

nimonic alloys, Zircaloy 2, and Zircaloy 4. Zirconium oxide

samples (four replicates) were analyzed by INAA and direct

current Arc OES (DC Arc OES). This sample (zirconium oxide)

could not be analyzed by IM-NAA as the neutron flux param-

eters (f and a) of irradiation position at Dhruva reactor are not

available. In addition to the comparison of resultswith relative

INAAand ICP-OES, animonic alloyCRMdBCSCRM310/1dwas

analyzed using IM-NAA as well as relative INAA methods.

2. Materials and methods

2.1. About the samples

Different alloys are important in almost all fields of modern

science and technology. The elements Fe, Ni, Cr, Zr, Pb, and Ti

are the basematerials formost of the alloys. High nickel alloys

are used in the chemical, petrochemical, turbine, and aero-

space industries. High Ni alloys (having 50e80% Ni), such as

nimonic alloys, are used in the pressure lining of steam gen-

erators and are also preferred over stainless steels as struc-

tural materials in fast nuclear reactors. Swelling under the

prevailing irradiation conditions of high temperature is low

for these alloys, and they are less prone to stress corrosion

cracking.

Zirconium occurs in nature, mostly in the form of a silicate

mineral known as zircon, which is extensively used in the

glass and ceramic industries. Zirconium oxide (ZrO2, zirconia),

prepared from zircon, is used as traditional and advanced

ceramics and as a refractory material. It is used as a material

for machinery wear parts, insulations and coatings, and solid

electrolytes for fuel cells. It is also used as a raw material for

the preparation of various zirconium-based alloys. Zirconium

forms alloys with a variety of metals, such as Nb, Ni, Fe, Sn,

and Cr. These elements are added to zirconium to improve the

mechanical properties and to decrease corrosion by water at

high temperatures. Tin, as an alloying element, is most

effective in imparting corrosion resistance without seriously

affecting neutron economy in nuclear reactors [30]. Zirconium

alloys are mostly used for fuel cladding and core components

in water-cooled nuclear power reactors, viz. boiling water re-

actors, pressurized light water reactors, and pressurized

heavy water reactors. Zirconium-based alloys are the major

structural components for nuclear (thermal) reactors, namely,
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Zircaloy 2 (as fuel clad in boiling water reactors) and Zircaloy 4

(as fuel clad in pressurized heavy water reactors). Zirconium

has been chosen for nuclear reactor components on the basis

of a lower neutron absorption cross section (0.18 barn) for

thermal neutrons, as well as its good corrosive resistance and

mechanical properties. Zircaloys 2 and 4 and ZrO2 samples

were collected from the quality control laboratory of our

department, and nimonic alloy samples and reference mate-

rial were collected from Material Science Division, Bhabha

Atomic Research Centre (BARC; Mumbai, India). Along with

other applications, these materials are useful in nuclear

reactor technology programs. The properties of the above-

mentioned materials depend on their composition as well as

on minor and trace mass fractions. Therefore, it is important

to analyze the materials of interest for the determination of

major to trace level mass fractions as a part of a CQC exercise.

In the present work, INAA methods along with ICP-OES and

DCArc OES techniques have been used for compositional

characterization of different alloys and trace elements in

oxides.

2.2. Reagents and standard solutions

2.2.1. ICP-OES
Acids, HF, HNO3, HCl, and H2SO4 of suprapure grade (Merck

Ltd., India) were used in this work. The standard solutions of

1 mg/mL (Merck Ltd., India) (all elements of interest except

chlorine) were used to obtain the calibration curves in ICP-OES

determinations. High purity water was obtained from a MilliQ

water system and used throughout the experiments for

preparation of all sample and standard solutions [31, 32].

2.2.2. DC Arc OES.
In the case of zirconium oxide analysis by DC Arc OES, Spec-

pure grade oxides of individual elements, AgCl, SrF2, supplied

by SPEX Industries, Los Angles, USA and high purity pre-

analyzed ZrO2 were used for the preparation of standards [33].

2.3. Analytical methods

2.3.1. Spectroscopic methods (ICP-OES and DC Arc OES)
The samples of nimonic alloys were dissolved using HNO3, HF,

and HCl in a polytetrafluoroethylene (PTFE) vessel [31, 32]. The

samples of zircaloys were dissolved using HF and HNO3 in a

PTFE vessel. The resulting solutions were diluted to appro-

priate volumes using Millipore Water. Reagent blanks were

also prepared for blank correction. These solutions were

analyzed with ICP-OES.

The samples of zirconium oxide were analyzed directly.

The powdered sampleswere pressed into pellet forms. A set of

standards spiked with trace amounts of analyte in a high

purity zirconium matrix and 5% AgClþ SrF2 carrier with

0.003% Pd as an internal standard were prepared using spec-

pure compounds [33]. A blank standard was also prepared in

a similar manner without the addition of analyte. The sample

pellets were analyzed by DC Arc OES.

2.3.2. INAA
Samples with a mass of about 100 mg were heat sealed in

polyethylene pouches. The standards were prepared using

appropriate amounts of Merck standard solution (1,000 mg/L).

Required amounts of standard solution were transferred onto

the filter paper, then dried and heat sealed in polythene. The

samples were irradiated for 1 minute in the pneumatic carrier

facility (PCF) of the Dhruva reactor, BARC. The longer duration

of irradiation (6 hours) of samples was carried out by the

pneumatic fast transfer system (PFTS), KAMINI reactor of

IGCAR (Indira Gandhi Centre for Atomic Research), Kalpak-

kam, India. The Dhruva reactor operates at 50 MW power, and

the thermal equivalent flux was 5� 1013 n cm2/s. The KAMINI

reactor operates at 20 kW power, and the thermal equivalent

flux was 6� 1011 n cm2/s. The PCF in the Dhruva reactor pro-

vides only short duration (1 minute) irradiation. As longer

duration irradiation was not available in the Dhruva reactor,

the PFTS of KAMINI reactor in the IGCAR was used. The

radioactive assay was carried out using a 40% HPGe (high-

purity germanium) detector coupled to an 8k channel analyzer

in the BARC. Peak areas were evaluated using peak-fit soft-

ware PHAST, which was developed at our institute [34]. A 25%

HPGe detector coupled to MCA of Eurysis Measures was used

for radioactive assay at the Fuel Chemistry Division, IGCAR.

Both relative INAA and IM-NAA methods were used to

determine the concentration of various elements. The PCF of

the Dhruva reactor was used for short- and medium-lived

nuclides by the relative NAA method, and the KAMINI

reactor was used for short- to long-lived nuclides by the IM-

NAA method as well as for long-lived nuclides by the rela-

tive method of NAA.

In IM-NAA [8], the ratio of mass (m) of an element (x) to the

mass of the comparator element (y) in the sample is given by

Eq. (1)

mx

my
¼ ððSDCÞðf þ Q0ðaÞÞÞy

ððSDCÞðf þ Q0ðaÞÞÞx
PAx

PAy

ðεgÞy
ðεgÞx

k0;AuðyÞ
k0;AuðxÞ ; (1)

where PA is the net peak area under the gamma ray peak of

interest; S is the saturation factor ð1� e�lti Þ; D is the decay

factor ðe�ltc Þ; C is the term used for correcting the decay during

the counting period and is given by (ð1� e�l LTÞ=l LT) (where ti,

tc, and LT are time durations of irradiation, cooling, and

counting, respectively); f is the subcadmium to epithermal

neutron flux ratio; Q0(a) is the ratio of the resonance integral

(I0) to thermal neutron cross section (s0) corrected for a; ε is the

absolute detection efficiency; k0,Au is the literature-

recommended k0 factor [5]; and x and y stand for the

element of interest and the internal monostandard, respec-

tively. The f and a values of the PFTS position of the KAMINI

reactor are 25.1 ± 0.4 and 0.0406± 0.0025, respectively [10]. The

in situ relative efficiency was obtained using the following

expression [7,8]:

ln εg ¼ kj þ
Xm

i¼0

aiðln EgÞi (2)

where ai is the coefficient of the polynomial of orderm and kj is

a constant characteristic of the jth nuclide. In the calculations,

a second-order polynomial (m¼ 2) was used. In situ relative

detection efficiency was obtained using gamma lines of acti-

vation products of different elements in these samples. De-

tails of in situ relative detection efficiency can be found in the
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literature [6e8]. The gamma rays, along with relevant nuclear

data of the activation products, are given in Table 1 [4]. Other

relevant data for IM-NAA, not given in the table, were taken

from the work of De Corte and Simonits [4, 5].

The relative detection limit (LD; in mg/kg) [35] was calcu-

lated using the following equation:

LD ¼ 2:71 þ 3:29 sB

LT � S � WSam
; (3)

where sB is the square root of background counts (CB) of the

sample under the photo peak of interest, LT is the live time of

counting in seconds, S is the sensitivity in counts per second

(cps) per microgram of the analyte, and Wsam is the mass of

the sample of interest in grams.

3. Results and Discussion

The samples of Zircaloys 2 and 4, and nimonic alloys were

analyzed by IM-NAA, relative INAA, and ICP-OES. The samples

of zirconium oxidewere analyzed by relative INAA andDCArc

OES. Results of INAA and OES were obtained with the relative

method using elemental standards. In the case of IM-NAA, Ni

was used as the internal monostandard in the nimonic alloy

sample and reference material, and the concentration of Ni

was obtained from the relative method. In the case of IM-NAA

of Zircaloys, Zr was used as the internal monostandard, and

the concentrations were obtained using the standard-less

approach because all major and minor elements are

amenable to NAA [11]. The uncertainties quoted in the results

are standard deviations at ±1s confidence limit from triplicate

sample analyses.

For method validation, BCS CRM 310/1(nimonic alloy) was

analyzed by both IM-NAA and relative NAA methods, and the

results are given in Table 2. The elements determined in this

CRMwere Ni, Ti, Al, Mn, Fe, and Cr, and the% deviations of the

determined values are in the range of ±0.2e8%with respect to

the certified values. Uncertainty values were in the range of

±2e9%. Certified values reported by BCS are nominal con-

centrations without any uncertainties. The results obtained

for two nimonic alloys are given in Table 3. Concentrations of

seven elements, comprising the main constituents (Ni, Cr, Fe,

Mn, and Ti) and two trace elements (Al and V), were deter-

mined by IM-NAA and relative INAA methods. The main

constituents were also determined by ICP-OES. The values of

INAA methods as well as ICP-OES are in good agreement and

within the specification limits [36]. The uncertainties are in

the range of 1e10% for relative NAA and IM-NAA methods,

and 1e9% for ICP-OES. Specified composition (range or single

maximum value) is assigned by a fabricator for a particular

sample for its use, which will give its best performance.

Because the total concentration is 100%, concentrations on all

minor and trace elements are added and then subtracted from

100 wt.% to obtain the concentration of the major matrix

element, and this is termed as balance.

The results obtained for Zircaloys 2 and 4 along with their

specifications are given in Tables 4 and 5, respectively. The 3s

detection limits obtained by relative INAA for the Zircaloy 2

sample, calculated using Eq. (3) [35], are given in Table 3, and

they are in the range of 0.03e302 mg/kg. The uncertainties

with the results of the three methods were in the range of

±1e10%. The % deviations between IM-NAA and relative INAA

methods, in general, are within ±10% (except for indium in

Zircaloy 4), whereas the % deviations between IM-NAA and

ICP-OES are within ±7%. The results of IM-NAAwere obtained

using the standard-less approach as described earlier. Trace

concentrations of Hf, Mn, In, and Cl were determined in zir-

caloys, and they were within the specification limits [37]. The

results of the IM-NAA method were in good agreement with

those obtained using the relative INAA and ICP-OES methods,

and were also in good agreement with the specified compo-

sition [37]. The result for chlorine is not reported by ICP-OES,

because it is difficult to be determined in air atmosphere. It

requires an argon atmosphere because its intense emission

lines are absorbed in the air (thus it is not a sensitive method

for chlorine).

The results of the two samples of zirconiumoxide are given

in Table 6. Concentrations of six elementsdAl, Ti, V, Cl, Mn,

and Ni (activation products with half-lives in the range of 2.2

Table 1 e Relevant nuclear data of elements of interest.

Element Activation
product

Half-life Gamma ray energy (keV)

Al 28Al 2.24 min 1,778.9

Cl 38Cl 37.24 min 1,642.7, 2,167.4

Ti 51Ti 5.76 min 320.1

V 52V 3.75 min 1,434.0

Cr 51Cr 27.70 d 320.1

Mn 56Mn 2.579 h 846.8, 1,810.7, 2,113.1

Fe 59Fe 44.50 d 1,099.3, 1,291.6

Ni 65Ni 2.517 h 366.3, 1,115.5, 1,481.8

In 116mIn 54.4 min 138.3, 416.9, 818.7, 1,097.3,

1,293.5, 1,507

Zr 97Zr 16.74 h 254.2, 355.4, 703.8, 1,148.0
95Zr 64.02 d 724.2, 756.7

Sn 123mSn 40.06 min 160.3

Hf 181Hf 42.39 d 133.0, 136.3, 345.9, 482.2

Ta 182Ta 114.4 d 67.8, 100.1, 152.4, 222.1, 1,121.3,

1,189.1, 1,221.4, 1,231

Note. From “Recommended nuclear data for use in the k0 stan-

dardization of neutron activation analysis,” by F. De Corte, A.

Simonits, 2003, At. Data Nucl. Data Tables, 85, p. 47e67. Copyright

2003, Elsevier B.V. With permission.

Table 2 e Determined mass fractions (wt%) in BCS CRM
310/1 (a nimonic alloy) by INAA methods.

Element IM-NAA INAA Certified value

Al 1.04± 0.02 1.05± 0.03 1.06

Ti 2.48± 0.05 2.44± 0.09 2.43

Cr 19.4± 0.6 19.5± 0.7 19.43

Mn 0.38± 0.03 0.32± 0.02 0.35

Fe 0.23± 0.02 0.25± 0.01 0.25

Ni 59.1± 1.5 58.5± 1.04 58.6

Detection limit for V by INAA is 10 mg/kg.

BCS, British Chemical Standard; CRM, certified reference material;

IM-NAA, internal monostandard neutron activation analysis;

INAA, instrumental neutron activation analysis.
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Table 3 e Determined mass fractions (in mg/kg, unless % is specified) in two nimonic alloy samples by INAA and ICP-OES
methods.

(Element) Nimonic Alloy-1 Nimonic Alloy-2 Specifications [36]

INAA IM-NAA ICP-OES INAA IM-NAA ICP-OES

Al 56± 2 55± 2 53 ± 3 84 ± 5 86± 3 90 ± 2 NA

Ti (%) 0.25± 0.01 0.24± 0.01 0.24± 0.01 0.34 ± 0.02 0.33± 0.01 0.33± 0.01 0.2/0.6

V 248± 10 251 ± 8 256 ± 10 147 ± 8 151± 6 148 ± 7 NA

Cr (%) 19.3± 0.4 19.6± 0.6 19.1± 0.6 19.3 ± 0.4 19.4± 0.4 19.0± 0.4 18.9e21

Mn (%) 0.98± 0.02 0.97± 0.01 0.95± 0.02 0.56 ± 0.01 0.55± 0.01 0.57± 0.02 1.0 max

Fe (%) 0.11± 0.01 0.13± 0.01 0.11± 0.01 0.12 ± 0.01 0.14± 0.01 0.12± 0.01 5.0 max

Ni (%) 79.3± 1.3 79.3± 1.3 79.6± 2.0 79.6 ± 1.5 79.6± 1.5 80.0± 1.2 Balance

ICP-OES, inductively coupled plasma optical emission spectroscopy; IM-NAA, internal monostandard neutron activation analysis; INAA,

instrumental neutron activation analysis; NA, not available; ND, not detected.

Table 4 e Determinedmass fractions (in mg/kg, unless % is indicated) in Zircaloy 2 by relative INAA, IM-NAA, and ICP-OES
methods.

Element IM-NAA INAA ICP-OES Specifications LD (mg/kg)

Cl 10.8± 0.6 11.4 ± 0.8 ND 20 0.5

Cr (%) 0.10± 0.01 0.080 ± 0.007 0.09± 0.01 0.05e0.15 50

Mn 3.65± 0.10 3.91 ± 0.11 4.03± 0.15 50 0.05

Fe (%) 0.15± 0.01 0.16 ± 0.01 0.16± 0.01 0.07e0.2 114

Ni (%) 0.056± 0.005 0.051 ± 0.005 0.052± 0.002 0.03e0.08 75

Zr (%) 98.1± 1.0 98.0 ± 0.8 98.01± 0.88 Balance 140

In 0.158± 0.014 0.162 ± 0.011 0.160± 0.012 NA 0.03

Sn (%) 1.61± 0.05 1.54 ± 0.04 1.58± 0.03 1.2e1.7 302

Hf 62 ± 3 65 ± 2 60± 2 100 1.6

Ta 22.7± 1.1 21.3 ± 1.3 22.1± 0.9 200 1.0

ICP-OES, inductively coupled plasma optical emission spectroscopy; IM-NAA, internal monostandard neutron activation analysis; INAA,

instrumental neutron activation analysis; NA, not available; ND, not detected; LD, detection limit.

Table 5 e Determinedmass fractions (in mg/kg, unless % is indicated) in Zircaloy 4 by relative INAA, IM-NAA, and ICP-OES
methods.

Element IM-NAA INAA ICP-OES Specifications

Cl 14.1± 0.5 14.8 ± 0.6 ND 20

Cr (%) 0.087± 0.003 0.089 ± 0.004 0.090± 0.003 0.07e0.13

Mn 3.28± 0.16 3.24 ± 0.18 4.05± 0.20 50

Fe (%) 0.193± 0.008 0.19 ± 0.01 0.191± 0.006 0.18e0.24

Zr (%) 98.2± 1.0 98.4 ± 1.0 98.3± 1.0 Balance

In 0.118± 0.012 0.105 ± 0.010 0.112± 0.010 NA

Sn (%) 1.49± 0.06 1.50 ± 0.08 1.45± 0.05 1.2e1.7

Hf 23.3± 2.0 22.2 ± 1.5 21.8± 1.5 100

ICP-OES, inductively coupled plasma optical emission spectroscopy; IM-NAA, internal monostandard neutron activation analysis; INAA,

instrumental neutron activation analysis; NA, not available; ND, not detected.

Table 6 e Mass fractions of impurities determined (in mg/kg) in zirconium oxide samples by INAA and DC Arc OES
methods.

Element ZrO2 sample 1 ZrO2 sample 2 Specification
(mg/kg)

Detection limit, LD
(mg/kg)INAA DC Arc OES INAA DC Arc OES

Al 28.2± 0.9 27.1 ± 1.2 35.8± 1.4 36.1± 1.8 50 40

Cl 115 ± 4 ND 108± 3 ND NA 300

Ti 14.1± 0.4 15.3 ± 0.5 8.1± 0.2 7.8± 0.3 150 20

V 36.1± 1.2 39.1 ± 1.5 21.3± 0.6 21.1± 0.8 NA 50

Mn 2.02± 0.12 1.95 ± 0.08 1.92± 0.11 2.05± 0.12 25 56

Ni 11.3± 0.6 12.1 ± 0.4 18.1± 0.8 17.9± 0.9 25 430

ICP-OES, inductively coupled plasma optical emission spectroscopy; DC, direct current; IM-NAA, internal monostandard neutron activation

analysis; INAA, instrumental neutron activation analysis; NA, not available; ND, not detected.
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minutese2.6 hours)dwere determined using PCF of the

Dhruva reactor using 1 minute irradiation, and the values are

in the range of 2e115 mg/kg. The uncertainties from four

replicate analyses are in the range of ±2e6%. For comparison,

samples were also analyzed by DC Arc OES. The determined

concentrations of Al, V, Mn, and Ni are in good agreement

(within ±1e4%, except for V in ZrO2-1) with the INAA results.

Results are also found to be within specification limits [37]. In

samples of zircaloys and ZrO2, the result for chlorine is not

reported because it is difficult to be determined in air atmo-

sphere by ICP-OES. It requires argon atmosphere because its

intense emission lines are absorbed in the air, and thus this is

not a sensitive method for chlorine.

The INAA method, to some extent, is matrix-independent

owing to the high penetration powers of neutron and gamma

rays. It does not matter if similar samples from other manu-

factures are analyzedand the results aswell asuncertainties on

results will be similar. It has been demonstrated that INAA

(relative and internal monostandard) methods are capable of

determiningmany elementswithout “destroying” the samples.

For samples such as alloys and oxides, the INAA method is

preferred over conventional wet chemical techniques because

of its nondestructive nature and the simultaneous determina-

tion of major, minor, and trace element concentrations.

ED-XRF is another nondestructive technique like INAA. It is

a multielement determination technique, and the samples can

be analyzed without any destruction. However, samples need

to be pelletized, the sample mass requirement is higher

compared with INAA, and, most importantly, because XRF is a

matrix-dependent method, without matrix matching compo-

sition standard(s), the results will be erroneous. The detection

limits as well as method precision (% Relative Standard Devi-

ation (% RSD)) achieved by INAA are better than those achieved

by ED-XRF for many elements. By contrast, total reflection XRF

is a sensitive multielement technique with lower detection

limits than ED-XRF and INAA; however, samples need to be

converted into solution form.

When a research reactor is in operation, the samples can

be irradiated and analyzed by INAAwithout incurring any cost

within the department. However, for samples from outside

users, if they are not under any collaborative project, nominal

payments have to be made. It should be noted that NAA uti-

lizing research reactors are not available to all users in our

country as they are located in nuclear research centers, and

only a limited number of users can gain access either through

collaboration or via services on request through proper

channels. The turnaround time for analysis by INAA is longer

(1e2 weeks) than that of ICP-OES because of the varying half-

lives of activation products.While discussing turnaround time

and cost, one should not forget about the good quality results

provided by INAA (with good precision and accuracy), and it is

considered an alternative technique to conventional tech-

niques such as ICP-OEC and DC Arc OES.

4. Conclusions

Both IM-NAA and relative INAA methods were optimized to

determinemajor,minor, and trace concentrations of elements

in different alloy samples. Results obtained by both NAA

approaches are found to be in a good agreement. In the case of

zirconium oxides, six trace elements, using their short- and

medium-lived activation products, were determined by rela-

tive INAA methods. The PCF of the Dhruva research reactor

was advantageously used for the quick determination of mass

fractions belonging to short- and medium-lived nuclides. The

uncertainties of the determined elements were within ±10%.

The results of BCS CRM 310/1 (a nimonic alloy) obtained by

relative INAA and IM-NAA methods were found to be in good

agreement with the certified values. INAA results were also

found to be in good agreementwith those obtained by ICP-OES

for alloys, andbyDCArcOES for zirconiumoxides. Thepresent

work demonstrates that if INAA methods are available, sam-

ples ofmetallic alloys or oxides can easily be analyzedwithout

any destruction. The results indicated that INAA methods are

useful for CQC work concerning alloys and oxides.
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