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ABSTRACT

The x-ray fluorescence spectrometric method of

determining Ni, Cr, Mn, Mo, Ti, Si and Co in a u s t e n i t i c ,

ferr i t ic , titanium-stabilised and low alloy steels is described.

Samples in the bulk solid form (25-50 mm diameter and upto 50

mm height) or very small samples having a flat surface at least 5

mm in diameter are analysed as received after a brief surface

t r e a t m e n t . The complex matr ix e f f e c t s a f f e c t i n g the

determination of the various elements are discussed. The direct

ca l ib ra t ion method as well as the mathematical method of

empirical coefficients of overcoming the matrix effects is

described. The precision and accuracy of the analyses are

discussed.
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COMPOSITIONAL ANALYSIS OF STEELS
BY X-RAY FLUORESCENCE SPECTROMETRY

KUTTY, S. RAJAGOPALAN, S.Ko ANAKTHAKRISHNAN
AND R. ASUVATHARAMAN *

1.0 INTRODUCTION

Stainless steels are the major structural materials used in

fast reactors. The physical, chemical and mechanical properties

of these alloys at high temperatures and pressures and in

different service environments (liquid alkali metals, intense

radiation fields etc.) are often directly related to their

chemical composition. Hence the analysis of steels is very

important in the field of nuclear technology. The Radiochemistry

Laboratory has been receiving a large number of steel samples for

analysis, and in order to meet a part of this analytical load,

the x-ray fluorescence method has been standardised. It is a

rapid, and in favourable cases, non-destructive method of

analysis, widely applied to the characterization of metals and

alloys. It is comparable in accuracy and precision to the

classical methods of wet chemistry, and hence ideal for the

compositional characterization of steels l»2f3,4<

2.0 PRINCIPLES OF X-RAY FLUORESCENCE SPECTROMETRY

A sample containing the analytes is made to emit

characteristic x-rays of the elements present therein. The

individual wavelengths or energies reveal the identity of the

elements in the sample while the intensity of the x-rays can be

related to the concentration of the emitter elements. The x-ray

* The authors are with Radio Chemistry Programme.
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excitation is caused by irradiating the sample with x-rays or

electrons. The emitted x-ray spectrum is analysed either by a

crystal spectrometer (wavelength dispersion) or by a Si(Li)

detector coupled to a multichannel analyser (energy dispersion).

The schematics of a modern, commercial wavelength

dispersive x-ray fluorescence spectrometer is shown in fig. 1. X-

rays from an x-ray tube (primary x-rays) impinge on the sample

from below. The fluorescent (secondary) x-rays are collimated by

a system of parallel plates (Soller slits, coarse and fine) and

fall on the analyser crystal. The crystal disperses the spectrum

into its component wavelengths by means of Bragg diffraction (n\=

2d Sin9)o The diffracted x-rays are detected sequentially by an

argon gas flow proportional counter and/or a Nal(Tl)

scintillation counter. The detector signals are amplified,

subjected to pulse height selection and then recorded as a

function of the angle 28 on a strip chaft recorder or counted at

a sealer/timer. A fixed wavelength will be diffracted at a

particular angle depending upon the interplanar spacing of the

analyser crystal. Hence the angle at which a characteristic line

occurs establishes the identity of the element in the sample

(qualitative analysis) while the intensity of the line can be

related to its concentration (quantitative analysis). Table 1

shows the wavelengths and energies of the analytical lines of the

main alloying elements in stainless steels, along with the 20

values at which they appear with the common analyser crystals -

LiF (200) and LiF (220).

- 2 -



3 . 0 EXPERIMENTAL:

The equipment used i s a wavelength d i s p e r s i v e

spectrometer (SRS 200, Siemens) with a 10-position sample

chamber, coupled to a 60 kV constant potential tenerator. The

samples with machined flat surface are polished with emery paper

of grade 200 in order to remove any surface unevenness and

thereafter cleaned with acetone to remove the abrasive particles

sticking to the surface. Samples large enough to cover the

irradiation aperture of 23mm diameter on the base plate of the

commercial sample holders are d i r e c t l y presented to the

spectrometer. For smaller samples, the base plate (gold coated

brass) of the sample holder i s replaced by an aluminium one

fabricated in the laboratory workshop. This plate of thickness

2mm has a central aperture of 4mm diameter, and the plate surface

facing the x-ray tube is so machined as to allow a large solid

angle of primary x-ray beam incidence and secondary beam

emergence. A typical set of equipment parameters is shown in

table 2.

Several international steel standards, National Bureau

of Standards (NBS), USA, and the Bureau of Analyzed Samples

(BAS), UK, were used as standards. Some steel samples analyzed by

the x-ray fluorescence method at the Mishra Dhatu Nigam

(MIDHANI), Hyderabad, were also made use of.

4.0 MATRIX EFFECTS:

The fluorescent intensity of an analyte line is subject

to influence of the matrix5 • The matrix effects can be physical,

chemica] or spectral. They are also called inter-element effects.

The physical matrix effects are those due to surface texture,
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particle size and heterogeneity in the sample. The chemical

effects stem from the absorption or enhancement of the primary

and/or the secondary radiation by the matrix elements. Some

elements present in the matrix can also give rise to a radiation

with wavelength very close to that of the analyte line, thus

leading to a spectral interference or line superposition.,

The fluorescent x-ray intensity is a function of not

only the analyte concentration but of such parameters as the mass

absorption coefficients of the matrix for the primary and

secondary radiations, the spectral distribution of the x-ray

tube, the fluorescence yield of the element and the angles of

primary beam incidence and fluorescent beam emergence. The

simplified form of the intensity equation in most cases can be

represented as
W

R OC - — (1)

ft
where R is the analyte line intensity (count rate), W is the

concentration (weight fractiion or %) of the analyte in the

sample and XK represents the sum of the mass absorption

coefficients of the sample for the primary and secondary

radiations. This expression assumes that the specimen surface is

smooth, the relatively thin (lOOyic ) surface layer that emits the

x-rays contains a l l the elements present in the specimen

homogeneously distributed in their true concentrations and that

there is no intensity enhancement effect. But seldom is i t so in

practice, and strong matrix effects come into play offsetting the

relationship of eqn (1). The measured intensity is no longer
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commensurate with the analyte concentration. Steels represent a

typical multielement system wherein a variety of these effects

occur. They are briefly considered below.

4.1. Physical effects;

In the analysis of steels, the main physical effect is

that due to the surface roughness. This causes the path lengths

of the primary and analyte line x-rays to vary from point to

point. There can also be a shielding or shadowing effect due to

the surface unevenness; the surface topography may obstruct

primary x-rays in reaching some parts of the specimen surface or

secondary x-rays from leaving some points on the surface. All

this will lead to an analyte line intensity which is considerably

different from that expected from the equation given above, thus

offsetting the calibration, especially for long wavelength

radiations. However, this effect can be overcome by giving a

good surface finish to the sample. The type of surface obtained

after polishing with emery paper of grade 200 is usually quite

o

sufficient even for Si K06 (7.13A). All standards and samples

are given this treatment. In order to overcome the effect due to

the orientation of grind marks on the specimen surface, the

sample holder is kept spinning at the rate of six rotations per

minute while being measured.

4.2 Spectral interference

The wavelengths of CrK& and MnKa£ are q u i t e c lose to

each o t h e r (2.290A and 2.103A r e s p e c t i v e l y ) . Thus CrKE>

const i tu tes a spectral interference in the determination of Mn

where the MnKot radia t i ion i s measured. A similar case cf l ine

supe rpos i t i on e x i s t s in the case of FeK^ and CoKoi. (1.757 and
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1.790A respectively) which affects the determination of Co. In

general, for the transition metals present in steels, the K06 line

of any element will have an interference from the Kp line of the

preceding element. This is illustrated in fig. 2.

In order to resolve the close-lying wavelengths, fine

collimation of the fluorescent beam can be made and/or a better

resolving crystal like LiF (220) can be used instead of the

poorly resolving (but highly reflecting) crystal like LiF (200).

In choosing between these, the objective is to accumulate a

statistically significant number of counts within a reasonable

counting time for the analyte line.

Sometimes, the higher order reflection of a relatively

short wavelength radiation can be superimposed on a long wave-

length analyte line. For example, in the determination of
o

silicon, the SiKo6 (7.13A) has a spectra] interference from the

fourth order of FeKB (1.76 x 4 =7.04A). This kind of spectral

overlap can be eliminated by means of pulse height selection

before counting the analyte line.

4.3 Chemical effects:

The chemical effects could be of two types : the non-

specific absorption-enhancement effects and the specific

absorption-enhancement effects. Fig. 2 depicts the K lines and

the corresponding absorption edges of the main component elements

of steels. The absorption-enhancement effects are due to the

difference in the mass absorption coefficients of the pure

analyte and the matrix for the primary and analyte line

radiation?. The non-specific absorption-enhancement effects

(positive and negative absorption-enhancement effects^ ) do not
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involve any specific absorption edge. If an alloying element

is particularly heavy, it tends to make the matrix as a whole

heavy, which means that the long wavelength analytge lines (from

relatively lighter elements) will be absorbed to a greater extent

than in the absence of the heavy element in the matrix. Thus,

the presence of about 2% Mo in AISI 316 steels gives a negative

bias in the measured CrKo6 intensity and hence in the calculated

Cr concentration if the calibration curve is made with AISI 304

type steel standards, and vice versa. For the same composition of

the two types of steels (except for Mo), there is a significant

difference in the mass absorption coefficients^of the two

matrices with respect to Cr KoC and Mn Kot . Because the analyte

line is a descrete wavelength whereas the primary radiation is a

continuum, the absorption of the secondary radiation is usually a

more severe effect than the primary-absorption effect, and is

also more easily predicted, evaluated and corrected for.

The specific absorption-enhancement effects arise from

the fact that in multi-element systems of adjacent atomic numbers

like stainless steels, one or more analyte lines can always fall

on the short wavelength side of the absorption edge of some other

elements, (see fig. 2). This leads to the absorption of the

analyte line by a matrix element with a concommittant

enhancement of the line intensity of that particular matrix

element. Thus, the measured line intensity of the concerned

elements will be different from the fluorescent intensity

directly caused by the primary beam, which alone is proportional

to the analyte concentration as expressed by eqn (1). The
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difference between the theoretical and measured intensities is

proportional to the concentration of the element(s) responsible

for the matrix effect.

For example, fig. 2 shows that NiKoi radiation is

absorbed by Fe, Cr, Mn and Ti in that order. This means that Ni

intensity will be reduced by the above elements, and this

reduction is proportional to the concentration of the absorbing

elements. As a consequence of their absorbing NiKoC, the above

elements get excited over and above their direct excitation by

the primary x-rays. (This is an example of the so called

secondary effect?). Hence their measured intensities become more

than what is expected from their true concentration in the

sample. Similarly, FeKoi. can cause an additional fluorescence of

Cr; the CrKot so generated '_an greatly excite TiKoc if Ti is

present in the sample (tertiary effect7 or third-element

effect^).It is estimated that in the Cr-Fe-Ni system, the

relative contribution to the Cr KoC intensity from direct primary

beam excitation, direct enhancement by Fe Koi , direct enhancement

by Ni Koi, and the third-element enhancement by Fe Kot excited by

Ni KoC are 72.5, 23.5, 2.5 and 1.5%, respectively5.

The errors due to these matrix effects are felt more

prominently in the determination of Ni and Cr which are present

in large and varying concentrations in different types of

stainless steels. The other alloying elements such as Mn and Mo

are cften present in low concentrations; the absolute error

generally seen in their determination is comparable to that

caused by the matrix effects.
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5.0 OVERCOMING MATRIX EFFECTS:

The absorption-enhancement effects can be minimised by

using very thin specimens because the path lengths of the

incident and fluorescent x-rays in the matrix is very small in

that case. In contrast, if "infinitely thick" specimens are

used, that is, specimens thicker than the maximum depth from

which fluorescent x-rays escape from the specimens, the matrix

effects are present to the maximum, but constant, extent. For

most metal, mineral and ceramic samples, the "infinite thickness"

is of the order of 100 microns. We have always used thick solid

blocks of "infinite thickness". The methods of direct calibration

and mathematical calculation were employed to obviate the matrix

effects.

5.1 Direct comparison method:

In any calibration method, standards are required and

they should resemble the sample as closely as possible in

physical attributes (like surface finish) and chemical

composition. Accordingly, different sets of standards were used

for analyzing different types of steels. This ensured that the

type and extent of matrix effects were similar in the standards

and samples. The measured intensity of the analyte line of the

standards was fitted against concentration to the eqn. of a

straight line by the least squares method. From the equation,

the unknown concentrations were calculated. The correlation

coefficient for the fit was better than 0.99 in all cases.
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5.1.1 Austenitic and titanium-stabilized steels

The AISI 304 and 316 varieties of the 18/8 type and the

titanium stabilized steels discussed here (15Ni-15Cr-2Mn-2Mo)

could be analyzed and Ni determined by referring the measured

intensities to a calibration curve prepared by employing the

seven international steel standards: NBS 1155, 1171, 1172, BAS

463, 465, 467 and 468. The last six standards were used for

determining Cr. In these standards and the samples analyzed in

comparison with them, the contents of the major alloying elements

vary only in a narrow range. But between the 304 and 316 types

of steels, the % of molybdenum varies drastically. This will

alter the mass absorption coefficient of the matrix in such a way

that the long wavelength radiation CrKoi, is heavily absorbed in

the matrix in the case of the 316 type. However, this effect can

be corrected for using mass absorption coefficients from

literature^.

All the Cr standards used are of the 304 type. In the

analysis of unknown samples of the 316 type, the apparent Cr

content calculated is therefore to be multiplified by a ratio.

It is the ratio of the mass absorption coefficient of the sample

for CrKoi. with the observed concentration of elements to that

calculated assuming no Mo to be present in the sample „ For these

mass absorption calculations, only the elements Fe, Ni, Cr, Mn

and Mo are considered as they make up the stainless steel matrix.

The % of iron is taken by difference. The same effect is not

manifest in the case of titanium-stabilized steels where the

sum of the mass absorption coefficients of the matrix for Cr Koi

and the Cr K- edge equals that for a 30 4 type steel,,
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For the determination of Mn, a selection is made from

the following set of standards: NBS 1155, 1171, 1172, BAS 461-

467 and 475= This covers the range 0.6-1.80% Mn.

For the determination of Mo, the standards employed are

NBS 1155, 1171, 1172,, BAS 466, 474 and 475. They cover the

range of 0.16-3.55% and this is quite sufficient for any Mo-

containing stainless steel. Mo in steels is a well behaved

analyte which does not undergo any substantial matrix effect. Mo

is of moderate atomic number (z=42), and M0K06 (A=0.711A) is too

energetic for it to suffer any drastic absorption-enhancement

effect. Iron and the other alloying elements merely constitute a

light matrix for M0K06. Fig. 3 shows a calibration curve of MoKoc

intensity versus Mo content. The relative standard deviation

(RSD) and the theoretical detection limit (TDL) calculated are

also indicated. (The TDL refers to the concentration of the

element corresponding to thrice the standard deviation of the

background).

In order to determine Ti, the NBS standard No. 1171 and

five others well analyzed samples were used as calibration

standards. They covered the concentration range 0.04-0.4% Ti.

For Si, NBS 1155, 1171, BAS 463-468 were used as

standards, covering the range 0.45-1.14%.

In the case of Co, the standards NBS 1155, 1171, 1172,

BAS 464, 465, 468 and 475 covered a range of 0.022-0.22%.

5.1.2 Ferritic steels:

The standards used for ferritic steels were BAS 469-472.

The elements determined were Ni, Cr, Mn and Si.
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5.1.3 Low alloy steels:

For low alloy steels, the NBS standards 1261A-1264A were

used, and the elements Ni, Cr, Mn, Mo and Co determined.

5.2 Mathematical methods:

With advances in the understanding of the theory of x-

ray fluorescence, several mathematical methods^'9 Of calculating

the analyte concentration from measured intensities have become

popular. These methods automatically take the inter element

effects into account and considerably reduce the analysis time.

In broad terms, the mathematical methods can be classified into

two: the empirical coefficients method and the fundamental

parameters emthod. The empirical coefficients method corrects for

the matrix effects by relating the analyte line intensity to the

concentrations of all the elements present in the matrix by means

of certain empirical coefficients calculated using a minimum

mumber of standards. The fundamental parameters method converts

the measured analyte line intensity to concentration from such

fundamental information as the spectral distribution of the

primary beam the absorption coefficients and fluorescence yield

of the elements. In this method, the need for a standard does not

arise, and it is often called "no standard analysis". A model^

of the empirical coefficient method which is easier to adopt for

a well defined group of samples is briefly considered below.

5.2.1 Empirical coefficients method:

Because of the inter element effects, the observed

intensity of an analyte is a function of the concentrations of

all the elements present in the sample.
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That is,

Ri = f {Ci, C2, C3, Cn)

where Rj_ is the intensity of the analyte i in the sample, and C^,

C2, C3, Cn represent the concentrations of the n elements

(including i) in the sample. Of the several forms proposed for

the above equation, the most common functional relationship that

takes into account the absorption of the primary and secondary

radiations in the matrix is

Ci
R i = (2)

where °̂ i j is the empirical coefficient representing the

influence of the matrix element j of composition CJ on the

analyte i.

The similarity of this equation to the fluorescent

intensity expression represented by equation (1) is obvious. The

absorption coefficients of the intensity expression is replaced

by a ser ies of terms involving the coefficients oC and the

concentrations of the elements.lt is unrealistic to vest the "^ij

coefficients with any direct physical significance. They are

merely the set of numbers relating the observed analyte line

intensity to sample composition. Yet, they are useful for

samples falling in a definite group like stainless steels and can

be assumed to be constant if the concentrations of the elements

are of a narrow range. The enhancement of fluorescent intensity

is treated in equation (2) as low matrix absorption.
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The ° ^ i j v a l u e s a r e c a l c u l a t e d from t h e m e a s u r e d

i n t e n s i t i e s of elements from a s e t of s t a n d a r d s . Equation (2) can

be rewritten as

jCj (3)

Taking stainless steels as example and considering their

main alloying elements, Fe, Ni,Cr, Mn and Mo, the following

equation for the analyte Ni can be written.

C-Ni
c N i +0<rNiCr c C r +

JNiMn *-Mn + NiMo ^Mo

In order to get the above f i ve c o e f f i c i e n t s

representing the effect of the matrix elements on the NiK

intensity, a minimum of five such equations are needed. This

necessitates the use of at least five standards. The same

standards can be used for calculating the other four sets of

coefficients for the remaining four analytes. Thus, a total of

25 coefficients are calculated, five at a time. It i s , however,

better to employ more number of standards and calculate the

coefficients by least squares fi t t ing.

With these 25 coe f f i c i en t s , an unknown sample i s

analysed by writing the equation (2) in the form below for the

analyte Ni.

^M^iNi- 1 ) cNi + RNi*NiFe cNi + RNi°%iCr cCr + ^i^NiMn c Mn +

RNi ^NiMo cMo = ° < 5 >

- 14 -



Similar equat ions can be s e t up for the o ther elements with

diagonal terms (RFecxipeFe-l )CFe,

(RCr c*:C r C r- l )CC r , (RMn^MnMn-^Mn a n d ^Mo^MoMo"1 >cMo

[say eqn. (6) - (9)]

Also, we have,

cFe + cNi + cCr + cMn + cMo =100 (10)

Equations (5) - (10) can be solved simultaneously to yield C F e,

c N i ' ccr' cMn a n d cMo* I^ other elements are known to be

present, but are not of interest, eqn.(10) can be set equal to

the approximate sum of the major constituents (say 0.99 or 99%).

[The RHS of eqn (10) will be 1 or 100 according as the

elemental concentration is expressed in weight fraction or % ] .

5.2.2.Empirical coefficients versus direct calibration:

We have used 13 international stainless steel standards

and several previously analyzed samples for calculating the

coefficients. The results obtained have been very encouraging.

The concentrations calculated for a large majority of the

standards agree with the expected values.

The magnitude of the absolute deviation observed for all

the five elements is in the range 0.01-0.3%. This is acceptable

in the case of Ni and Cr whose concentration in austinitic steels

is of the order of 8 and 18% respectively. Errors >0.10%

absolute are not considered acceptable in the case of Mn and Mo

which are generally present in low concentrations (<0.5-2%). The

deviations observed in the concentrations can perhaps be

attributed to the errors in the coefficients calculated. The

coefficients are quite sensitive to the nature of standards, the

assumed composition of the standards and errors in intensity
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measurements. The observed errors could also be due to the

inherent uncertainty in the least-squares fit values of the

coefficients. This kind of discrepancy is not observed in the

case of Mn and Mo in the direct calibration method. In the case

of the analytes Ni and Cr, the method of empirical coeficients

with the algorithm indicated works satisfactorily for stainless

steels of a wide range of composition.

6.0 ACCURACY AND PRECISION:

Several of our analytical results have been cross

checked by wet chemical analysis, XRF (at MIDHANI, Hyderabad) and

atomic absorption spectrophotometry. In general, the accuracy

obtained is of the order of 0.5-1% relative for Ni and Cr, and 1-

3% relative for Mn and Mo in austinitic and titanium-stabilized

steels. The precision is limited mainly by the number of counts

accumulated as in any method that involves a radiation counting;

the contribution from instrumental and operational factors can be

considered neglible. Under the commonly employed experimental

settings (table 2) , a relative standard deviation (RSD) of 0.1-

0.3% is usually obtained in the determination of Ni, Cr, Mn&Mo.
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TABLE 1

Characteristic x-ray wavelengths and Bragg angles of some alloying
elements of steels.

S.No.

1.

2.

3.

4.

5.

6.

7.

8.

Element

Iron

Nickel

Chromium

Manganese

Molybdenum

Cobalt

Titanium

Silicon

1

1

2

2

0

1

2

7

X-ray

<S>

.9372

.659

.2909

.103

.7106

.7902

.750

.126

line (Ko6 )

Energy(KeV)

6.4

7.5

5.4

5.9

17.5

6.9

4.5

Bragg angle(2 0 )

LiF(200) LiF(220)
Degree

57.51

48.66

69.34

62.96

20.33

57.29

86.12

1.7 109.03
(Pentaerythrytol

*

85.73

71.26

107.11

95.20

28.91

77.89

-

crystal)
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Fig. 1 Schematics of a modern wavelength dispersive X-ray fluorescence spectrometer.



TABLE 2

X-ray equipment settings for a typical steel analysis.

X-ray tube target

Tube power

Medium

Collimator

Analyzer crystal

Pulse height selection

Detector

Counting time

Angles(degree) Ni Koc

Tungsten

40 kv, 30 mA

Air (for Ni,Cr, Mn, Mo & Co)
Vacuum (for Ti & Si)

0.15° Soller slit (for Ni, Cr, Mn &
Co)

0.40° (for Mo, Si & Ti)

LiF (220) (for Ni, Cr & Mo)
LiF (200) (for Mn, Co & Ti)
PET (pentaerythrytol) for Si

Yes

Gas flow proportional (for Ni, Mn,
Cr, Co, Ti & Si Ko6 )
Gas flow proportional + Nal(Tl)
scintillation (for Mo KoC )

10 Sec. for NI, Cr, Mn, & Mo K°<-

Cr Ko6 Mn Koc Mo KoC

Peak (2tf)

Background (2 0

Background (2 &

Net I at 29

( I =intensity

l)

)
2

)

71

Co

52

52

53

.22

-

—

Ko6

.70

.40

.14

107.

-

-

Ti

86

85

87

I at 26

10

Kot

.15

.00

.00

- 1/2

62.

62.

63.

[ I

89

65

50

Si

109.

108.

28

27

29

Kot

.30

.30

at 29i +

.79

.74

.85

I at 262]

- 19 -



8 OOf-

1.2 U 1.6 1.8 ZO Z2 Z4 2.6 2.8 3.0
Wavelength, A

Fig. 2 The K X-ray lines and absorption edges of elements in stainless steel.
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Fig.3 Calibration curve relating MoK©(intensity to
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