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Standard Guide for
Correction of Interelement Effects in X-Ray Spectrometric
Analysis 1

This standard is issued under the fixed designation E 1361; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 3.2.3 characteristic radiatior—X radiation produced by an

1.1 This guide is an introduction to mathematical proce-élément in the specimen as a result of electron transitions

dures for correction of interelement (matrix) effects in quanti-oetween different atomic shells. o
tative X-ray spectrometric analysis. 3.2.4 coherent (Rayleigh) scatterthe emission of energy

1.1.1 The procedures described correct only for the interffom a loosely bound electron that has undergone collision
element effect(s) arising from a homogeneous chemical contith an incident X-ray photon and has been caused to vibrate.
position of the specimen. Effects related to either particle sizel e vibration is at the same frequency as the incident photon

or mineralogical or metallurgical phases in a specimen are ndt"d the photon loses no energy. (See 3.2.7.)
treated. 3.2.5 dead-time—time interval during which the X-ray

1.1.2 These procedures apply to both wavelength angéetection system, after having respond'ed toan incident photon,
energy-dispersive X-ray spectrometry where the specimen {g&nnot respond properly to a successive incident photon.
considered to be infinitely thick, flat, and homogeneous with 3-2.6 fluorescence yieteka ratio of the number of photons
respect to the depth of penetration of the exciting X réy)s of all X-ray Ime_s ina p_artlcular series divided by the number

1.2 This document is not intended to be a comprehensiv&f Shell vacancies originally produced. o
treatment of the many different techniques employed to com- 3:2.7 incoherent (Compton) scattesthe emission of energy
pensate for interelement effects. Consult R@#§) for descrip-  from a loosely bound electron that has undergone collision
tions of other commonly used techniques such as standarYM'th an incident photon and the electron has recoiled under the

addition, internal standardization, etc. impact, carrying away some of the energy of the photon.
3.2.8 influence coefficiert-designated by (B, v, & and
2. Referenced Documents other Greek letters are also used in certain mathematical
2.1 ASTM Standards: models), a correction factor for converting apparent mass
E 135 Terminology Relating to Analytical Chemistry for fractions to actual mass fractions in a specimen. Other terms
Metals, Ores, and Related Materfls commonly used are alpha coefficient and interelement effect
coefficient.
3. Terminology 3.2.9 mass absorption coefficientdesignated by p, an
3.1 For definitions of terms used in this guide, refer toatomic property of each element which expresses the X-ray
Terminology E 135. absorption per unit mass per unit area,?am
3.2 Definitions of Terms Specific to This Standard: 3.2.10 primary absorptior—absorption of incident X rays

3.2.1 absorption edge-the maximum wavelength (mini- by the specimen. The extent of primary absorption depends on
mum X-ray photon energy) that can expel an electron from dhe composition of the specimen and the X-ray source primary

given level in an atom of a given element. spectral distribution. S
3.2.2 analyte—an element in the specimen whose concen- 3.2.11 primary spectral distributior-the output X-ray
tration is to be determined. spectral distribution usually from an X-ray tube. The X-ray

continuum is usually expressed in units of absolute intensity
per unit wavelength per electron per unit solid angle.
1 This guide is under the jurisdiction of ASTM Committee EO1 on Analytical 3.2.12 relative intensity_the ratio of an ana|yte X-ray line

Chemistry for Metals, Ores, and Related Materials and is the direct responsibility o, R ;
Subcommittee EOL 20 on Fundamental Practices. fntensity measured from the specimen to that of the pure

Current edition approved Oct. 10, 2002. Published July 2003. Originally""r‘alyte element. It is sometimes expressed relative to the

published as E 1361 — 90. Last previous edition E 1361 — 90 (1999). analyte element in a multi-component reference material.
2The boldface numbers in parentheses refer to the list of references at the end of

this standard.
3 Annual Book of ASTM Standardgol 03.05.
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3.2.13 secondary absorptieathe absorption of the charac- 1.0
teristic X radiation produced in the specimen by all elements in ~ 2
the specimen. -

3.2.14 secondary fluorescence (enhancemetfthe genera- e
tion of X rays from the analyte caused by characteristic X rays
from other elements in the sample whose energies are greater
than the absorption edge of the analyte.

3.2.15 mass fractior—a concentration unit expressed as a
ratio of the mass of analyte to the total mass.

3.2.16 X-ray source—an excitation source which produces i /7
Xrays such as an X-ray tube, radioactive isotope, or secondary - /7
target emitter. L

0 1 1 i ! 1 ! ! L !

4. Significance and Use 0 1.0

CONCENTRATION
4.1 Accuracy in quantitative X-ray spectrometric analysis
depends upon adequate accounting for interelement effectgurve A—Linear calibration curve. _
ith th h | {i th h th ii ICurve B—Absorption of analyte by matrix. For example, Ry; versus Cy; in
either ; rough sample prepara |o_n Or_ r(_)u_g mathematicaly; . binary alloys where nickel is the analyte element and iron is the matrix
correction procedures, or both. This guide is intended to serveelement.
as an introduction to users of X_ray fluorescence correction Cur\_/e C_—Negative absorption Qf analyte by matrix. For examplt_s, RNi_versus
. . Cyi in Ni-Al alloys where nickel is the analyte element and aluminum is the
methods. For this reason, only selected mathematical models, ;i element.
for correcting interelement effects are presented. The reader iscurve D—Enhancement of analyte by matrix. For example, R, versus Ce, in
i e-Ni alloys where iron is the analyte element and nickel is the matrix ele-
referred to several texts for a more comprehensive treatment oﬂ -

the subjeci(2-7).

RELATIVE INTENSITY
O
AN

FIG. 1 Interelement Effects in X-Ray Fluorescence Analysis
5. Description of Interelement Effects

5.1 Matrix effects in X-ray spectrometry are caused byrepresents the general case where the matrix elements in the
absorption and enhancement of X rays in the specimerspecimen absorb the primary X rays or characteristic X rays, or
Primary absorption occurs as the specimen absorbs the X -rapsth, to a lesser degree than the analyte alone. This type of
from the source. The extent of primary absorption depends ogecondary absorption is often referred to as negative absorp-
the composition of the specimen, the output energy distributiotion. The magnitude of the displacement of Curve C from
of the exciting source, such as an X-ray tube, and the geometi@urve Ain Fig. 1, for example, is typical of alloys in which the
of the spectrometer. Secondary absorption occurs as the chatomic number of the matrix element (for example, aluminum)
acteristic X radiation produced in the specimen is absorbed big much lower than the analyte (for example, nickel). Curve D
the elements in the specimen. When matrix elements emih Fig. 1 illustrates an enhancement effect as defined previ-
characteristic X-ray lines that lie on the short-wavelength (highously, and represents in this case the enhancement of iron
energy) side of the analyte absorption edge, the analyte can leL, (K,) X rays by nickel K-L, fK,) X rays in Fe-Ni
excited to emit characteristic radiation in addition to thatbinaries.
excited directly by the X-ray source. This is called secondary Nore 1.

fluorescence or enhancement. . analyte will be used in this document for purposes of convenience. It is not
5.2 These effects can be represented as shown in Fig. pheant to imply that measurement of the pure element is required, unless
using binary alloys as examples. When matrix effects are eithainder special circumstances as described in 9.1.

negligible or constant, Curve A in Fig. 1 would be obtained. ]

That is, a plot of analyte relative intensity (corrected for6- General Comments Concerning Interelement

background, dead-time, etc.) versus analyte mass fraction Correction Procedures

would yield a straight line over a wide mass fraction range and 6.1 Historically, the development of mathematical methods
would be independent of the other elements present in thior correction of interelement effects has evolved into two
specimen (Note 1). Linear relationships often exist in thinapproaches, which are currently employed in quantitative
specimens, or in cases where the matrix composition iX-ray analysis. When the field of X-ray spectrometric analysis
constant. Low alloy steels, for example, exhibit constantvas new, researchers proposed mathematical expressions,
interelement effects in that the mass fractions of the minowhich required prior knowledge of corrective factors called
constituents vary, but the major constituent, iron, remainsnfluence coefficients or alphas prior to analysis of the speci-
relatively constant. In general, Curve B is obtained when thenens. These factors were usually determined experimentally
absorption by the matrix elements in the specimen of either thby regression analysis using reference materials, and for this
primary X rays or analyte characteristic X rays, or both, isreason are typically referred to as empirical or semi-empirical
greater than the absorption by the analyte alone. This secongrocedures (see 7.1.3, 7.2, and 7.8). During the late 1960s,
ary absorption effect is often referred to simply as absorptionanother approach was introduced which involved the calcula-
The magnitude of the displacement of Curve B from Curve Ation of interelement corrections directly from first principles
in Fig. 1, for example, is typical of the strong absorption of expressions such as those given in Section 8. First principles
nickel nickel K-L, fK,) X rays in Fe-Ni alloys. Curve C expressions are derived from basic physical principles and

—The relative intensity rather than absolute intensity of the
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contain physical constants and parameters, for example, which 7.1.3 Determination of Influence (Alpha) Coefficients from
include absorption coefficients, fluorescence yields, primarnyRegression AnalysisAlpha coefficients can be obtained ex-
spectral distributions, and spectrometer geometry. Fundameperimentally using regression analysis of reference materials in
tal parameters method is a term commonly used to describghich the elements to be measured are known and cover a
interelement correction procedures based on first principl®road mass fraction range. An example of this method is given

equations (see Section 8). in X1.1.1 of Appendix X1. Eq 1 can be rewritten for a binary
6.2 In recent years, several workers have proposed fund&pecimen in the form:

mental parameters methods to correct measured X-ray inten-
sities directly for interelement effects or, alternatively, pro-
posed mathematical expressions in which influence coefficients
are calculated from first principles (see Sections 7 and 8). Such where: ocin = influence coefficient obtained by regression
influence coefficient expressions are referred to as fundamentahalysis. A plot of C/R) — 1 versusC; gives a straight line

(GR)—1= OLinCj (6)

influence coefficient methods. with SlOpEain (see Fig. X1.1 of Appendix X1). Note that the
superscript LT is replaced by R because alphas obtained by
7. Influence Coefficient Correction Procedures regression analysis of multi-component reference materials do
7.1 The Lachance-Traill Equation not generally have the same valuesc@'sT (as determined from

7.1.1 For the purposes of this guide, it is instructive to begirfirst principles calculations). This does not present a problem
with one of the simplest, yet fundamental, correction modelgenerally in the results of analysis if the reference materials
within certain limits. Referring to Fig. 1, either Curve B or C bracket each of the analyte elements over the mass fraction
(that is, absorption only) can be represented mathematically bsanges that exist in the specimen(s). Best results are obtained
a hyperbolic expression such as the Lachance-Traill equatioonly when the specimens and reference materials are of the
(LT) (8). For a binary specimen containing elemerdsdj, the  same type. The weakness of the multiple-regression technique
LT equation is: as applied in X-ray analysis is that the accuracy of the influence

C =R/ (1+0a'TC) 1) coefﬁc_ients c_)btc'_;lined is not known unless verified, for example,
from first principles calculations. As the number of compo-
nents in a specimen increases, this becomes more of a problem.

where: . ) Results of analysis should be checked for accuracy by incor-
G = mass fraction of analyte _ porating reference materials in the analysis scheme and treating
G = mass fraction of matrix elemept

them as unknown specimens. Comparison of the known values

R the a_nalyte intensity in the specimen expressed 33uith those found by analysis should give acceptable agree-
a ratio to the pure analyte element, and ment, if the influence coefficients are sufficiently accurate. This
o;T = the influence coefficient, a constant. ’ y '

est is valid only when reference materials analyzed as un-

denotes the matrix element. The subscripﬁghT denotes the Knowns are not included in the set of refergnce materials from
influence of matrix elemerit on the analytd in the binary Which the influence coefficients were obtained.

specimen. The LT superscript denotes that the influence coef- 7-1.4 Determination of Influence Coefficients from First
ficient is that coefficient in the LT equation. The magnitude of Principles—Influence coefficients can be calculated from fun-
the displacement of Curves B and C from Curve A isdamental parameters expressions (see X1.1.3 of Appendix X1).
represented by;; T which takes on positive values for B type This is usually done by arbitrarily considering the composition

The subscript i denotes the analyte and the subscript

curves and negative values for C type curves. of a complex specimen to be made up of the analyte and one
7.1.2 The general form of the LT equation when extended tanatrix element at a time (for example, a series of binary

multicomponent specimens is: elements, or compounds such as oxides). In this way, a series
C=R@L+3¢TC) @ of influence coefficients are calculated assuming hypothetical

o o compositions for the binary series of elements or compounds
For a ternary system, for example, containing elemerts that comprise the specimen(s). The hypothetical compositions

and k, three equations can be written vyherein each of thean pe selected at certain well-defined limits. Details of this
elements are considered analytes in turn: procedure are given in 9.3.

C=R@1+oq"C+ao " CY 3) 7.1.5 Use of Relative Intensities in Correction Methed&s
stated in Note 1, relative intensities are used for purposes of

C=R L1+ C+tTCY (4)  convenience in most correction methods. This does not mean
that the pure element is required in the analysis unless it is the

Ce=Re(1+ 0" C + T C) ®) only reference material available. In that case, only fundamen-

tal parameters methods would apply. If influence coefficients

Therefore, six alpha coefficients are required to solve for th%:noga':aeg tgé rzgj(frf’s'gg dmre(;[ra?s/z f:%marerﬁaigiinrrﬁﬁgﬁlts,

mass fraction<C;, G;, and Cy (see Appendix X1). Once the reference material. Eq 6 can be rewritten in the form for
influence coefficients are determined, Eq 3-5 can be solved fof - B4

the unknown mass fractions with a computer using iterativd €9resston analysis as follows:
techniques (see Appendix X2). (CIR) — 1= G )
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where: where:

R, = analyte intensity in the specimen expressed as aC;, = the analyte mass fraction in the fused specimen,
ratio to a reference material in which the mass C; = the mass fraction of the flux (for example,Bj,O ),
fraction ofi is less than 1.0, and a; = influence coefficient which describes the absorption

o R" = influence coefficient obtained by regression analy- effect of the flux on the analyte and
sis. R’; = the relative intensity of the analyte in the fused

specimen to the intensity of the analyte in a fused
reference material.
Various equations have been used in which the alpha

The termsR’; and ain' can be related to the corresponding
terms in Eq 6 by means of the following:

Rik =R (8)  correction defined above is modified by incorporating the effect
of a constant term. For example, the alphas in fused systems
gl can be modified by including the mass fraction of flux which
i T Tk ®  remains essentially constant. That is, the teg#f1 + «;C+) in

Eq 10 can be referred to as a modified alpdqﬁ’,'. The loss or
where: gain in mass on fusion can also be included in the alpha terms
ki = a constant. (Note 2). Modified alphas have also been used for non-fused
7.1.6 Limitations of the Lachance-Traill Equation specimens in briquette form, such as minerals, to express the
7.1.6.1 For the purposes of this guide, it is convenient tecorrection in terms of the metal oxides rather than the metals
classify the types of specimens most often analyzed by X-rajhemselves.
analysts into three categoried) (netals, 2) pressed minerals  nore 2—Under the action of heat and flux during fusion, the specimen
or powders, and3) diluted samples such as aqueous solutionswill either lose or gain mass depending on the relative amounts of volatile
fusions with borate salts, and oils. When a sample is fused imatter and reduced species it contains. Therefore, the terms loss on fusion
a fixed sample-to-flux ratio to produce a glass disk, or when 4LOF) and gain on fusion (GOF)_ are used to descr_ibe this behavior. IF is
powdered sample is mixed in a fixed sample-to-binder ratiqcc?rsngeohr;t\zosree the term loss on ignition (LOI) used incorrectly to describe
and pressed to produce a briquette, physical and chemica ' . . ) )
differences among materials are correspondingly decreased and’-1:6-2 If the influence coefficient in the Lachance-Traill

the magnitudes of the interelement effects are reduced an%quation is calculated from first principles as a function of

stabilized. Since enhancement effects are usually negligible iW?_?S. fraction assuming absorptlon c_)nly, I can be shown.that
is not a constant but varies with matrix mass fraction

. . . . i
thes_e systems, the LT eq_uatlon s sufficiently accurate n man&gpending on the atomic number of each matrix element. This
applications for making interelement corrections. It has alsqs illustrated in Table 1, for example, for a selected series of
been shown that the LT equation is in agreement with firs f '

L . . ) Binary specimens in which iron is the analyte. Note that in
principles calculations when applied to fused specimens (thal; e cases (for exampleeyy, the influence coeficient is

is, at least 1 part sample + 6 parts flux diIutio_ns or greater.). Foﬁearly constant whereas, for others (for example,cJ), the
fused specimens, an equation can be written according t@fiuence coefficient exhibits a wide variation and even

Lachance(9) as follows: changes sign. As long as the analyst is analyzing a specimen in
) o which enhancement effects are absent, this variatioa; i
G =Ri(1+ oGy [ 1+ [1+ o Cf] G+ ] 19 gdoes not present problems in practice when the specimen
TABLE 1 Alpha Coefficients for Analyte Iron in Binary Systems Computed Using Fundamental Parameters Equations A

Qpej

Cre 0(8) Mg(12) AI(13) Si(14) Ca(20) Ti(22) Cr(24) Mn(25) Co(27) Ni(28) Cu(29) 2Zn(30) As(33) Nb(@41l) Mo(42) Sn(50)

0.01 -0.841 -0.52 -0.39 -0.25 0.93 1.46 2.08 -0.10 -0.18 -0.44 -0.42 -0.36 -0.13 0.74 0.86 2.10
0.02 -0840 -052 -039 -0.25 0.93 1.46 2.08 -010 -017 -044 -041 -035 -013 0.74 0.86 2.10
0.05 -0839 -051 -039 -0.25 0.93 1.46 2.09 -010 -015 -042 -041 -035 -0.12 0.74 0.86 2.10
0.10 -083 -051 -039 -0.25 0.93 1.46 2.09 -010 -014 -040 -039 -034 -012 0.75 0.86 2.10
0.20 -083% -051 -038 -0.24 0.94 1.47 2.10 -010 -011 -036 -037 -032 -011 0.76 0.87 211
0.50 -0.832 -0.50 -0.37 -0.22 0.96 1.50 2.13 -0.10 —-0.04 -0.27 -0.31 -0.28 -0.08 0.78 0.90 2.14
0.80 -0831 -049 -036 -021 1.01 1.55 2.19 -0.10 000 -020 -025 -024 -0.05 0.83 0.94 2.20
0.90 -0830 -048 -035 -0.20 1.03 1.58 2.23 -0.10 001 -018 -023 -023 -0.04 0.85 0.96 2.25
0.95 -0830 -048 -035 -0.20 1.05 1.60 2.26 -0.10 0.02 -0.17 -0.23 -0.22 -0.03 0.86 0.98 2.28
0.98 -083 -048 -035 -0.20 1.06 1.62 2.29 -0.10 0.02 -017 -022 -022 -0.03 0.87 0.98 2.30
0.99 -0.830 -0.48 -0.35 -0.20 1.06 1.62 2.29 -0.10 002 -016 -022 -021 -0.02 0.87 0.99 231

A Data used by permission from G. R. Lachance, Geological Survey of Canada. The values represent the effect of the element listed at the top of each column on the
analyte Fe for each mass fraction of Fe listed in the first column.
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composition varies over a relatively small range. This source of 7.3 The Claisse-Quintin Equation
error is also minimized to some degree when type reference 7.3.1 The Claisse-Quintin equation (CQ) can be described
materials are used which reasonably bracket the composition as an extension of the Lachance-Traill equation to include
the specimen(s). However, it should be recognized that foenhancement effects and can be written for a binary according
some types of samples, which have a broad range of concete Refs13, 14as follows:
tration, assumption of a constam}LT could lead to inaccurate
results. For example, in the cement industry, low dilutions (for
example, typically 1 part sample + 2 parts flux) have been wherea; + o G :aijLT_ The termay; + oy; C; allows for
employed to analyze cement and geological materials. Lowinear variation ofx;"" with composition. According to Claisse
dilutions are used to maximize the analyte intensity for traceand Quintin (13) and Tertian(14), the interelement effect
constituents. At such low dilutions, it has been shown bycorrection for ternary and more complex samples is not strictly
Moore (10) that a modified form of Eq 1 gives more accurateequal to a weighted sum of binary corrections. This phenom-
results. This modified or exponential form of Eq 1 is alsoenon is referred to as a third element or cross-effect. For a
described in ASTM suggested methods (see E-2 SM 10-20, E4grnary, the total correction for the interelement effectsafd
SM 10-26, and E-2 SM 10-34})“’] 7.2-7.7, several equations k on the ana]yté is given by Claisse and Quintiﬁ_?,) as:
will be described which take into account the variability in 1+ (o + a C)C, + (g + e C) Co + iy G C (13)
o;"" with mass fraction, and are fundamentally more accurate A R A
than Eq 1 because they also include correction for enhance- The binary correction terms for the effectjoéni andk on
ment effects. iare @ + aj; ) C; and @ + oy Cy) Cy, respectively. The
7.2 The Rasberry-Heinrich Equatier Rasberry and Hein- higher order termo, C,C, is introduced to correct for the
rich (RH) (11) proposed an empirical method to correct for Simultaneous presence of bgtandk. The termay, is called
both strong absorption and strong enhancement effects preseh€ross-product coefficient. Tertigh5) has discussed in detail
in a||oys such as Fe-Ni-Cr. The genera| expression can bthe cross-effect and has introduced a teemgalculated from

C=R[1+ 21 (o + o5 G) G (12)

written as follows: first principles to correct for it. The contribution of the
N - cross-effect or cross-product term to the total correction is
C,=R [1 +3A; G+ 2(1+_ikc) .Ck] (11) relatively small, however, compared to the binary coefficient
J k i

terms, but it can be significant.

7.3.2 The general form of the Claisse-Quintin equation for a
where: multicomponent specimen can be written according to Fef
A; = aconstant used when the significant effect of elementas:

j oni is absorption; in such cases the corresponding
B, values are zero (and Eq 11 reduces to the

Lachance-Traill equation), and _ where C,, = sum of all elements in the specimen except
By = a constant used when the predominant effect ofthe pinary coefficientsy; anda;;, can be calculated from first
elementk oni is enhancement; then the correspond- principles, usually at hypothetical compositions @f= 0.20

ing A; values are zero. _ and 0.80, andC, =0.80 and 0.20, respectively. The cross-
Eq 11 has given good results for analyses of Fe-NiCr ternary odyct coefficientay,, is calculated aC; = 0.30, C; = 0.35,
alloys. These authors obtained the coefficients by regressiogng C.=0.35.

analysis of data from a series of Fe-Ni, and Fe-Cr, and Ni-Cr 7 4 The Algorithm of Lachance (COLA)
binaries, and a series of Fe-Ni-Cr ternary reference materials, 7 4 1 The comprehensive Lachance algorithm (COLA) pro-
which covered a broad range of mass fractions from essentiallyosed by Lachancgl6) corrects for both absorption and
zero to 0-39- For Fe-Ni binaries, the enhancement termynnancement effects over a broad range of mass fraction. The
that is’(1+—ikC- .C. ] gives values for the effect of Ni( on  general form of the COLA expression is given as follows:
]

Fe() that are in reasonably good agreement with those pre- C=R(@L+Za% G+ XXy GGy (15)
dicted from first principles calculations over a broad range of . , J J .
mass fraction. Further examination by several workers of the 1h€ coefficienta’y can be computed from the equation:
accuracy of the RH equation for interelement effect correction ot oy Cy
in other ferrous as well as non-ferrous binary alloys reveal - TR e, (I-Cy)
wide discrepancies when these coefficients are compared to\yhere a;, ay and a 5 are constants. The concept of
those obtained from first prinCipleS calculations. Even mOdifi'Cross_product coefficients as given by Claisse and Quintin (See
cation of the enhancement term cannot overcome some of theggy 14) is retained and included in Eq 15. The three constants
limitations, as discussed by Tertigh?). For these reasons, the (o, « ,, anday) in Eq 16 are calculated from first principles
RH equation is not considered to be generally applicable, but iysing hypothetical binary samples. For example, in alloy
is satisfactory for making corrections in Fe-Ni-Cr alloys systemsgp, is the value of the coefficient at th@ = 1.0 limit
assuming availability of proper reference materials. (in practice computed & = 0.999; andC; = 0.001). The value

for «, is the range within whicha'; will vary when the

4 Suggested Methods for Analysis of Metals, Ores, and Related Materials, 9t|ponc§ntrat|0n of the analyte de(_:reases tO(IhE 0.0 limit ('n
ed., ASTM, Phila. PA, 1992, pp. 507-573. practice, computed from two binaries whete, = 0.001 and

Ci:Ri[l+j§1(aij + CM)Cj+j2;0‘ijk G Cyl (14)

o

(16)
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0.999; andC ; = 0.999 and 0.001, respectively). Thg term slope, and

expresses the rate with whiet; is made to vary hyperboli- |, net intensity measured in counts per unit time.

cally within the two limits stated. In practice, it is generally  The termsa,, a, andl, are instrument-dependent parameters

computed from three binaries wheZe= 0.001, 0.5, and 0.999; and considered separate from the physical parameters mani-

andC; = 0.999, 0.5, and 0.001, respectively. Singecan take  fested inaijdj.

on positive, zero, or negative values; can be computed for  7.6.2 For a series of specimens containmglements in

the entire composition range fro@ = 1.0 down to 0.0. The which the concentrations of each analyte vary over a range, de

cross-product coefficientsy, are calculated at the same levels jongh’s method requires that the influence coefficients be

as in Eq 14. calculated at an average composition for each element (for
7.4.2 For multi-element assay of alloys, all coefficients inexampleC,, C,, ...C,,wherej =1, 2, 3, ..n) in the specimens.

Eq 15 are calculated. For oxide specimens such as cements aBdth absorption and enhancement effects are treated by this

powdered rockse is very small and in practice is usually method. An interesting feature of the method is that one

equated to zero. Eq 15 then reduces to the Claisse-Quintin Eglement can be arbitrarily eliminated from the correction

14. For fused specimens, another simplification can be madsrocedure so there is no need to measure it. For example, in

because the mass fraction of the fluxing agent is the majoferrous alloys, iron is often the major constituent and is usually

constituent and can be held relatively constant. In this case determined by difference, and therefore, can be eliminated

ag, anday, are very small and in practice are also equated tdrom the correction procedure. For details on the mathematical

zero, so thaty; reduces thijLT. Hypothetical binary standards procedure used to eliminate a component from the analysis,

are used to calculate; T whereC; is taken at the mid-range refer to the original publication.

of the analyte concentration (for exampl€&; =0.5 and 7.7 Method of Broll & Tertian— The expression of Broll

C,; = 0.5) in the specimen. and Tertian (22, 23) allows for variation of o' in the
7.4.3 Asignificant improvement was obtained using COLALachance-Traill equation to account for both absorption and

rather than the CQ equation for the analysis of iron in a serieenhancement effects. The termLT in the LT equation is

of Fe-Ni alloys(17). This is believed to be due to the tery  replaced by effective influence coefficients as follows:

(1 - C) ina’; in Eq 16 which allows for nonlinear variation - o c

in o';; with composition rather than a linear variation described o = oy — by [ﬁ} (19)

by the CQ relation. For this reason, the COLA equation is more

accurate in alloy analyses than the CQ equation when theNhg#ei

contribution of thea,(1 - C) term becomes significant. o = influence coefficient which varies with composi-
7.5 The Algorithm of RousseadThe algorithm of Rous- tion and corrects for absorption, and _
seau(18, 19, 20)is: the term h;(C/R) accounts for enhancement and third

element effects. These so-called effective coefficients are cal-

i+ ; o G culated from first-principles expressions.
Ci=Rg% 20 G (7 7.8 Intensity Correction Equatien- This empirical proce-

! dure, developed by several workdst, 25),is similar to the
where: general Lachance-Traill equation, except that X-ray intensity
a*ij = fundamental influence coefficient, which varies with (count rate) is substituted for mass fraction to obtain the

composition and corrects for absorption, and following equation:
pj = fundamental influence coefficient which varies with c
composition and corrects for enhancement. R = K+ T (20)

In this method a first estimate of the composition of the
unknown specimen is calculated using the Claisse-QuintinWhere: _ _
relation (Eq 14) and fundamental coefficie(@8). Thea';and ;= the X-ray intensity corrected for background of the
p; coefficients are computed from this estimated composition. ~_ Matrix element,
A refined estimate of composition is obtained finally by = a constant for the system, and
applying the iterative process to Eq 17. The manner in Whichkii - influence cqefﬁp@nt, a constant. . ,
reference materials are used for purposes of calibration in this 1S Procedure is limited in the sense that it applies to

and other fundamental coefficient algorithms is discussed ifP€cimens in which absorption is the predominant interelement
9.3. effect and is not severe. That is, the analyte X-ray intensity

7.6 The Method of de Jongh varies almost linearly with analyte mass fraction. The constant,
7.6.1 De Jongh’s methg@1)is similar to that of Lachance- ko, and the coefficients ;, are determined only from regres-

Traill but with important differences. A series of equations canSion analysis from reference materials. However, the coeffi-
: PO o q cientsk; should be differentiated from; ™. Eq 20 has been
be written wherein the end result is expressed for ran | !

component system as follows: applied .s.uccessfully in cases whe_re the unkno_wn specimen

: composition can be bracketed quite closely with reference
C=(+al)1+3a;7C) (18)  materials of similar composition. In general, this procedure
applies over a small range of analyte mass fraction and requires
a careful selection of the composition range of reference
materials to obtain good accuracy.

where:
a, = intercept,
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8. First Principle Equations
8.1 The relative intensity from an analytéor a given X-ray

spectral line in a specimen can be described according to Re€;

E;

excitation factor of enhancing elemeptfor a
given spectral line series,
mass fraction of in the specimen,

6as follows: 109) mass absorption coefficient of analyiein the
specimen for characteristic wavelength from
P, + S :
R=—p (21) element, . . _
° Aoy = mass absorption coefficient of elemgnin the
where: specimen for incident wavelengtk, and
P, = the primary fluorescence contribution as a result of

the effect of the incident X-ray beam from the source

on the analyte,

S = secondary fluorescence or enhancement effect on
analytei, and
P, = the primary fluorescence contribution from a pure

specimen of the analyte.

8.2 For the case when the X-ray source is polychromati

(for example, an X-ray tube), an equation ®rcan be written

IN[1+ (o /M,)/sin6,]

In[1+ (Ky,) Hy)/sin ,
Mo /Sin 0, *

L= Mo, /Sin G,

(26)

whereyy,; , = mass absorption coefficient of the specimen for
the characteristic wavelength;.

8.5 Substitution of Eq 22-26 in Eq 21 gives a first principles
fundamental parameters) expression from which relative in-
ensities can be calculated.

8.6 With an X-ray tube source from which the primary
radiation is polychromatic, it is necessary to know the spectral
distribution,l,d\ (intensity versus wavelength), or approxima-
tions must be made. To simplify the integral form of the tube
spectrum, Criss and Birk27) replaced the integrals in Eq 22,
Eq 23, and Eq 25 with summations over small wavelength
intervals such as 0.2 nm. Gilfrich and Birk8) measured
spectral distributions from several X-ray tubes (tungsten,
molybdenum, and chromium targets) and tabulated values of
[, AN, which have been used in several fundamental parameters
expressions. In addition, algorithms have been proposed which
can be used to calculate the spectral output distrib8n30,

8.7 Monochromatic Excitation-A relatively simple funda-

= mass absorption coefficient of the specimen for mental parameter equation can be derived when the specimen

is irradiated with X radiation of a single energy or wavelength,
\, (monochromatic excitation(82). For example, such excita-
tion sources are used in energy-dispersive spectrometers in the

emergence angle (take-off angle) of characteristic form of secondary target emitters or radioisotopes. In this case,

fluorescence radiation measured from the speci-Eq 21 can be rewritten for monochromatic excitation simply by

replacing the integrals in Eq 22, Eq 23, and Eq 25, and,itbe

as follows:
_ Ni[ Higy LdA
P=agc [ s | @2)
where:
q = factor that depends on spectrometer geometry,
E; = excitation factor of elemeritfor a given spectral
line series K, L, ...),
G = concentration of analyté in specimen, usually
expressed as mass fraction.
Koy = mass absorption coefficient of element i in the
specimen for incident wavelength,
Hoy = mass absorption coefficient of the specimen for 31).
incident wavelength),
Hov,, = S
the characteristic wavelength,,
A = geometrical factor = sif,/sin 6,
0, = incident angle of primary X radiation,
0, =
men surface,
I,dN = spectral intensity distribution of the primary ra-

diation from the X-ray source,
o = short-wavelength limit of the primary spectral
distribution, and

g = the wavelength of the absorption edge of analyte
elementi.
8.3 For the pure specimeR,, Eq 22 takes the form:

Moy hah ] 23)

Nai
Po = aE f)‘o [H‘()\) + Al
8.4 The total secondary fluorescence contribu({@), S,
when each characteristic X-ray linefrom the specimen can
enhance the analyigis:

S=3§ (24)

whereS§; = sum of the contributions from sevejjatlements
which can enhance The expression fo§; is:

Hi(\) 1dh ) .

)\a]
sy = 129EC [ EC M) <W (25)

where:

terms with the intensity of the incident radiatianThe relative
intensity for analytei in a binary specimen containing an
enhancing elementthen becomes:

Hioy ) -L]

R = C (ABS [1 + 1/2 CE Hion ) (_

27
Hioy 27)

where: ) .
ABS = H;n)SIn0; + L, Sinb;
Hoy SiNB, + [,y sind
9. Computer Programs for Interelement Corrections

9.1 Acommon approach in fundamental parameters correc-
tion methods consists of the calculation by computer of relative
X-ray intensities from first principles (see Eq 21-26) assuming
a hypothetical composition for the unknown specimen. These
calculated intensities are compared with measured intensities,
and successive adjustments of the unknown composition are
made using available pure elements, compounds, or multi-
element reference materials until the calculated and measured
intensities are essentially the same. The final adjusted mass
fractions are then assumed to be equal to the actual concentra-
tions in the unknown specimen. Relative intensities calculated
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from first principles using hypothetical compositions can also tnput Program Output
generate fundamental influence coefficients as mentioned in _ ~ sest
7.1.4. A powerful feature of these methods is that even whe
pure elements or compounds are the only reference materig|§"me Parameters ‘ —
available, analysis of complex specimens is still possible| Shori?” " il v con {o's e |
However, in practice, the best results are obtained when type
reference materials are used in the analysis procedure. Hypothatical
9.2 The NRLXRF Correction Procedure NRLXRF, a compositions
widely used fundamental parameters computer program for
gquantitative X-ray spectrometry, was developed at the Naval Step 2
Research Laboratory by Birks, Gilfrich, and Crig33). An- featirasiont vy Prot

other version of this program, XRF-11, was developed by Criss
(34) for operation with minicomputers.

9.2.1 With such programs, a multi-element analysis of an oo s —
unknown specimen can be performed when pure elements, icalcuation of B
chemical compounds, or multi-element reference materials are """ Soive for G
available. In this case, the measured intensitied 6f the
materials with known compositions are used to adjust or
rescale the calculated intensities of the unknown speciigen (
The rescaled, calculated intensities also are adjusted to match k. 3 schematic Diagram of the NBSGSC Program
the measured intensities of the specimen in an iterative
procedure. The final output composition for the unknown is
reached when the calculated and measured intensities con-
verge, that is, they agree within some predetermined limits. Am
schematic diagram that illustrates this procedure is shown i

Fig. 2. 9.3.3 From these values d®, the composition of the

9.3 Fundamental Influence Coefiicient =~ Correction nknown specimen is computed (using an influence coefficient
Procedures-Computer programs have also been developecffI s P . . P . 9 L
equation) in an iterative loop until some convergence criteria

for the methods of Claisse-Quintin, de Jongh, Lachanc?Jlre met and the final results are obtained.

(COLA), Rousseau, and Broll and Tertian. One example of a ol q q
computer program that employs the fundamental influence 9-4 SAP3 Computer ProgramNielson and Sander¢36)

coefficient approach is called NBSGSC and is applicable to thgeveloped a rather unique fundarr]nental' parameters compu_ter
analysis of minerals, both as pressed powders and as fus@gP9ram (SAP3) by using monochromatic X-ray source exci-
specimens, and alloy35). A schematic diagram of this tation in an energy-dispersive X-_ray spectrometer. Their ap-
program is given in Fig. 3. Reference materials also are used iplroach makes use of measured incoherent and coherent scat-

these procedures. The calibration step is performed, generalfe'€d Primary X rays from the specimen along with
as follows: haracteristic X-ray intensities. This method is applicable, for

9.3.1 First, a calibration plot of calculated relative intensityth MOst part, to the analysis of samples in which the major

(Ris) (that is, corrected for interelement effects) versus theconstltuents are of low atomic number such as botanical and

corresponding measured X-ray intensity is obtained for eac eologic_a_l mat_erials. A_n important feature_: of this approach Is
analyte from reference materials. Ideally, this should be that additional information about the specimen matrix, such as
: ! the total mass of low atomic number elements in the specimen

Solve for R*

Print
final

9.3.2 The measured intensities of the analytes in the speci-
ens are used to obtain the calculated relative intensities of the
Qnalytes R") from the above calibration plot.

straight line with a zero intercept. Extrapolation of this straight .
line to R®= 1.0 gives the expected measured intensity of théfor gxample, carbpn, hydrogen, oxygen a.nd hitrogen) can be
pure analyte (that is, 100 %). obtained from the intensity of scattered primary X rays.
9.5 CORSET and QUAN Computer Programs
9.5.1 Polychromatic Excitation; Use of Equivalent
STHULATE HEASURE NEASURE J Wavelengths-As an alternative to using a measured or calcu-
F“““"“’“’S } FEFERENCE MATERIALS () (oS (%) lated X-ray tube spectrum, an approximation can be made
which involves the concept of equivalent wavelengths. In
general, algorithms have been developed which consider only
T eevieres teressizies L selected regions (wavelengths) of an X-ray tube spectrum
which are most effective in exciting a particular analyte X-ray
line (37), hence, the term equivalent or effective wavelength,
CALCULATE J N\ Since, in a multi-component specimen, different wave-
UNKNOW co lengths must be selected, corrections based on this approach
must employ a sliding scale of wavelengths. For example, in
situations where characteristic lines from the X-ray tube target
ouTEUT | contribute very little to the excitation of the analyte in the
FIG. 2 NRLXRF Correction Scheme specimen), is taken to be equal to two-thirds the energy of the
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absorption edge value of the excited analyte(s). Such correetc.). Also, differences in specimen volume excited by X-rays
tions then work essentially like the monochromatic excitationas compared to that in the reference material can lead to bias,
model, but where a differeid, is used for each analyte in place especially when wavelength-dispersive X-ray spectrometers
of a single monochromatic wavelength. Although pure elemenére used. The use of type standards will eliminate this potential
reference materials can be used for analysis of unknowsource of error.

specimens with this model, it is recommended that reference 10.2 Even though there has been only limited intercompari-
materials similar in composition to the unknown be measuredon of fundamental influence coefficient methods with other
whenever possible for best results. fundamental parameters methods in the literature, comparable

9.5.2 The main advantage of using this approach, rathefesuits can be expected when the same reference materials are
than the more rigorous polychromatic integrated tube spectrujsed(17).

approach, was that computer programs such as CORS&T
and QUAN (39) were developed to perform rapidly and
efficiently in minicomputers with limited memory. However
advances in computer technology overcame this limitation

10.3 To obtain satisfactory results when using empirical or
semi-empirical correction procedures, appropriate reference
’Smaterials must be available over the analyte mass fraction

?ange of interest. As the number of different types of materials

n . . .
Yo be analyzed increases and the elemental composition varies

filgcr)]rlgﬁznr:qz(tjr:/:g;at%e; énmmltgt"gfmfgtrz?:éyf&igvserggfurpnor@onsiderably, it becomes less likely that appropriate reference
9 ploy 9 b " materials will be available. In such situations, fundamental

( 48).60'xg?gee%a&%nCtzrrg;';llgncl(\)/I;th&eelf Grirdrgeri:sa?od dDect)z':(rar:in arameters correction methods are more attractive and efficient
P P prog 0 use, because these methods are applicable to a wide range of

and correct for interelement effects. Although this technique is s
sample types and only a limited number of type reference

Bgt ;Véeglr);uﬁ;?]é\ -r:g Elr?ol;gﬁlcer;ﬁfsagalﬁi’é;heég ae%ﬁ)ael?r t;%aterials are required for good accuracy. It is also possible to
9 9 PP » €SP Y Berform analyses when only pure elements or compounds are

Z'ttrua}g%gsegh;rsvsevﬁl]'ge;?rileenssplzgmﬁg;ﬁg utrhcii_kieetsestgrr aioeah\\'/ailable, although the results obtained are less accurate. With
vl ) P . ' increasing availability of computer programs, fundamental
dealing with heterogeneous (layered) specimens.

parameters correction procedures are now easier to use and are
10. Conclusion rapidly becoming the methods of choice in many laboratories.
10.1 In principle, although fundamental parameter methodyevertheless, both emp|r|ce}l and fu_ndamental correction pro-

) ' (r;edures have roles to play in quantitative X-ray analysis, and

do not require the use of reference materials to correct fo ltimatelv. the analvst must decide which approach is best
interelement effects in specimens, they are, in fact, used i Y: y PP
ilulted for the analytical problem at hand.

practice as described in Sections 8 and 9. For best accuracy,
reference materials of the same type as the specimens shonélf K d

be used in the correction procedure. This will compensate™ eyworas

considerably for uncertainties in the fundamental parameters 11.1 fundamental parameters; influence coefficients; inter-
(for example, fluorescence yields, mass absorption coefficientglement effects; X-ray fluorescence

APPENDIXES
(Nonmandatory Information)

X1. INFLUENCE COEFFICIENTS

X1.1 This section uses graphical methods for obtaining TABLE X1.1 XRF Data for Ni and Fe in Binary Fe-Ni Alloys

influence coefficients in the Lachance-Traill equation for pur- Cui Cro Rui
poses of illustration only. In practice, these coefficients are 0.0329 0.9549 0.0125
calculated using computer programs. 0.3599 0.6315 0.1720
. . 0.4820 0.5100 0.2553
X1.1._1 Regression Method For O_btalnlng_lnﬂuence _(Alpha) 0.6552 0.3431 0.4073
Coefficients from Reference MaterialConsider a series of 0.6931 0.3067 0.4515
binary alloy reference materials consisting of nickel and iron. 8’;&15411 g-ig‘ig g-g’ggg
Assume nickel is the analytg,and iron is the matrix element, 09322 0.0659 08321
j. For various mass fractions of nickel and iron, the following 0.9516 0.0462 0.8782

relative intensities for nickel were obtained on a commercial
X-ray spectrometefll).
The Lachance-Traill equation can be applied to the data in Cni = Ry (1 + o pireCre) (X1.1)
Table X1.1 to correct for the X-ray absorption of the nickel
K-L, 5(Ka) radiation by iron. Accordingly, Eq 1 is as follows:  and rearranging:
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Cui 1.4532= 0.252%, + 0.6838x X1.4
[m’\h} 1= aNiFeCFe (X12) NiCr NiFe ( )
i

0.4722= 0.1688xc, + 0.150%uyre (X1.5)
Aplot of (C\i/Ry;) — 1 versuC will give a straight line the T .
slope of which isa njgee AS shown in Fig. X1.1, the value 0 Eélzrglnatmg the ayic, term by multiplying Eq 4 by
obtained fora e is 1.71. 01688 = 14959 and subtracting it from Eq X1.3 give$re
X1.1.2 Solving Simultaneous Equations to Obtain Influence:: .
. as follows:
(Alpha) Coefficients
X1.1.2.1 For more complex systems, simultaneous equa- 1.4532= 0.252%uyc, + 0.6838x yire (X1.6)
tions may be solved to obtain the influence coefficients. This 0.7063= 0.2525x;c, + 0.2245: e,
approach is recommended only if the relative intensities are
calculated from first principles. The procedure can be illus-
trated for a simple system as follows: For example, in the 0.7468= 0.4593ire
Fe-Ni-Cr alloy system the Lachance-Traill correction can be o e = 1.63

applied in the following form: Substitution ofoyee = 1.63 in Eq X1.4 and solving fatyc,

Cni = Ry (1 + anieCor + anireCre) (X1.3)  vyieldsa yjcr = 1.34.
where: X1.1.2.3 Note that the values ofy;-, Obtained in X1.1.1
i = analyte, Ni, and and X1.1.2 differ. This difference is due primarily to the use of
j andk = matrix elements, Fe and Cr, respectively. fewer reference materials in the X1.1.2.2 example. It is not

X1.1.2.2 The data from two reference materials that will beuncommon, however, to see relative differences in alpha
used to illustrate this procedure are given in Table X1.2. coefficients on the order of 5 to 10 % in the literature.

X1.1.3 Determination ofy;"" from First Principles—If the

TABLE X1.2 XRF Data for Example of Simultaneous Equations excitation source is monochromatic and enhancement effects
Cui Cor Cre (CnilRw) — 1 are absent (that is, absorption only), can be calculated from
0.0498 0.2525 0.6838 1.4532 first principles yielding a simple expression involving mass
0.6429 0.1688 0.1501 0.4722

absorption coefficients and is:

ai T =) + A YO — 1 (X1.7)
Writing two simultaneous equations following the form of

Eq X1.2, apier and e Can be obtained as follows: where:

Ao = monochromatic wavelength of the source,
N = wavelength of the characteristic line for analyte
I
160 [— K (\o) = mass absorption coefficient of matrix element
for wavelengthi,,
180 i (\,) = mass absorption coefficient of analyte element i
for wavelengthi,,
o H;(\) = mass absorption coefficient of matrix elemgnt
5 for wavelengthi,,
SR Ik (\) = mass absorption coefficient of analyte elemient
SN for wavelengthx;, and
' SLOPE=Q ¢, = 171 A = geometric constant that includes the incident and
60 |— takeoff angles of the particular spectrometer
used (see 8.2).
e Note X1.1—Even when the excitation source nst monochromatic
20 |— (for example, X-ray tube), it is often useful to approximate the spectral
output distribution of the X-ray source by a single wavelength for each
l | | | | ! [ | | l analyte in the specimen to allow simple calculatiorpf This concept of
6 o1 0z 03 04 05 06 07 0B 09 10 a single wavelength most efficient for exciting a particular analyte in the
LCre specimen is referred to as an equivalent or effective wavelength and is
FIG. X1.1 Determination of the Alpha Coefficient for the Effect of discussed in Ref37) and 9.5. For multicomponent specimens irradiated
Iron on the Analyte Nickel from Fe-Ni Binary Alloys Using the by polychromatic X-rays, influence coefficients can be obtained from first
Lachance-Traill Correction Procedure principles using relative intensities calculated from Eq 21.

10
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X2. CALCULATION OF THE UNKNOWN SPECIMEN COMPOSITION WHEN THE INFLUENCE
(ALPHA) COEFFICIENTS ARE KNOWN

X2.1 Considering a ternary system composed of elemgnts  X2.2.1 For the first iteration, th€'s inside the brackets can
i » andk, three simultaneous equations can be solved for th&e equated to thB's. The calculated’s are then used in the
respective mass fractions as follows: next iteration to calculate a different set©f%. The procedure
can be repeated indefinitely; but generally, when a comparison

C=R1+q;C+a,C X2.1 A :
TRy G on G X216t results indicates no appreciable change from those of the
B preceding iteration, convergence has been met, and the results
G =R d+aC+ G X22) " fom the last iteration may be considered the final mass

C=R(1+ G+ oy ) (X2.3)  fractions. These calculations can be performed by a computer
utilizing, for example, the “DO LOOP” in Fortran language.
These linear equations can be solved for the unknown maskhe computer program may be written so that when succeeding
fractions when the alpha coefficients have been previousijferations produce results that do not differ by more than 0.001
determined from reference materials or calculated from fundall the mass fraction, the results are printed out as final values.
mental parameters expressions. Sets of linear equations can 5@’ €xample: .
solved by: () elimination, @) determinants,3) matrix inver- X2.2.1.1 First Iteration:
sion, or @) iteration. Iteration is a more common approach and Cre = 0.4699[1 + 0.0549—0.459 + 0.33911.46)] = 0.6907
involves making successively closer estimates of each mass (X2.4)
fraction. Cyi = 0.0549[1 + 0.46991.21) + 0.33910.80] = 0.1010
- _ Cer = 0.3391[1 + 0.4699—0.352 + 0.0549—0.370] = 0.2761
X2.2 The iterative procedure can be illustrated for the X2.2.1.2 Second Iteration

Fe-Ni-Cr alloy system using the following data:
Cre= 0.4699[1 + 0.101G—0.459 + 0.27611.46)] = 0.6381

Rui ANiFe  ONicr (X2.5)
Cyi = 0.0549[1 + 0.69071.21) + 0.27610.80] = 0.1132
Cer = 0.3391[1 + 0.6907—0.352 + 0.101@—.370] = 0.2439

Ree A Fecr QFeni

0.4699 1.46 —0.459 X2.2.1.3 Third Iteration gives: G.=0.6133,C; = 0.1081,
C -,=0.2488, and
Rer Aore Qomi X2.2.1.4 Fourth  Iteration gives: (G,=0.6178,
03391 —0.352 —0.370 Cyi = 0.1067,C , = 0.2523, etc.
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