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ABSTRACT:

X- Ray Diffraction (XRD) is the only technique able to identify phase and all the
other analytical techniques give information about the elements. Quantitative phase
analysis of minerals and industrial products is logically the next step after a qualitative
examination and is of great importance in industrial research. Since the application of
XRD in industry, early in this century, workers were trying to develop quantitative XRD
methods. In this paper some of the important methods are briefly discussed and partly
compared. These methods are Internal Standard, Known Additions, Double Dilution,
External Standard, Direct Comparison, Diffraction Absorption and Ratio of Slopes.

INTRODUCTION:

The intensity of X-ray diffracted by a particular set of planes (peak number e) of
phase / in the X-ray sample/ is given by Alexander & Klug in 1948 [1-2] to be:

Ieij = Kei. Xij / uj (1)

where Xij is the weight fraction of phase i in sample j , Kei is a constant which depends
on the nature of the phase and the particular reflection considered and the experimental
instrument and arrangement including the intensity of original beam, uj is the average
mass absorption coefficient of the sample. This factor depends on summation of mass
absorption (or mass attenuation) coefficients of individual n phases multiplied by the
corresponding weight fraction of them in the sample.

uj = (upl .Xpl) + (up2.XP2) + + (npn.Xpn) (2)

This can also be shown as:

+ + (jaem.Xem) (3)

while jxei is the mass absorption coefficients of element i with weight fraction Xei for all
the m elements in the sample j . The values of |aei for each element in the specific
radiation used (like Cu Ka radiation) is given in the handbooks and some texts [3].
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INTERNAL STANDARD METHOD:

This is the first formulated method [1] and widely used procedure for mixture
analysis by XRD. An early application was by Clark & Reynolds in 1936 [4] for the
quantitative analysis of quartz in mine dusts. A standard substance S is added to the
mixture to be analyzed in a known and fixed weight proportion. Reflections from S and
from different components are compared using (a). S in known mixtures to establish
calibration curves and (b). S in the unknown mixture.

Let Ws be the weight of S added to one gram of the mixture to be analysed. The
weight proportion of S is then Ws / (1 + Ws) and the weight proportion of phase i is Wi /
(1+Ws),then:

(Ieij / Ihsj) = (Kei /Khs). (Wi / Ws) (4)

By dividing the intensity diffracted from peak e of phase i to intensity diffracted from
peak h of standard material S, the mass absorption coefficient of sample/ is eliminated.

If we keep the weight proportion of Ws gram of S to one gram of mixture constant
in all the tests, equation (4) can be rewritten as :

(Ieij / Ihsj) = Reihs . Wi (5)

Known values of pure compound / are diluted to one gram by a phase not present
in the mixture to be analysed, or diluted by glass powder. It is then mixed completely by
a fixed Ws gram of standard material. By measuring diffracted intensities (area under the
peaks) of Ieij and Ihsj and dividing them, then plotting against Wi in different samples,
calibration curve is obtained which is a straight line passing through the origin. The
constant Reihs is the slope of that line.

For analysis, Ws gram of S with one gram of unknown mixture is blended and X-
rayed. The value of Wi in mixture is read from the calibration line, as indicated in Figure
1.

METHOD OF KNOWN ADDITIONS:

When the composition of a multicomponent system varies greatly and only a few
specimens are to be analysed for component i, we can avoid the labour of setting up a
calibration curve.

In this method, developed by Copeland & Bragg in 1958 [5], a known weight of
pure component /, Yi grams, is added to one gram of a mixture containing that component
and the diffracted intensities of that phase (Ieji) and another phase in the mixture (Ifuj) for
peak/of component u, are measured.
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If the weight fraction of component / and u in the original specimen are:

Xli = W i / l (6-a)

Xlu = Wu/l (6-b)

The new weight fraction of phases / and u are:

X2i = (Wi + Yi) / (1 +Yi) (7-a)

X2u = Wu/(1+Yi) (7-b)

Figure 2 shows that the plot of (Ieji .Ifuj) versus the added amount of pure phase, Yi, is a
straight line whose intercept with negative part of abscissa gives the analysis of-Wi.

DOUBLE DILUTION METHOD:

This method developed by Monshi & Messer in 1989 [6] is a developed method,
combining methods of Internal Standard and Known Additions. It can analyze
quantitatively all the phases of a multicomponent specimen, by adding pure phases and
without the need to construct calibration curves and with as few as two or three mixtures
prepared for X-ray diffraction.

Since the mathematics of the method require space, and the pages of this paper
must be limited, the reader is asked to study the reference. It has been successfully
applied to analyze alumina, mullite, quartz, silicon and the balance amount of glassy
phases in a ceramic specimen with only three mixtures prepared for XRD. If a material is
fired to two different temperatures and the amount of any phases is changed, the analysis
by Double Dilution Method gives two parallel lines. This factor helps to control the
results and check the accuracy. In the appendix of the article given in Complex
Microstructures [6] an Extension of Method of Known Additions (Dilution Method) for
multicomponent systems is presented. When there are minor amounts of some phases in
a multiphases system, using results with respect to widely used Internal Standard Method.
This is because stronger peaks are formed and the error due to background noise is
reduced.

EXTERNAL STANDARD METHOD:

A mixture of fine grained pure phases 1,2,3, , n with known weights of WI,
W2, W3, , Wn is homegeneously mixed and X-rayed. The ratio of each two
suitable intensities is proportional to the ratio of the amounts:

(12 / II) = (K2 /Kl) . (W2 / WI) = (M21). (W2 /WI) (8)
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The values of M21, etc. can then be calculated. Now let XI, X2, X3, , Xn be
the weight of these phases in one gram of specimen to be analyzed, which is the phase
fractions required, so that:

X1+X2 + X3 + + X n = l (9)

If the amount of XI is required, we divide all the terms to XI:

(X2 / XI) + (X3 /Xl) + + (Xn /Xl) = (1 /Xl) - 1 (10)

By replacing the weight ratios to equivalent intensity ratios:

(X2/X1) = (I2/I1)/M21 (11)

The unknown XI in equation (10) can then be calculated. The method fails when large
proportions of amorphous material are present, because all the phases are assumed to be
crystalline with a suitable peak to be measured accurately. If refecence materials of
known composition are available to be X-rayed and calculate M21, M31, , Mnl, this
method can be very helpful in metallurgy. Phase fraction of XI in an alloy may be
identified without the need to make any powder.

DIRECT COMPARISON METHOD:

This is of greatest metallurgical interest because it can be applied directly to
polycrystalline aggregates. Since its development by Averbach and Cohen [7] in 1948, it
has been widely used for measuring the amount of retained austenite in hardened steel.
Austenite is not a stable phase at room temperature and it is difficult to produce a
reference material of known composition to calculate the values of Kl and K2, or M21, in
equation (8). Therefore these factors in this method should be calculated
crystallographically from a knowledge of the crystal structure and lattice parameters of
both phases (retained austenite & transformed martensite) [3]. Once (X2 /Xl) is found
from equation (11), the values of XI and X2 can be obtained from the additonal
relationship:

XI + X2 = 1

The same principle can be used for more than two phases.

DIFFRACTION ABSORPTION METHOD:

These are some methods which use diffraction and absorption fundamentals. The
author presented a few techniques [8] which can be useful in surface engineering
(tribology). If we have a single phase alloy of known compositon, the mass absorption
coefficient of the metal (uj) can be calculated by using equation (3). After measurement
of diffracted intensity (Ieij), considering Xij = 1 in single phase alloy, the constant Kei
can be calculated by using equation (1).
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Now, if the mass absorption coefficient of a metal is calculated after elemental
analysis by X-Ray Fluorescence (XRF), Quantometer, Microanalysis by Scanning
Electron Microscopy (SEM), Microprobe, etc. according to equation (3). Then the
concentration of that phase in the multiphase specimen can be directly measued by
detecting diffracted intensity, according to equation (1).

RATIO OF SLOPES METHOD:

This is a remarkable method developed by Monshi & Messer in 1991 [9]. Details
of the theory and practice of the method require more attention and the author believes
this method is preferable to be used due to ease of using and increase of accurancy and
some factors in the method to check the validity of experimental data. The reader who
wants to use the method is asked to refer to the original article which explains the
mathematics of the theory, gives the explanation of how easy is to use the method,
together with examples and discussion of the results, advantages and controlling factors.

The final equation of the method is :

(Ieij / Ihsj) = (Slope). (Weight of specimen /Weight of S) (13)

Any desirable weight of standard material S is mixed with any proper quantity of
unknown specimen and X-rayed. The specimen can be a combination of any crystalline
and amorphous phase including the required phase /. The area under the suitable peaks of
phase /' in specimen and standard S are measured and divided. The analysis line which
must pass through the origin is obtained by plotting the intensity ratio of the required
phase ; to the standard against the weight ratio of the unknown mixture to be standard.
The Slope of this line contain the required fraction of phase / in specimen. Although only
one experimental point is enough to plot this line and get Slope, but if more than one mix
of specimen and standard, with different ratios are prepared and X-rayed, there are two
advantages. First, since the points must form a line and this line must pass through the
origin, the validity of the experimental data can be checked and points with errors in
sample preparation, weighing, mixing, detecting of the intensity, subtraction of
background noise, etc. can be eliminated from the results, or repeated. Second, after
selection of best data, least squares method for a line passing through the origin, can be
applied to minimize the errors and give the best Slope. The least squares equation is:

Best Summation of Ordinate x Abscissa values
= (14)

Slope Summation of Square of Abscissa values
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A reference material with known fraction of phase / can be used in the same way
to establish the reference line and get the related Slope. The reference material can be a
pure phase / (Known Xi = 1), a mixture with known quantity of phase /, or a specimen
with identified amount of phase /, etc. Presence of amorphous phase in reference material
does not have any problem. The analysis is performed as:

Slope of analysis line
Required Xi = ( ) x Known Xi (15)

Slope of reference line

This method which is based on Internal Standard Method, has certain advantages.
The weight of the specimen to be analyzed, the reference material, and the internal
standard need not be any specific values or in any fixed proportions. After grinding, the
weight of powdered specimen and standard material should only be weighed accurately,
then mixed uniformly. No diluent phase is needed to establish the reference line for
calibration.

Precise weighing, the ability to use various weight ratios of specimen and standard
for one analysis. Check the experimental data knowing that the results must produce a
line and this line must go through the origin. Getting the accurate Slope after selection of
all or some of the data, by least squares method. Analyzing by the slope of line rather
than reading a single point from calibration line; Give Ratio of Slopes Method greater
accuracy than conventional widely used Internal Standard Method. Figure 3 shows both
the analysis and reference line on the same plot. In an artificial specimen containing 45%
Quartz (SiO2), 40% Calcium Carbonate (CaCO3), 15% Fluorite (CaF2), after inspection
of the factors, the measured values were 45.4%, 39.7%, 14.8 % respectively.
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Ieij
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Figure 1 - The amount of phase / in one gram of the unknown mixture is read form t

the Calibration Line in Internal Standard Method.

Figure 2-
-Wi Yi

The amout of phase / in Method of Known Additions is read from intercept
with negative part of abscissa.

Reference Line

Ieij
Ihsj

Figure 3 -
Weight Ratio of Specimen to S

Analysis and Reference Lines on the same plot in Ratio of Slopes Method.
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