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ABSTRACT
The Rudman approach to composition line broadening in X-ray
diffraction patterns, originally designed for the study of diffusion
in alloys, is seen to provide a basis for characterizing inhomogen
eous solid solutions. Limitations, imposed on this treatment when
the cell dimensions of the primary components differ by less than
0. 1 A, are attributable to experimental effects such as instrument
broadening. These limitations can be overcome by a rigorous nume
rical treatment of the measured data. Thus, separate elimination of
the Kq?2 radiation component followed by iterative deconvolution are
advocated for the recovery of the intrinsic broadening. This course
of action is made possible chiefly through the availability of large,
fast memory computers and primary data recorded in the form of a
step scan on punched paper tape.
The characteristics of inhomogeneous solid solutions made
available by the above treatment are the identity of closely similar,
solid solution phases, the frequency distribution curve for a chosen
component, and the degree of homogeneity of the X-ray sample.
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1.

INTRODUCTION

The analysis of solid solutions by X-ray diffraction depends
upon the fact that, with only few exceptions, the solute and solvent
exhibit different values of unit cell dimension. Solid solution phases
are therefore characterized by cell dimensions that are intermediate
between those of the primary components. In many systems, the cell
dimension is linearly proportional to the atomic or molecular frac
tion of the species in solution; in other systems, the relationship is
described by a more or less regular curve. In either case, evaluation
of the unit cell dimension from measurements of the diffraction pattern
permits the solute content in the X-ray specimen to be determined.
The above, simple approach to solid solution characterization
requires the fulfillment of two essential conditions if it is to provide
unambiguous answers. Thus, the difference between the values of the
cell dimension for the primary components, combined with the resolu
tion of the recording instrument, should be such as to allow clear se
paration of solid solution phases differing by at most 5 at % or mol%.
In addition, the X-ray specimen should be chemically homogeneous
so that sharp, well-defined diffraction patterns are available for mea
surement; subsequent evaluation of composition can then be made with
a maximum error of t5%.
If the prescribed conditions are not met with, analysis is
complicated by broadening of the diffraction lines to a point where
measurement can only indicate the range of compositions present
in the sample. In the present context, such line broadening can be
considered to have two origins, namely short-range chemical inhomo
geneities, and the broadening produced by instrumental aberrations

and the composition of the X-ray spectrum, if this is not strictly
monochromatic. Thus a solid solution that has not attained equilibrium
will contain a range of compositions, each of which is associated with
a distinct value of the unit cell dimension. In making their separate
contributions to the overall diffraction pattern these components phases
provide closely spaced groups of reflections that overlap to yield
broadened diffraction profiles. Description of this composition broad
ening is clearly desirable in order to permit characterization of the
solid solution sample and specification of the degree of homogeneity
attained. Such characterization acquires special significance when it
is remembered that many solid solutions attain full equilibrium only
very slowly but may nevertheless serve their purpose once a given
level of homogeneity has been exceeded.
In the meantime satisfactory measurement is hindered by in
strument broadening and, where monochromatic X-rays are not
used, by the overlap of the spectral components such as the Kb ^ and
Kb2 components normally encountered in routine diffractometry. As
long ago as I960, however, Rudman (1) indicated a partial solution
to this problem. Thus, he proposed that study be restricted to pro
files in the angular region beyond 90° (20) where the instrument broade
ning changes only slowly with angle. Under such conditions, treatment
of the profile to remove the Kb^ contribution served to uncover broade
ning in 50% solutions whose primary components had cell dimensions
differing by more than 0. 1 A. With instrument broadening such that
the full width at half maximum height (FWHM) is 0.2° (29), for an
ideally sharp peak at 120° (2 0), it was shown that compositional
changes as small as 1 % could be detected by this method.
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The removal of instrument broadening using the Stokes' (2)
method for deconvoluting diffraction profiles was not found to be
advantageous. This could be attributed to oscillations produced in
the tails of the diffraction profiles by the Fourier treatment on which
Stokes' method is based. Such oscillations are very easily induced
by the presence of statistical errors in the measured data or even by
an incorrect subtraction of the background continuum.
While recognizing the essential truth of Rudman' s argument, it
is important to realize that many technically valuable solid solutions
are based on primary components whose cell dimensions differ by
less than 0. 1 A. In many instances, therefore, characterization of
an inhomogeneous sample is rendered difficult by the appreciable in
strument broadening which, despite the elimination of the Kc^ compo
nent, smears out the intensity distribution of closely spaced peaks into
a single, irregular profile. Deconvolution of the observed profile
therefore becomes a worthwhile proposition, particularly in view of
the fact that instrument broadening may reduce the resolution expected
for the slit system in use, by a factor of up to three. Moreover, the
period since 1960 has seen the development of large core-memory
computers with high operational speeds. The opportunity accordingly
exists for applying more effective, if numerically more laborious,
methods of deconvolution then that described by Stokes.
The following account represents a more rigorous treatment
of the Rudman approach to composition broadened profiles, facilitated
by a code written in Fortran IV for a CDC Cyber 73 computer. This
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numerical treatment of recorded profiles was first employed on the
results of diffusion experiments with UO^ and oxides such as
CeC>2 and Gd^O^. Since then it has been found to provide a means of
describing the level of homogeneity in

powders used for fuel

pellet manufacture. Application to inhomogeneous solid solutions
would appear to be quite general provided that certain basic informa
tion about the system is available.

2.

CORRECTION FOR SPECTRAL AND
INSTRUMENT BROADENING

2.1.

Elimination of the Kb^ component

Recovery of the diffraction profile containing only information
about cdmpositional variations in the form of intrinsic broadening is
accomplished in two steps. Following the approach proposed by Rudman,
the contribution to the profile from the Kn^ component of the X-ray
spdctrurri is removed using Keating's (3) method. The starting point
foi* this treatment is a step scan of a diffraction profile given by the
solid solution. This is recorded in the angular range beyond 110° (28)
between limits determined by the diffraction angles for corresponding
peaks from the primary components. These limits are chosen with
respect to the level of background intensity so that both solid-solution
and unreacted-component peaks are encompassed by the scan. In our
case, the scan is made with large step lengths and maximum counting
times (0. 1° (26) and 100 secs) over the background, changing to
shorter steps and counting times (0. 01° (28) and t for 10 000 counts)

on passing over intensity maxima. This strategy, however, is only
a detail aimed at improving the efficiency of the measuring process
and does not materially alter the validity of the results, except in
so far as it affects the statistical reliability of the measurements.
The step scan is conveniently recorded on punched tape as a
set of values of counts per second, I and diffraction angle 2 0.
Subsequent computer treatment of this data first provides a new set
of Ij. values at a uniformly spaced set of 20 values, using, for example,
parabolic interpolation. Background is then subtracted between angles,
at or near the scan limits, defined by the presence of intensity minima.
According to Keating, identity of moment distribution for the K% ^
and Kb £ spectral components yields

h(K) = f(K) + -^ f (K#)

for the relationship between the observed profile h(ic) and the profile
after

elimination f(ic). Here, K = (4n/X ^)sin 0, k' = (4TT/X2)sin 0 and

R = Iq'^/Iq'2* The a^-free profile is then obtained by summing a set of
n profiles each of which is derived from its predecessor by generally
reducing the intensity by the factor R, inverting, and translating
along the 20 axis by an amount given by the difference between Xcv^
and Xof2* The principle of the treatment becomes clear from Fig la
which shows the original profile h(ic) in relation to the first two of
the derived series of profiles. Fig lb shows the results obtained on
adding these three data sets. In practice we sum a set of n = 10 pro
files to achieve minimal disturbance of the background due to the
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addition of the cfg of the last profile.
The high quality of the result obtained with the Keating treat
ment is seen in Fig 2 which shows the

-free 620 reflection from

well-crystallized ThO^. Calculations made on this profile show that
the peak position and centroid differ by less than 0. 05° (2 0) signify
ing a virtually error-free result.

2. 2.

Recovery of the intrinsic profile

Since the ThO^ profile, above, has no intrinsic broadening due
either to chemical inhomogeneities, microstrain distributions or
crystallite sizes less than 0. 3 pjn, it serves as a measure of the
broadening produced by the combined instrumental aberrations.
These are effects common to all optical systems that feature diver
gent beams, imperfect focusing conditions and beam-limiting slit
systems.
For a profile with intrinsic broadening, the observed profile
h(x) is described as the convolute of the intrinsically broadened pro
file f(x) with the instrument function g(x) such that

CO

h(x) = J

f(y) • g(x-y) dy

(1)

•CO

Here, f(y)dy is an element of intrinsic broadening, spread out by the
broadening function, such that at a position x on the observed distri
bution, it contributes an intensity

f(y) dy • g(x-y)

The integral equation for h(x) above can be treated iteratively to re
cover the intrinsic profile f(x). Thus we define

7-

f0(x) = h(x)

(2)

00

un(x) = h(x) - J*

fn (y) • g(x-y) dy

(3)
(4)

For a start made in accordance with (1) iteration is performed
in accordance with (3) and (4) until un(x) is sufficiently close to the
statistical level of error expected from the overall number of counts
collected during the step scan. In order that the iterative treatment
should go to convergence, it is preferable for the instrument function
g(x) to be smoothly changing and as nearly symmetrical as possible.
This is evidently the case for the Kb^ profile of ThO^ mentioned above.
Thus, although it is possible to accomplish the

elimination as an

integral part of deconvolution, the instrument function will, in that
case, comprise a Kb^ and a Kb^ component. The resulting increase
in the complexity of the instrument function can easily give rise to
numerical difficulties. It is accordingly preferable to remove the
component beforehand, particularly as the Keating method seems so
very effective.
The great underlying difficulty of deconvolution, using either
Fourier methods according to Stokes, or the iterative approach de
scribed here, is the association of the measured intensities with statis
tical errors. These operate so as to produce sharp oscillations in the
exact solution of equation 1. The single pass deconvolution according
to Stokes lacks the ability to control these oscillations and it becomes
difficult to distinguish in the resulting profiles between peaks due to
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closely related solid solution components and those originating in
statistical intensity errors. The iterative method applied here allows,
however, an inspection of the result after each cycle. By applying the
condition f^(x)

0 for all x, together with a suitable smoothing of the

intermediate result, only major excursions of the intensity curve
are allowed to generate peaks in the deconvoluted profile.
The course of iterative deconvolution is illustrated in Fig 3a
which shows the curve for the first guess fQ(x) in relation to the curve
generated after the first iteration f j(x), while UQ(X) is the residue
after this operation. A test of the effectiveness of this procedure is
shown in Fig 3b which concerns the recovery of a simple, idealized
profile in the shape of a triangle. This was first convoluted with a
Gaussian function to give the smeared profile h(x). Iterative deconvo
lution was then performed for 20 cycles to give the distribution
which is a close approximation to the original triangle.
Finally, the deconvolution of two real solid solutions is exempli
fied in Figs 4 and 5. The first of these refers to a

powder for

fuel fabrication which was known to exhibit a range of chemical com
position. The outer profile, obtained before the removal of the
component, merely shows extensive broadening. The inner profile,
produced by deconvolution, is rich in detail that indicates the coex
istence of small amounts of near stoichiometric UO^ with more signi
ficant amounts of UO^ Qg and UO^

The powder is seen to contain

aggregates of even more hyper stoichiometric oxides such as UO^
and UO^ ^^ while the average composition, UO^ 029* *s the value
obtained from measurements made on a powder pattern recorded in
a Guinier-type focusing camera.

-

9

-

The second example, illustrated in Fig 5, is the result of a
diffusion experiment in a powder compact with the composition UO^20 CeOg, after 32 hours at 1700°C. The deconvoluted profile shows
that unreacted UO^ is still present in detectable amounts while the
principal solid solution components are a uranium-rich phase,
Ce0 ig O^, and

^gC^ 22^2

g^

^es on tbe cerium-rich side of

the average composition.
The FWHM value for these two phases is roughly 0. 08° as
compared with the value of 0.21 (2 0) for the uncorrected Kct^ pro
file of ThOg. In this instance, therefore, the resolution, and thus the
ability to detect closely similar solid solution phases, is more than
doubled by the deconvolution treatment. With a l/4° receiving slit,
in conjunction with the curved graphite monochromator and a slit-tospecimen distance of 17. 6 cm employed in the recording diffracto
meter, the expected FWHM should be 0.06° (2 0) for well crystallized
solid solution components. The resolution actually realized is accord
ingly close to the maximum attainable with this slit system.

3.

CALCULATION OF FREQUENCY DISTRIBUTION AND
HOMOGENEITY FROM DECONVOLUTED PROFILES
3. 1.

Frequency distribution curves

In the proceeding section it was shown that the deconvolution of
composition broadened profiles is capable of revealing detail regard
ing the component phases in the inhomogeneous sample. In the in
stances quoted, hitherto undetected UO^ was revealed to be present,
in addition to which the compositions of the major phases could be
easily identified. Additional, more quantitative descriptions of the
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solid solution are needed, however, and can be provided by a plot
of the frequency distribution of the solute (oxygen or CeO^ in the
two examples quoted). Again, the treatment follows, in the main, that
outlined by Rudman (1). Accordingly, this section will be restricted to
a summary of the Rudman approach and to more detailed comments at
points where innovations have been made that lead to significant im
provements in the results.
An essential requirement is that the relationship between changes
of cell dimension and composition has previously been established.
Replacing the cell dimension by the d spacing corresponding to a particular
hkt reflection, this may be expressed as 6d/6c where c represents
composition. The minimum detectable composition interval is then
given by
Ac = Ad/(Sd/6 c)

where Ad is the interplanar spacing resolution for the selected profile.
Differentiation of Bragg's law and substitution for Ad then yields
Ac = cot0A0/(l/d)(Sd/6c)

For the UO^-CeO^ system, 6d/5 c follows Vegard's law and the 620
reflection occurs between the limits 125.87 and 128.37° (20) for UO^
and CeC>2 respectively using CuKo? ^radiation. Accordingly,

cot0 ~ 0. 5

and l/d(5d/6 c) = 1.07, while A 6 ~ 0. 35° (or 0.006 radians) from the
minimum FWHM value for a deconvoluted profile. Substitution of
these values in the equation for Ac yields a composition resolution
of 2.8% CeOg. The diffraction interval between the above-mentioned
angular limits can thus be inspected at 37 intervals corresponding to
uniform steps of l/d and the intensity recorded at each point treated
to obtain the relative number of molecules N(c) of composition c.
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Following Rudman, the expression used to correct the observed in
tensity given by a simple f. c. c. solid solution is given as
2
sin 9 cos9
• g(e)
1 + cos^ 20

where
g(@)

represents the observed profile expressed as a variation
of intensity with angle

fA

are the scattering powers of the atomic species involved

fB

in solid solution formation
2
sin 0 cos0
1 + cos^ 2 0

is the reciprocal of the Lorenz-polarization factor for
a powder intensity registered at angle 2 0

d^fc) tan6
dc

represents the change of diffraction interval with compo
sition 6 d/6 c

The above expression may then be reduced to

N(c) = QQ • g(0).

where Q

ti

is the combined correction factor. The procedure for ob-

taining N(c) from the measured intensities is readily understood with
reference to Fig 6. Intensity I', measured at diffraction angle 2 Q' ,
corresponds to a solid solution of composition c' . The diagram shows
that the value of the correction factor corresponding to this composi
tion is Q'. Successive treatment of the diffraction profile in Fig 5
between 20yQ^ and 2@^Q

Yields the frequency distribution curve

for cerium dioxide in the solid solution formed after 32 hours heating
at 1700°C, as shown in Fig 7.
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It is important to note that in the above diagram, correction is
made for the spread of the diffraction profile of unreacted UO^. With
an ideal optical system, this intensity would be collected in a delta
function at the 20 value for UO^. If the spread observed in Fig 5 is
ignored the resultant value of N(o) will be too low since intensity
at 20 < 125.87° is neglected while that at 20 > 125.87° is treated as
though it contained contributions from Ce atoms. A more consistent
approach is therefore obtained by accumulating the intensity distri
buted symmetrically about 125.87°, up to a limit given by the low
angle tail of the UO^ peak, and placing it at the peak position. This
is then treated as a single intensity to yield a more representative
value of N(o).
The frequency distribution curve possesses the important pro
perty that the average composition of the solid solution is given by
_
1
1
c = J cN(c)dc/J N(c) dc
o
o
Thus if c, evaluated from the curve , differs from that of the sample
as a whole, as obtained by chemical analysis for example, the treat
ment thus far is subject to error. Likely sources of experimental
error include the possibility that the composition of the X-ray spe
cimen departs from that of the sample due to gross chemical inhomo
geneities. Alternatively, the subtraction of the X-ray background
may have been made incorrectly, leading to a general raising or lowe
ring of N(c) for all c. Thus in tests made on the profile of the abovementioned UO^ - 20 CeC^ solid solution, the background was reduced
by 1000, a level that corresponds to 0.7 % of the intensity maximum of
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the solid solution peak. This change led to a decrease in c by 0. 008.
Similarly, the angular calibration of the recording diffractometer
may be in error. The intensity distribution in the measured interval
will accordingly be displaced along the 2 0 axis with respect to limits
assigned for the primary components of the solid solution. Tests
show that for the UO^ - 20 CeO^ profile, a general increase in 20
by 0. 02° above the true value leads to an increase in c by only 0. 011
while a change of 0.07° produces an increase in c by as much as 0. 05.
The significance of corrections of the above type, performed on
the experimental data, can be more readily appreciated if it is re
membered that c is the first moment of the frequency distribution.
The greatest influence will therefore be experienced from corrections
leading to changes in N(c) at values of c differing greatly from that of
c itself.
In mixed oxide systems there is also the possibility that the
O/M ratio, assumed thus far to have a specific value, might have
been disturbed as a result of oxidation or reduction with a consequent
displacement of the solid solution profile. This situation is equivalent
to an erroneous assignment of limiting angles for one or both of the
primary components in the recorded profile. If other sources of
experimental error can be excluded it therefore becomes possible
to investigate possible changes in O/M by adjusting these limiting
angles until the calculated c agrees with the known ratio of the two
metal components in the sample. Thus in the example quoted here
partial reduction of CeO^, leading to the presence of Ce^O^ in the
solid solution, would lead to values of c < 0.2. The upper limiting
angle should then be decreased in small steps until the condition

-
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c = 0.2 is fulfilled. The displacement required to satisfy this condi
tion can then be used to determine the change in O/M from the known
diffraction angle for CeO^ and that extrapolated for cubic CegOg"

3. 2.

Effective penetration curves and homogeneity

The second important property of the frequency distribution
curve is that it serves as a basis for calculating the effective pene
tration achieved by interdiffusion of the primary solid solution compo
nents. This quantity is defined as
c
1
y = J*N(c) dc/J N(c) dc
o
o
and is plotted in a normalized diagram as a function of c so that 0 5 y
5 1 and 0 < c < 1. In Fig 7, the penetration diagram of y versus c is
shown in relation to the frequency distribution curve from which it
has been derived. It is noteworthy that in the range 0 < c < 0. 1, the
value of the cumulative integral y is almost constant and non-zero.
This result is produced by the relatively large value of N(o) which
corresponds to the amount of unconsumed UO^ in the X-ray sample.
It accordingly represents a situation in which the UO^ particles have
not yet been completely penetrated by CeO^.
The value of y rises sharply in the range 0.1 < c < 0. 3 where
the body of the solid solution is located. It is evident that the shape
of the curve will be determined by the width of the frequency distribu
tion in this compositional range. It follows that for a fully homoge
neous sample which gives an ideally narrow diffraction peak, the value
for y should rise instantaneously from zero to unity at the value of c,
in this instance 0.2.
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Finally in Fig 7, the value of y is seen to rise only slowly in
the range c > 0.4. This corresponds to the fact that diffracted inten
sity from unreacted CeO^ and cerium-rich solid solutions is indis
tinguishable from the background scattering, which happens to be re
latively heavy in the angular range concerned. The absence of CeO^
and cerium-rich phases from the sample is therefore reflected by
the way in which the plot of y terminates at a value of c close to 0. 5.
In Fig 8, the plot of y versus c has been redrawn following fur
ther background subtraction to correct for possible diffuse scattering.
The diagram is seen, in this form, to resemble the penetration dia
grams obtained in one-dimensional diffusion studies where c is plotted
as a function of x, measured in some convenient unit of length. In
true penetration diagrams, however, the occurrence of assymetrical
diffusion across the geometrical boundary between the two compo
nents means that the position of this boundary along the x axis has
no significance when the underlying diffusion phenomena are studied.
It accordingly becomes necessary to find the position of the Matano
interface (4, 5). This separates the region along the x-axis occupied
by the number of inter diffused atoms of one species from the corre
sponding region containing the identical deficit of this species.
X-ray penetration diagrams differ radically from true pene
tration diagrams in that they are insensitive to the geometrical nature
of the inter diffusing system and therefore behave as if they were all
symmetrical. From

1
1
c = J* cN(c) dc/J’ N(c) dc
o
o
integration by parts yields

-
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1 c
1
c = i - J [J* N(c)dc] /J N(c) dc
o o
o
= area under curve of c versus y which is accordingly constant at all
stages of diffusion. The boundary, y't to which the degree of penetra1
tion is referred, is given by the condition j* (y-y' )dc = 0. This merely
o
states that the number of atoms penetrating below the boundary at y'
is equal to the number vacating the region beyond y'. With reference
to Fig 8, area a equals area |3. Since the X-ray penetration diagram
has unit dimensions, and c = a + y in Fig 8 it is readily seen that these
two requirements lead to a value of y' = 1-c at all stages of diffusion.
It should be observed that this formulation departs from that
given by Fisher and Rudman (6) and many subsequent investigators
(see 7 for example). These authors base their treatment of X-ray
penetration curves on the computed position of a Matano interface.
It should be stressed, however, that the value of y' differs from
1-c if, arid only if, the value of c derived from the frequency distri
bution curve deviates from the average composition of the solid so
lution.
Fig 8 is, in fact, the effective penetration curve computed for
the UC>2- 20 CeO^ solid solution depicted in Figs 5 and 7. The defini
tion of homogeneity follows directly from a consideration of this dia
gram. Thus the extent to which CeO^ has diffused into the solid solu
tion after a given treatment is given by the area under the curve at
y £ 0.8. It is evident that, for equilibrium conditions under which
a completely homogeneous solid solution has been formed, the area
occupied would correspond to the rectangle c = 0.2, y = 0. 8. The ratio
between these two areas serves as a measure of the degree of homogeneity

-
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attained in the measured solid solution. Expressed generally this
becomes

(1-c-y)dc
e(i-e)

In Fig 8, the value of H is computed to be 8 7 %.

3. 3.

Preliminary consideration of errors

Tests have been made to investigate the effect, on the calcu
lated homogeneity, of errors in the treatment of the diffraction pro
file and frequency distribution curve. In this connection it should be
noted that the penetration curve in Fig 8 corresponds to a treatment
of the measured data that yields a value of y' =0.8. This is in ac
cordance with the composition of the solid solution which is known
to contain a molecular fraction of CeO^ equal to 0. 2.
Earlier in this section it was pointed out that the width of the
distribution curve determines the shape of the plot of y versus c. It
is therefore evident that instrument broadening, which reduces the
height and widens the base of the diffraction profile, will tend to re
duce the value of H calculated from the penetration curve. Similarly
in section 3. 1, background level, error in diffraction angle (profile
displacement by &2@) and the spread of the peak originating from un
co n sum ed UOg, were all mentioned as capable of producing errors
in c. The table below, which lists calculated H, y' and the associated
error in c, indicates the extent to which these effects influence the
result.

-
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Status of calculation

H (%)

Error in c

y'

All corrections included

87. 5

+ 0

0. 8

No correction for spread of UO^

86. 7

+ 0. 039

0. 761

Profile displaced by +0. 02°(2q)

88.9

+ 0. 011

0. 789

General background of +1 000
(0. 7 % of peak maximum)

81.5

+ 0. 011

0. 789

No deconvolution of profile

69.4

+ 0.104

0. 696

It is interesting to note that, in the profile shown in Fig 5
where the amount of residual UO^ is relatively small, correction
for the spread of UO^ and an angular displacement of + 0. 02°(2q)
in the profile have little effect on the calculated homogeneity. On
the other hand, raising the background level and, in particular, de
convolution of the profile produce marked changes in H. It will be
observed that in each instance, the associated error in c leads to a
value of y' which departs by a corresponding amount from the pre
scribed value of 0.8. In previous publications where effective pene
tration has been used to calculate H, the assumed existence of a
Matano interface has made it possible to accept such erroneous values
of y' with consequences for the evaluation of H that are evident from
the above table.

4.

CONCLUSIONS

Materials featuring a range of solid solubility are frequently
obtained in a non-equilibrium condition that entails short-range che
mical inhomogeneity. X-ray diffraction patterns of such materials
demonstrate broadened reflections and an unambigous interpretation
of such patterns, based on measurements of line position alone, is
impossible. Measurement of the intensity distribution within a selec
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ted profile as a function of diffraction angle provides a more useful
basis for characterization. After suitable treatment to free these
measurements from instrumental effects, the principal phases pre
sent in the inhomogeneous sample can be identified. If the relation
ship between change of cell dimension and composition is known, and
the crystal structure of the solid solution has been determined, a fre
quency distribution plot of N(c) versus c can then be made for a selec
ted component. This curve should include correction for the presence
of unreacted components that provide diffraction peaks at the bounda
ries of the diagram. The value for the average composition c, calcu
lated from the frequency distribution, should agree with that for the
sample as a whole. After correction for experimental errors, resi
dual departures in c indicate the presence of gross compositional va
riations in the sample or, in mixed oxide systems, reduced or oxidi
zed states.
The frequency distribution curve and the deconvoluted profile
provide diagrammatic characterization of the X-ray sample. X-ray
diffraction serves to accumulate information concerning the nature
of the component phases from the separate crystals of which the
sample is composed. This information is organized in a form which
resembles that obtained from a diffusion couple. Thus the primary
constituents occupy positions at the extreme limits of the angular
range of interest while intermediate solid solutions are arranged sys
tematically in accordance with composition. Numerical treatment of
the frequency distribution curve derived from the profile is then car
ried through to provide an X-ray effective penetration curve with c
and y as axes where

-

c

Y =

\ N(c)
o
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1
dc/J* N(c) dc
o

By analogy with the penetration curve obtained from diffusion
sample experiments. the amount of diffused material is seen to be
given by the area under the curve between y = 0 and the diffusion
boundary. In diffusion sample experiments, however, it becomes
necessary to determine the position of this boundary in terms of the
Matano interface. In X-ray penetration diagrams, the process of
normalization, and the absence of physical dimensions make the cal
culation of a Matano interface irrelevant. The diffusion boundary is
accordingly constant at a value of y = 1 - c.
The ratio between the area of diffused material and the area
given by the product c(l - c), which corresponds to the rectangle ob
tained for a completely homogeneous material, is a unique value for
the homogeneity of the sample.
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