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Abstract
Four experiments in x-ray diffraction covering basics, common and advanced techniques.  Each
builds upon the previous, ends with a capstone exercise asks the student to interpret a diffraction
pattern that deviates greatly from was expected.  Also, we use the diffractometer as the student’s
first analytical instrument.  Is relatively easy to use and understand and helps teach data
collection/sampling, the use of filters and standards, and factors effecting energy and angular
resolution, all of which are common to many other instruments.

Keywords: x-ray diffraction, phase identification, quantitative analysis, crystallite size, residual
stress

Equipment: x-ray powder diffractometer, ICDD’s PDF database and PCPDFWin or equivalent

Prerequisite Knowledge: basic crystallography, principles of x-ray diffraction, production of x-
rays, ICDD’s PDF database, diffraction line broadening, Scherrer equation, Warren-Averbach
analysis, Williamson-Hall method, residual stress, preferred orientation

Introduction: In a third-year course on the structure and characterization of materials half is
devoted to diffraction methods, the subject of this paper.  This portion of the course consists of
four experiments and a final assignment all designed to teach principles and applications of
diffraction and at same time the structure of materials.  The four experiments were designed as a
coherent series that begins with the basics and then concentrates on major applications and
related features of the diffraction pattern.  These experiments are summarized in table 1 and are
discussed in more detail in the paper.

In this course x-ray diffractometer is also used to introduce students to the world of advanced
analytical instrumentation.  The diffractometer is a relatively simple instrument and most of its
main operational aspects can be illustrated using simple sketches showing the angles and
distances between the source, sample and detector.  From these simple sketches students can
began to understand how filters are used to improve the incident radiation but at the expense of
intensity, or changing the scatter and divergence slits to increase intensity but at the expense of
22 resolution.  All of these are issues the student will encounter when they start using more
complicated instruments such as SEMs, EDS systems, FTIR, and others.



Table 1. Summary of the Diffraction Experiments
Experiment Diffraction Structure of Materials

Introduction to X-ray Diffraction Operation of a diffractometer,
selection of parameters for
diffraction scans, recognizing the
basic features of the diffraction
pattern (background, k"2)

Analysis of the diffraction pattern
of quartz, examination of the (101)
peak, peak overlap that produces
the five fingers feature of this
diffraction pattern

Quantitative and Qualitative Phase
Analysis Using X-ray Diffraction

1. Line position and intensity as
unique identifiers of crystalline
phases
2. Absorption of x-rays

1. Use of diffraction patterns and
the ICDD PDF database to identify
a material in terms of its crystal
structure
2. Relationship between relative
intensities and concentration

Measurement of Crystallite Size
Using X-ray Diffraction

Line-broadening due to crystallite
size and microstrain, Scherrer and
Warren-Averbach (Fourier)
methods

Crystallite size and size
distributions, characteristic
averages in a distribution

Measurement of Residual Stress
Using X-ray Diffraction

Shifts in line position due to
residual stress (strain)

Nature of residual stress, biaxial
stresses, relationship between
changes in d-spacing and strain

Interpretation of Results from a
Colleague’s Diffraction Pattern

Incorrect peak intensities, peaks
slightly displaced

Crystallographic texture, solid
solutions

Experiment 1: The Basics of X-ray Diffraction
The goal of the first experiment is to teach the students the basics of x-ray diffraction well
enough that they will be able to conduct the remaining three experiments largely on their own. 
The students are presented with the following scenario:

“Your company is considering using x-ray diffraction for a number of research and quality control
applications.  You, being the one person with a materials science background, have been asked to
visit a nearby facility to learn more about this technique.  In your report you will describe the
equipment, how an experiment is conducted, the major parameters for each experiment, what the
form the data takes and the major features of the data, and the cost of performing a single
diffraction measurement.  Your report will be used to help determine how seriously your company
gets into x-ray diffraction, and what your role in this initiative will be.”

In preparation for this experiment the students are given the relative intensities of Cu-k"1, k"2, k$

and W-L" radiation and the relative intensities of the (101) peak and the (212), (203) and (301)
peaks (5-fingers region) of quartz and asked to use a spreadsheet to calculate these sections of
the diffraction pattern.  A Cauchy profile is used to give the peaks a realistic shape.

During the experiment itself the students are given a detailed tour of the diffractometer, showing
them all of the major components and describing the practical aspects of the their of operation,
especially those components that they can use to optimize their scan procedures.  See figure 1. 
They then prepare the instrument for use and then run three data collection procedures on a
sample of a quartz “stone”.  These scans illustrate how one might approach the analysis of a



Figure 1 Views of the parts of the diffractometer the
students are introduced to.

sample for which they are unfamiliar with.  These
scans are:

1. Quick scan over a wide range of 22, typically 5
to 90 degrees.  This scan provides a low quality
snap shot of the material’s diffraction pattern.

2. Slower scan of the strongest peak, (101).  This
scan demonstrates how slower scans can produce
higher quality results, and a careful look at the data
shows how imperfect the raw diffraction data can
be.

3. Slower scan of the 5-fingers region of the
diffraction pattern.  These results are compared to
those from the calculated patterns and from the first
scan.

In subsequent experiments the students will use
essentially this procedure to get familiar with the
diffraction pattern of their material and to select the
parameters for higher quality and economical scan
procedures.

The primary challenge of this experiment is
learning a large amount of material quickly.  In one
laboratory session they must learn how to operate
the instrument, collect data, and process and
interpret the data. (See table 2.)  Most students seem
to do well with the operational aspect of this
experiment as it is a very hands on and fairly
concrete experience.  The three data collection
procedures only require 5 minutes each so they
have ample opportunity to repeat them or try
alternative procedures during the three-hour long
laboratory session.  

In their laboratory  report the students must write
about the diffractometer and its operation as well as
their interpretation of the data.  From a reading of
these reports most students understand how to
operate the instrument but have difficulty distilling
their descriptions of the equipment and the
procedure down to the essentials.  In early
implementations of this experiment many students
had difficulty recognizing the significance of



background counts, counting statistics and parasitic peaks from k"2, k$ and W-L" radiation.  This
problem was greatly reduced when they were asked to calculate sections of the diffraction
pattern.  See figure 2 for an example of the calculated pattern.

Table 2. Summary of Issues Covered in the First Experiment
Operation of the Instrument

Source Filament current, tube voltage, tube current, tube power, tube focus, the use
of a nickel filter, control of axial divergence using soller slits and control of
beam divergence using divergence and scatter slits.

Specimen Position, flattness, roughness, preferred orientation

Detector Control of axial divergence using soller slits, control of the receiving angle
using receiving and scatter slits

Collection of Data

22 Resolution Relationship between step size and receiving slit size

Intensity Increasing or decreasing intensity by changing the receiving slits or removing
the filter, selection of sampling rate that produces acceptable counting
statistics

Interpretation of the Data

Background Recognizing and stripping background

k"2 Recognizing and correcting for k"2 radiation

Peak Position Use of a peak finder program to find the positions, width and intensities of
the peaks

Experiment 2: Phase Identification and Quantitative Analysis
This experiment deals with what are probably the two most common applications of x-ray
diffraction, phase identification and quantitative analysis.  It focuses on the position and intensity
of peaks and how these can be used to identify an unknown material.  The students are given a
small amount of a mixture of two powders and are asked to identify the components of the
powder and to determine the concentration.  Utilizing the lessons from the first experiment the
students perform a quick preliminary scan to determine the 22 position and the intensities of the
peaks.  After a brief discussion among the students they agree on a scan rate and 22 range for a
scan which will produce results suitable for quantitative analysis.

The phase identification analysis is performed using the diffractometer’s search-match software. 
This procedure is very instructive, but it is not always successful.  For instance, a match for only
one phase may be made.  The students then attempt their own search-match using the boolean
search capabilities of the PCPDFWIN software.  If they are still having trouble the instructor
may give hints such as, the material is inorganic, include color in the search parameters, or limit



Figure 2 Calculated peaks for the (101) reflection of quartz for Cu-k"1, k"2 k$ and W-L" radiation.

(1)

the search to experimentally determined patterns.  When they think they are done the student are
asked how confident they are in their result, given that the elemental composition is not known.

The quantitative analysis is done using the diffractometer’s software or a simple spreadsheet. 
Several methods are available, but all employ a reference intensity ratio (RIR) for each phase
which is usually available in the PDF file.  The software employs a matrix-flushing technique
which can be used for mixtures containing any number of phases as long as all phases have been
identified and the presence of any amorphous phase has been accounted for.  For simple two-
component mixtures the direct comparison methods can be used.  The equation used in this case
is

where X is the weight percent of the " and $ phases, I is the measured intensity, IRel is the relative
intensity from the PDF file or standard, the subscripts i and j refer to specific peaks in the
patterns of each phase, and RIR is the reference intensity ratio for each phase relative to the
intensity of corundum (RIR",C = I"/IC).  In this analysis the intensities of all peaks entered into a
spreadsheet where peaks for the " phase will be in columns and those for the $ are in rows.  The
ratios X"/X$ are calculated in the cells of the table.  Each cell should give essentially the same
result.

The success of the quantitative analysis are mixed.  Often the correct result is obtained, but it is
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not unusual that they are not and there are a number of good reasons why this may be the case in
the teaching laboratory.  These difficulties, listed in table 3, were discussed in class but were
probably not appreciated until the results were analyzed.  Skill and care in preparing the samples
is critical to this type of analysis.

Table 3. Common Sources of Difficulties in the Quantitative Analysis Experiment
Problem Description Remedy

Mixing of the sample One phase may sink to the bottom
of the bottle or rise to the top
during sample preparation

Use methanol or another binder to
temporarily glue the particles
together

Preferred orientation The intensities of the peaks will not
be the same as for a truly random
powder.

This problem can be minimized by
using the best sample preparation/
loading procedure.  Back-loading
sample holders tend to work better
in this respect.

Accuracy of published RIR values ICDD acknowledges that all
published RIR (I/IC) values may not
be as accurate as they could be. 

Determine your own RIR values. 
This will help with the lack of
availability of RIR values of your
material.

Experiment 3: Crystallite Size in Measurements Using X-ray Diffraction
This experiment gives the students a chance to work in nanotechnology.  It also deals with the
width and shape of diffraction peaks, demonstrating that there is much more information in a
diffraction pattern than what was considered in the previous two experiments.

Two approaches have been in this experiment.  One involves a combination of the Scherrer and
Warren-Averbach methods as described by Krill [1].  More recently the method described by
Suryanarayana and Norton [2] has been used.

In the Scherrer analysis experiments the crystallite size is given by

where L is a characteristic crystallite size, 2B is the Bragg angle, 8 is the wavelength of the x-ray
and K is a unit cell geometry dependent constant whose value is typically between 0.85 and 0.99.
B½ is the full-width-half-max of the peak after correcting for peak broadening which is caused by
the diffractometer.  One way to represent B½ is

where Bobs is the measured peak width and Bm is the beak broadening due to the machine. 

The Warren-Averbach method is based on a Fourier analysis of the diffraction peak.  The
measured peak profile h(s) is seen as the convolution of the function for the pure peak profile f(s)
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and the function for the instrumental broadening g(s)

where s/(2sin2)/8.  This can be represented by the product of the Fourier transforms for
instrumental broadening and the pure peak profile

Processing the data involves calculating the Fourier transforms ö(h) for the measured pattern, 
ö(g) obtained from the analysis of a line-width standard such as LaB6, and then solving for the
Fourier transform of the pure peak profile ö(f).  The result is

where A(L) and B(L) are the cosine and sine coefficients and L is the length of a column of unit
cells perpendicular to the diffracting planes.   A plot of A(L) versus L is used to determine the
characteristic crystallite sizes and lattice microstrain.  If two peaks in the same family are used in
this analysis then the contribution of microstrain can be eliminated.

Both methods yield a measure of crystallite size, but they have different values since they are
actually different characteristic averages in a distribution of sizes.  The Scherrer method yields
the volume-weighted average <L>Vol while the Warren-Averbach methods yields the area-
weighted average <L>Area.  Assuming the crystallites are spherical these column lengths can be
converted to characteristic average diameters <D>Area and <D>Vol.  With two points in the same
size distribution, and assuming a log-normal size distribution, it is not difficult to determine the
width F and median of the distribution and then to plot the crystallite size distribution as shown
in figure 3.

In the second method the Scherrer size <L>Vol is determined independent of microstrain by using
the Scherrer equation on a number of peaks.  In this case broadening due to size and strain is
given by

where BSize is given by the Scherrer equation and BStrain is given by

where 0 is the microstrain.  From equations 2 and 8 we get

where Br is the geometric mean of BSize and BStrain.  The value of 0 is determined from the slope of
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Figure 3 Final log-normal distributions for three peaks in the diffraction pattern of
anatase.

a plot of sin(2) versus Brcos(2) and the intercept yields the value of <L>Vol.

The experimental procedure begins by creating a line-width standard by performing a careful
scan of NIST’s line-width standard (LaB6).  This is usually done in advance and the results are
given to the students.  The students analyze nanocrystalline powders such as Al2O3 or TiO2 for
which SSA (specific surface area) sizes are in the range of 24 to 40 nm.  Scans on the
nanocrystalline material are performed as in the previous exercises, but the goal here is to obtain
quality data from one or two peaks if the Scherrer/Warren-Averbach analysis is used or for a
number of peaks if the second method is used.  

The results are generally very good.  Crystallite sizes are similar to those given by the
manufacturer.  The differences seen are considered in light of the fact that the SSA method is a
particle size technique that is derived from the density and specific surface area of the powder. 
Also, the values obtained from the x-ray diffraction measurements are two different
characteristic averages in a distribution, so the results must be viewed in the context of a
distribution of crystallite sizes.

The diffraction method is but one of many particle size measurement techniques and not all
techniques give the same answer because size will be defined differently.  Different sizing
techniques may be used depending on the nature of the sample and the application.  Size defined
in terms of area per volume may be more important in a kinetics study while size defined in
terms of average cross-section may be more important in a mechanical properties application. 



Figure 4 High-resolution transmission electron microscope image of a zinc selenide
(ZnSe) quantum dot in an amorphous matrix. [3] Because of the twinning x-ray methods
would yield sizes around 6 nm.

Related to the issue of different methods yielding different sizes is the important distinction that
the students must make here, that particle size and crystallite size are different things altogether. 
A particle may be an aggregate of grains and crystallites and even a single crystal particle may
be twinned.  Figure 4 shows an excellent example.  The SSA method, for instance, may not be
able to make these distinctions while these x-ray methods do.

The final aspect of this experiment is that size is something one should be able to see, without
the complicated and seemingly abstract process used in this experiment.  Are the sizes, and the
size distribution, determined here the same as what one would see in a picture of the powder? 
Are the particles spherical as was assumed?  The students are shown a high-resolution SEM
image (figure 5) so that they can answer these questions.  The final lesson in this experiment is,
therefore, that when possible complementary techniques should be used.
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Figure 5  FEG-SEM image of 32 nm (SSA method) aluminum oxide powder.  A distribution
of sizes, from under 5 nm to over 50 nm, can be seen here.

Experiment 4: Measuring Residual Stress Using X-ray Diffraction
There are a number of reasons that the measured d-spacing might be slightly different from those
published in the PDF database.  Sample purity is one possibility, strain is another.  The ability to
measure small changes in d-spacing using x-ray diffraction allows one to also measure strain,
and using the appropriate elastic constants one can estimate the applied or residual stress. In this
experiment the students measure the biaxial residual stress in a steel spring and in the process are
reminded that the origins of macroscopic stress, which is due to the restoring force acting
between the atoms, are found on the atomic scale. 

The procedure employs the sin2R method described in Cullity [4].  The biaxial stress in an
arbitrary direction N in the surface of the sample is given by

where E is Young’s modulus, < is Poisson’s ratio, di is the d-spacing measured at a tilt angle R
and dN is the d-spacing measured at R=0.  This method involves scanning one peak several times
but each time the sample is tilted an angle R in the plane of the diffractometer.  In scans made at
each angle from 0 to ±R the peak position will change slightly due to the biaxial strain.  When
these peak shifts are plotted and a least squares fit of the data is performed one obtains the stress
from the slope of the line.  Typical results are shown in figure 6.

The procedure used in this experiment involves first performing these measurements on a strain-



Figure 6 Experimental plot of the change in interplanar spacing of the (211) diffraction peak
of a spring steel as a function of the square of the specimen tilt angle (psi).  The shift in d
values is a result of the residual stress in the surface of the steel sample as a result of its
manufacturing process.  The triangle symbol data represent negative values of psi (specimen
tilted towards the x-ray source) and the square symbol data represent positive values.  The
slope of the plot indicates a compressive stress of 506 MPa.

free iron powder.  This is done to verify the instrument’s alignment and should yield a stress
close to 0 MPa.  These measurements are done before class and the results are shown to the
students to allow them to see sample results and to see that the instrument is operating properly. 
The students then work out the parameters they will use for the measurements on the spring,
keeping in mind the fact that the scan of the iron powder took several hours and that they had to
complete the assignment in three hours.  They are also advised to use larger receiving slits since
intensity, and therefore counting statistics will be a problem while 22-resolution is not a major
concern.

This experiment works very well if the instrument alignment is good.  There are no problems
with sample preparation since it is a solid piece of steel and sample displacement errors are at
least constant because the sample was loaded into the sample holder once.  In years when we
know the alignment is not good enough we run the experiment as a hands on demonstration and
the students are given the good results from a previous year.

Final Problem:
To challenge the students with a completely new problem, one that is not in the text book, and to
put them in the situation where their knowledge and experience are called upon, they are
presented a simulated real-life problem.  These problems may concern the feasibility of
performing a certain analysis or requiring their expert opinion in interpreting the results of a
colleague’s analysis.



Figure 7 The top two diffraction patterns are for two samples of 44/56 Bi/Sn solders which had been cooled on a
piece of glass. The red dots mark the peaks of the Bi-rich phase and the blue squares indicate the positions of the Sn-
rich phase. The bottom two patterns were for sample I which had been ground using 320 grit SiC paper parallel and
perpendicular to the direction of the x-ray beam.

In one such case the students are briefed on a recent trend to find replacements of Pb-Sn solders.
In this case the Bi-Sn system is being evaluated using a number of electrical, mechanical
properties tests and materials characterization techniques.  For the x-ray diffraction analysis
sample were melted on a smooth glass plate and scanned using the normal procedure.  When the
results came in your colleague panicked.  A number of peaks were missing, the intensities of the
peaks that were present did not match those in the PDF files, and some of the peaks shifted
slightly.  Even more confusing, when the surfaces of the samples were ground using 320 grit
carbide paper many of the missing peaks reappeared.  Figure 7 shows these results the students
would be presented. 

The students should be able to figure out that the original sample exhibited a high degree of
preferred orientation.  Cooling from the melt most likely produced a columnar-like structure
similar to that seen in castings.  The peak displacements, if not due to instrumental errors, were
due to the solid solubility.  The peaks for the Bi-phase should show greater shift than the Sn-
phase due to the higher solubility of Sn in Bi. Finally, grinding the sample changed the
orientation of grains near the surface.  Grinding deforms material near the surface and since Bi
and Sn have a high absorption coefficients x-rays are unlikely to reach the material below this



deformed layer.  

Discussion:
When this course was first set up the experiments employed represented a sampling of the types
of analyses one could do using x-ray diffraction.  Over several years these have been refined so
that they work as a coherent series that takes the student from the basics of instrument operation
and data analysis to a point where they should have a working knowledge of x-ray diffraction
and its applications.  The guiding principles and objectives in developing these experiments are:

• The experiments must use skills and knowledge from earlier experiments to reinforce this
knowledge and to develop the student’s confidence.

• Each experiment should add another dimension to the student’s knowledge of x-ray
diffraction and the structure of materials.  For example, one experiment might emphasize
peak intensity (composition) and another may emphasize peak shape (crystallite size).

• Every experiment must feature a structure of materials topic.  This is not a physics
course on diffraction phenomena.

• In the end the student should have a functional knowledge of x-ray diffraction and will be
ready for independent work or to learn another instrument.

Table 4 summarizes the lessons taught in each experiment and how this knowledge is employed
in each succeeding experiment.  The “Old Knowledge” column lists knowledge and skills that
the students had acquired in previous experiments.  Not listed, but obvious, is that everything the
students learned in the first experiment is essential to the other three and the final exercise.

By working to present these experiments as a coherent series we have seen an increased
efficiency and effectiveness.  This comes from a degree of overlap in each experiment and the
fact that the same instrument is used each week.  For example, students come to the first
experiment not knowing what to do come to the second experiment ready to fire up the
diffractometer and get everything ready even before the other students have arrived.  This not
only builds confidence but it allows everyone to concentrate on the new material.

One criticism of this approach is that the students do not get to work with many of the other
instruments that are available, such as the x-ray radiography system, acoustic microscope,
electron microscopes, EDS and EBSD, thermal analyzers, and others.  The rebuttal argument is
that one cannot really accomplish much by spending a little time with many different tools, that
this is more like viewing the exhibits in a museum than teaching someone how to actually do
something.  Actually, one day is set aside for brief demonstrations of these instruments, but the
objective is more to provide exposure and to generate interest.  The strongest arguments for
narrowing the scope of the course, in this case by concentrating on one instrument, is that the
students build a body of knowledge of how one instrument works and how to design and carry
out an analysis.  In the end the students are much better qualified to start learning other materials
characterization techniques, much like learning one musical instrument or foreign language
makes it easier to learn others.



Table 4. Summary of the principal lessons taught in each experiment.
Experiment Old Knowledge New Knowledge or Result

Introduction to X-ray Diffraction

(The Basics)

Knowledge of basic
crystallography and diffraction,
from lectures

1. Instrument and operational issues
2. Data collection strategies and
compromises that are made
3. Data interpretation and basic
pattern processing

Quantitative and Qualitative Phase
Analysis Using X-ray Diffraction

(Whole Pattern, Intensity)

All knowledge from the first
experiment

1. Search-match using the PDF
database
2. Details of peak intensity
3. Absorption coefficients

Measurement of Crystallite Size
Using X-ray Diffraction

(Peak Shape)

1. Phase identification using the
PDF database (i.e., anatase/rutile in
TiO2)
2. Data collection strategies
emphasizing counting statistics

1. Mechanisms of peak broadening
2. Size distributions
3. What does one really mean by
particle and crystallite size?
4. Every feature in the diffraction
pattern contains information that
can be mined

Measurement of Residual Stress
Using X-ray Diffraction

(Peak Shifts)

1. Data collection strategy that
emphasizes intensity at the expense
of 22 resolution

1. Reasons the peaks may be
displaced
2. Relationship between
macroscopic strain and distortion of
the crystal structure
3. Applications of x-ray diffraction
are not limited to crystallographic
analyses

Interpretation of Results from a
Colleague’s Diffraction Pattern

(Working Knowledge)

1. Familiarity with the Bi-Sn
system from an experiment done in
another course
2. Synthesis of all of the above

Student finds he/she does or does
not have a functional knowledge of
the subject.

Conclusions:
The experiments used in the original course are the same as those in the current version.  The
difference is the order in which they are taught and how the teaching knits them together.  The
course flows from one experiment to the next and the instructor points out what knowledge from
the previous experiment will be valuable in the next and what new dimension the upcoming
experiment will add to that knowledge.  The instructor basically connects the dots for students,
many of which have become accustomed to thinking of laboratory courses as a series of
disconnected assignments for whom the goal is reduced to getting a good grade.  Our goal is to
help them build a body of knowledge, confidence in their skills, and the acquisition of a
recognizable skill they can carry with them to their future study and employment.

At the end of the quarter the students are told that the instruction they received in the first
experiment is nearly identical to the operator training that our researchers receive.  They are also
told that what they learned by doing the remaining experiments makes them more qualified on
this instrument than many of our graduate students.  The course concludes with an invitation to



take advantage of what they have learned, that the diffractometer is now available to them for
use in future course work, projects or even undergraduate research. 
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