
POWDER DIFFRACTION IN MATERIALS SCIENCE 
The role of Europe 

1. INTRODUCTION 

X-ray powder diffraction is a non-destructive technique widely applied for the characterisation 

of crystalline materials. T he method has been traditionally used for phase identification, 

quantitative analysis and the determination of structure imperfections. In recent years, 

applications have been extended to new areas, such as the determination of crystal structures 

and the extraction of three-dimensional microstructural properties. 

The method is normally applied to data collected under ambient conditions, but in situ 
diffraction as a function of an external constraints (temperature, pressure, stress, electric field, 

atmosphere, etc.) is important for the interpretation of solid state t ransformations and materials 

behaviour. Various kinds of micro- and nano-crystalline materials can be characterised from X

ray powder diffraction, including inorganics, organics, drugs, minerals, zeolites, catalysts, 

metals and ceramics. T he physical states of the materials can be loose powders, thin fihm, 

polycrystalline and bulk materials. For most applications, the amount of information which is 

possible to extract depends on the nature of the sample microstructure (crystallinity, structure 

imperfections, c rystallite size, texture), the complexity of the crystal structure (number of 

atoms in the asymmetric unit cell, unit cell volume) and the quality of the experimental data 

(instrument performances, counting statistics). 

2. MAIN APPLICATIONS 

2. I. Line profile parameters and related applications 

The observed diffraction line profiles in a powder diffraction pattern are distributions of 

intensities 1(20) defined by several parameters: (i) the reflection angle position 200 at the 

maximum intensity (related to the lattice spacing d of the diffracting hkl plane and the 

wavelength A by Bragg's law, A. = 2d sin0), (ii) the dispersion of the dist ribution, full-width at 

half-maximum and integral breadth, ( iii) the line shape factor, and (iv) the illlegrated intensity 
(proportional to the square of the structure factor amplitude). The specific applications derived 

from each of them have been listed in Table I. 

2.2. Brief historical overview 

The method was devised by Debye and Scherrer (D) in 1916. Phase identification was 

introduced in 1938 by Hanawalt et al. (USA). The theoretical background for diffraction by 

structure imperfections was developed in the 4Os and 5Os by several authors, including Bertaut 
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(F), Warren (USA) and Wilson (UK). The modern methods for the geometrical reconstruction 

of the 3-dimensional lallicc from the experimental I -dimensional data were introduced in the 

60s by de Wolff and Visser (NL), Werner (S) and Louer (F). The advent of the Rietveld 

method by Riel veld (NL) in 1967, combined with indexing procedures, has contributed to the 

renaissance of the powder method in opening the door to ab initio structure determination. 

The initial applications in the 80s were essentially due to European researchers, e.g. Werner 

(S), Cheetham (UK) and Louer (F). Application of synchrotron X-rays occurred first in 1983 

by Cox et al. ( USA), and later in European centres. New approaches have been developed for 

Table I. Applications of powder diffraction 

Diffraction Line parameter 

peak position 

intensity 

width/breadth and shape 

Non-ambient and 

dynamic diffraction 

Applications 

unit-cell parameter refinement 

pattern indexing 

space group determination (20o/absent reflections) 

anisotropic thermal expansion 

macrostress: sin2
~1 method 

phase identification (din 

phase abundance 

reaction kinetics 

crystal structure analysis (whole pattern) 

Rici veld refinement (whole pallern) 

search/match, phase identification 

preferred oriental ion, ICXILtre analysis 

instrumental resolution function 

microstrucLUre: line profile analysis 

rnicrostructure (crystallite size, size distribution, 

lattice distortion, structure mistakes, dislocations, 

composition gradient), crystall ite growth kinetics, 

three-dimensional rnicrostructure (whole pattern) 

in situ diffraction under external constraints 

reaction kinetics 



quantitative analysis by Hill and Howard (Australia) and for structure analysis. For instance, 

algorithms for extracting integrated intensities have been proposed by Pawley (UK) and Le 

Bail (F). Direct methods have been adapted 10 powder data by Giaccovazzo et al. ( I) and Rius 

(S), simulated annealing and genetic algorithm by David et al. (UK) and Harris et al. (UK). 

Microstructure analysis has profited from the introduction of the Voigt function in 1978 by 

Langford (UK) and the use o f pattern fitting to extract microstructural parameters in the 80s 

by Mittemeijer et al. (NL). The interpretation of dis location densities in diffraction line profiles 

has been first introduced by Krivoglaz (Ukraine). 

2.3. State-of-the art in powder diffraction 

2.3.J. Instrumentation and standard reference materials 

Improved instrumental resolution has contributed 10 reduce the line-profile overlap problem. 

Powder diffraction with conventional X-ray sources has benefited from the development of 

new instruments, particularly the introduction of parallel beams with graded multilayer 

reflective mirrors developed by Gobel (D) and polycapillary optics, from which new 

applications with in-house diffractometers will emerge. Determination of peak positions with 

an accuracy, on a routine basis, of 0.0 IO (20) can be obtained. Even higher accuracy is 

achievable with synchrotron radiation, as a consequence of parallel beams. Further 

developments are multi-detectors for faster data collection, as we ll as 2-dimensional detectors 

for samples with low diffracting power and image plates in combination with Guinier-de Wolff 

cameras. 
Standard reference materials (SRM) are available for instrument calibration, evaluation 

of instrument characteristics, quantitative analys is, intensity sensitivity, etc. 

2.3.2. The analytical tools: phase identi/1catio11 and q11a11titative a11alysis 

Phase identification is traditionally based on a comparison of observed data with interplanar 

spacings d and relative intensities/ compiled for crystalline materials. The Powder Diffraction 

File, edited by the International Centre for Diffraction Data (USA), contains powder data for 

more than 130 000 substances. New search/match procedures are available, e.g. the software 

developed by Socabim (F) based on digitised pauerns instead of a list of ds and ls. 

Quantitative phase analysis involves the determination of the amounts of different 

phases present in a multi-component mixture. The powder method is widely used to determine 

the abundance of distinct crystalline phases, e.g. in rocks and in mixtures of polymorphs, such 

as zirconia ceramics. Modern approaches are based on the Rietveld method (using a simple 

relationship between individual scale factors). Errors due 10 residual preferred orientation 

effects are reduced by considering the whole pattern. Because or the potential health hazard of 

respirable crystalline silica. X-ray powder diffraction is also used for identifying and 

quantifying silica of a ll types of samples from airborne dusts Lo bulk commercial products. 

2.3.3. Crystal structure analysis 

Among the most noteworthy advances of the powder method is the determination ab initio of 

crystal structures from powder diffraction data (Lo date more than 400 successful examples 

have been reported). II is an exciting application for which the resolution of the pattern is of 



prime importance. In addition to X-ray sources, neutrons also play an important role in powder 

diffraction structure analysis, e.g. in case of too low atomic contrasts for X-rays and for 
precise refinement of atomic coordinates. Neutron powder diffraction was used to determine 
the oxygen content and position in high Tc cuprates. 

Powerful methods are available for pattern indexing, extraction of integrated intensities, 

structure solution and refinement of the structure model with the Rietveld method. Efficient 
Rietveld programs are available, among them the most popular are FULLPROF from 
Rodriguez-Carvajal (F), GSAS from Yon Dreele (USA) and RIETAN from Izumi (J). 

Materials studied successively during the last ten years were inorganics, organometallics, 
minerals, organics and more recently pharmaceutical compounds. For these last remarkable 
applications, the traditional methods (e.g. direct methods) arc generally not efficient. New 

direct space methods have been introduced, e.g. Monte Carlo simulated annealing, genetic 
algorithm, crystal structure prediction by energy minimisation and molecular modelJing, etc .. 
These techniques are promising approaches, even with molecules with several torsion angles. 
A promising approach is based on combining NMR, electron diffraction and powder 
diffraction. 

2.3.4. Microstructure of real materials 

Microstructural imperfections, such as (i) lallice distortions, stacking and twin fau lts, 
dislocations, (ii) the small size of crystallites (i.e. nanoscale domains over which diffraction is 

coherent) and crystallite size distributions, are usually extracted from the integral breadth or a 
Fourier analysis of individual diffraction lines. Crystallite sizes well determinable by line 
broadening analysis are in the range 20-1500 A. Crystallite shape anisotropy has been 

determined in strain-free nanocrystalline materials (e.g. ZnO, Ce02) . Stacking faults may occur 
in close-packed or layer structures. e.g. hexagonal Co and ZnO. Lattice distortion 

(microstrain/stress) represents variable displacements of atoms from their sites in the idealised 
crystal structure. Anisotropic microstrains have been successfully interpreted by the presence 
of (specific) dislocation distributions in various materials by several authors, e.g Ungar (H), 
Vermeulen et al. (NL), Klimanek (D) and Kuzel (Czech Rep.). The structure around a 

dislocation is nicely revealed by HREM, but understanding materials behaviour requires taking 
into account the dislocation distribution (type and spatial) in the whole sample. Only powder 
diffraction can provide such a statistical representation. 

Recently, profile modelling (synthesis) techniques (whole powder pallern fitting 
approach), instead of the more usual profile deco111posi1io11 techniques, have extended the 
frontiers of microstructural investigations (three-dimensional microstructural properties have 
already been reported). They include the effect of crystallite size distributions by Langford el 

al. (UK), the effect of latt ice distortion parameters by Scardi el al. (I) and the effect of strain 
fields in crystalline materials by Mi11emeijer et al. (NL, D). 

The analysis of macro-stress (engineering stress) on the basis of the so-called sin\v 
method has become more and more important for materials science. New methods have been 
developed to analyse the state of stress in thin films. 

Materials behaviour is largely determined by the presence of macro- and micro-stresses 
(e.g. thin films). Powder diffraction is the only experimental method available for both a 
description of micro- and macro-stresses. 



2.3.5. Dynamic and non-ambient diffraction 
Time- and temperature-dependent X-ray diffraction inclmles the measurement of series of 

diffraction patterns as a function of time and temperature. The time required for collecting data 

decreases considerably with the availability of fast detectors, such as position sensitive 

detectors, and high brightness of the X-ray source. Limitations with conventional X-rays can 

be overcome with synchrotron and neutron diffraction facilities. Equipment has been developed 

for in situ application of heating, pressure and tensile testing. In principle, line profile 

parameters can be extracted from each pattern (peak position and integrated intensity, breadth 

and line shape) and interpreted in structural and microstructural terms. T hus it is possible to 

establish the reaction path during solid-state transformations and to determine transformation 

kinetics. A representative application is the investig,llion of fast and self-propagating solid 

combustion reactions on a subsecond time-scale. using synchrotron radiation for high intensity. 

/11 situ powder diffraction can also be combined with complementary techniques applied 

simultaneously, such as EXAFS (Extended X-ray Absorption Fine Structure). T hen both long 

range order information (powder diffraction) and short range order information (EXAFS) is 

obtained (example: formation of heterogeneous catalysts). 

3. TRENDS AND NEEDS 

Breakthroughs are expected in the following areas: 

(i) Crystal structure analysis. A representative example is the structure determination of drugs, 

of paramount importance in pharmaceutical industries with subsequent consequences on the 

therapy of human diseases. It can be anticipated that more complex st ructures will be solved. 

More powerful software and methods will be available in the future. 

(ii) Microstructure mwlysis. The precise characterisat ion of the microstructural properties of 

" real" materials will become possible and thereby materials behaviour can be understood and 

optimised in terms of the collective action of the microstructural imperfectio ns. One such 

advance can be due to the new fundamental physical p,1ra111etcr approach combining structure

imperfection modelling and whole-pattern fitt ing. The determination on the nanometer scale of 

crystallite size, shape and size distributions, fau lt and dislocation densities will become possible 

from powder diffraction data on the basis of the new line profile synthesis approach, thereby 

replacing the line profile decompositio n methods. 

(iii) Stress analysis. The analysis of macro-stress by powder diffraction analysis gives new 

impulses to understand the elastic and plast ic grain interaction in massive specimens, in 

particular because new materials of specific grain morphologies can be prepared (e.g. thin 

films). This topic is at the heart of mesoscopical materials science. Analysis of gradients of 

stress near interfaces and grain boundaries will become possible. 

(iv) /11 situ diffraction. Studies of materials under 'working' conditions and experiencing 

dynamic microstructural changes will become of paramount importance to understand 

materials performance. 

In-house diffractometers remain the powerful tools for most applications of powder 

diffraction analysis. Setups with conventional X-ray sources can and must be further developed 



in the future, in particular for in si1t1 analysis. The development of reliable methods for 

microstructure and stress analysis, in particular for small scale materials, as thin film systems, 
should be promoted. 

Important advances of powder diffraction techniques for selected applications in 

materials science can be achieved applying the existing synchrotron and neutron diffraction 
facilities. 

There are many laboratories using powder diffraction on a primitive level. A European 

network should be developed, with the help of the existing EPDIC (European powder 

diffraction) committee, to train researchers and technical staff in order to perform high-quality 
experiments and evaluations. 

4. COMPETITIVENESS OF EUROPE VS. USA AND JAPAN 

Most important methodological advances in powder diffrnction, even until today, are due to 

European contributions (sec section 2.2). On the other hand, (dedicated) applications are most 

advanced in the USA and Japan. 11 is striking lo nolc that the International Centre of 

Diffraction Data (ICDD) is an USA organisation. Only relatively recently in Europe the 

European Committee for Standardisation (CENffC 138) started an extensive project on the 
use of diffraction methods. 

The renaissance of powder diffraction in the last two decades ("from ugly duckling to 

beautiful swan", Langford) has led to a rise of the European powder diffraction research, as 

evidenced by the emergence of the most prominent conference series in powder diffraction of 

today: the EPDICs (European Powder Diffraction Conferences). 

The role of Europe should be enhanced in the lield of the application of powder 

diffraction methods to "real" materials: a typical example of an area where European research 

should be promoted is the microstructural analysis of rna1crials, such as thin film systems and 
nanocrystalline materials. 

D. Louer' and E. J. Millemeijerz, December 2000 

' Laboratoire de Chimie du Solide el lnorganique Moleculairc (UMR 6511, CNRS), Institut de 

Chimie, Universite de Rennes I , Avenue du General Leclerc. 35042 Rennes ccdex, France 
2
Max Planck Institute for Metals Research, Seestrassc 92. D-70174 Stuttgart, Germany 

Note: this commentary has originally been wri11e11 as a co111ribution to the workshop 

organized by the Max Planck /11stirute for Metals Research about "Stratexie.1· for Fwure 

Areas of Basic Materials Scie11ce i11 Europe'' (June I 3-15. 2000, ludwigsb1Hf:, Germany). as 

a preparatio11 for the Sixth Framework Workprogm111111e of' 1he European Union. 



Editorial Notes 

For EPDIC7, just like for all previous EPDIC conferences, the proceedings are published in two 
books. The first book, i.e. Part I, presents as always -with EPDIC6 as the only exception- the papers 
devoted to developments in the methods and techniques of powder diffraction, whereas the second 
book, i.e. Part 2, contains the results of applications of powder-diffraction methods to specific classes 

of materials. 

Reviewing the seven editions of the EPDIC proceedings, the ratios of the numbers of papers on 
developments in the methods and techniques of powder diffraction and those on applications of powder
diffraction methods to specific classes of materials are found to be I, 0.7, 0.S, 1, 0.9, 0.S, and 0.7. 

Only small changes were necessary in the subdivision of the papers over the chapters and their 
sections as compared to the proceedings of EPDIC6. The chapter "Software" has been omitted as the 
papers on software development fitted better, or equally well, into sections of Chapter I "Method 
Development". The characterization of thin layers - once started as a section of Chapter I - has been 
maintained as a section "Thin Layers" of the chapter "Materials", because all papers concerned focus on 
specific materials. The chapter "In-situ, time dependent powder diffraction" (as such first appearing in 
the proceedings of EPDlC-4) has been maintained again. Although the emphasis in these papers is on the 
results obtained for certain materials, just as it holds for the papers of Part 2, the in-situ technique often 
cannot be applied straightforwardly. Such cases require the development of special accessories and data
evaluation techniques, which justifies a separate chapter. (Without this special chapter the ratio of the 
numbers of papers on methods and instruments and those on applications would have been 0.S.) 

The reader will find that one paper was accepted for publication in the proceedings of EPDIC6. 
Accepted papers of five more authors did not appear then, but the authors did not accept the offer of 
publication in the present proceedings. Notwithstanding intensive efforts the editors of the previous 
proceedings were not able to trace the causes for the unintended omission in all cases. They offered their 
sincere apologies to the authors and took further measures to guarantee publication after acceptation in 

the future. 

Finally a sincere apology to all authors and the organisers of EPDIC7 is in order. To my regret a 
considerable delay in the editorial work occurred due to unwanted external influences beyond my control. 

R. Delhez 
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European Powder Diffraction Conf ere nee A ward 

Sponsored by Philips Analytical 

The EPDIC award honours outstanding scientific achievement by young 
scientists in the areas covered within the European Powder Diffraction 
Conference (EPDIC) Programme. The award winner will be invited to 
present a plenary talk at the next European Powder Diffraction 
Conference. The award has a value of 1,000 ECUs. 

The EPDIC Programme Committee, which is responsible for the 
nomination of the award, invites everyone to submit short proposals 
containing descriptions of scientific contributions to be assessed, together 
with the name of suitable candidates. These proposals should be addressed 
to the Chairman of the EPDIC Programme Committee. 




