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APPLICATIONS OF HIGH-RESOLUTION POWDER DIFFRACTION

A. N. Fitch

ESRF, BP220, F-38043 Grenoble Cedex, France.

Since May 1996 a ded i cated high-res o lu tion pow der dif -
frac tion beam line has been in user ser vice at the Eu ro pean
Syn chro tron Ra di a tion Fa cil ity in Grenoble. The ad van -
tages for pow der dif frac tion of this 6-GeV third-gen er a tion 
syn chro tron-ra di a tion source are the very high X-ray in ten -
sity, high an gu lar and en ergy res o lu tion, and ac cess to a

wide range of X-ray wave lengths, orig i nally from 0.31 C -
2.48 C on the bend ing-mag net beam line BM16 [1,2], and
more re cently down to 0.21 C with the beam line that has
re placed BM16. This is built on in ser tion de vice ID31, and
has been op er a tional since June 2002. The new beam line is
pow ered by three minigap undulators with a min i mum
mag netic gap of 11 mm which give a much en hanced X-ray 
flux as com pared to the bend ing mag net. 

The in crease in X-ray in ten sity means that dif frac tion
pat terns can be mea sured more quickly and has opened up
more op por tu ni ties for high-res o lu tion pow der dif frac tion
mea sure ments at ESRF, in clud ing the ap pli ca tion of
anisotropic ther mal ex pan sion to re duce the ef fects of peak
over lap in dif frac tion pro files [3], thus al low ing larger,
more-com plex crys tal struc tures to be in ves ti gated, and
also to fol low the struc tural de vel op ment of sam ples as a
func tion of tem per a ture or time, un der go ing phase tran si -
tions or solid-state chem i cal re ac tions, or the evo lu tion of

microstructure. For ma te ri als-sci ence ap pli ca tions, the
avail abil ity of harder X-rays means that much thicker com -
po nents can be in ves ti gated, such as mea sur ing in re sid ual
strain, penetrating through 15 mm of Al or 5 mm of Ti (or
their alloys). 

The talk will give a brief over view of the high-res o lu -
tion pow der dif frac tion fa cil i ties avail able on ID31 at
ESRF, and will il lus trate their use with re cent ex am ples
show ing the solv ing of small-mol e cule crys tal struc tures,
the in ves ti ga tion of phase tran si tions, high-tem per a ture an -
neal ing of ce ram ics, and the in ves ti ga tion of pro tein struc -
tures, a field pi o neered by Von Dreele [4] and be ing taken
up with enthusiasm at ESRF [5].
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DIFFRACTION STRESS ANALYSIS OF GRAIN INTERACTION IN POLYCRYSTALLINE 
MATERIALS

U. Welzel and E. J. Mittemeijer

Max Planck Institute for Metals Research – Heisenbergstraße 3 – 70569 Stuttgart, Germany 

The elas tic be hav iour of polycrystals de pends upon the sin -
gle-crys tal elas tic con stants of its con stit u ents (grains), the
crys tal lo graphic tex ture and the microstructure. How ever,
a straight for ward cal cu la tion of the me chan i cal elas tic con -
stants (re lat ing me chan i cal (mac ro scopic) strains to me -
chan i cal (mac ro scopic) stresses) and the dif frac tion elas tic
con stants (dif frac tion stress fac tors for elas ti cally
anisotropic sam ples), re lat ing (dif frac tion) lat tice strains to
me chan i cal stresses from sin gle-crys tal elas tic comp -
liances (or stiffnesses) of the crys tal lites com pos ing the
spec i men is gen er ally not pos si ble with out more ado. A
so-called grain-in ter ac tion model can be adopted, de scrib -
ing the dis tri bu tion of stresses and strains over the crys tal -
lo graphi cally dif fer ently ori ented grains in the spec i men.

Ex treme cases for grain in ter ac tion are given by the
Voigt [1] and Reuss [2] pro pos als (ei ther the strain or stress 
ten sors of all crys tal lites are taken equal to the me chan i cal

strain and stress ten sors, re spec tively), which are gen er ally
in com pat i ble with phys i cal re al ity but set bounds for the
me chan i cal elas tic con stants [3]. It is com mon to all tra di -
tional grain-in ter ac tion mod els (like the ex treme Voigt and
Reuss mod els and the in ter me di ate mod els as the
Neerfeld-Hill [3,4] and the Eshelby-Kröner [5-7] mod els)
that they in volve that a polycrystal is me chan i cally elas ti -
cally iso tro pic in the ab sence of crys tal lo graphic tex ture, as 
the same grain-in ter ac tion as sump tions are adopted along
all di rec tions in the spec i men. They can there fore be called
iso tro pic grain-in ter ac tion mod els [8]. How ever, even in
the ab sence of crys tal lo graphic tex ture, polycrystals can not 
gen er ally be con sid ered as be ing me chan i cally elas ti cally
iso tro pic. It can be an tic i pated that de vi a tions from an
isotropic ‘microstructure’ may have an impact on the
elastic properties of polycrystals. 
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Two microstructural fea tures in volv ing the oc cur rence
of mac ro scopic elas tic ani so tropy (even in the ab sence of
crys tal lo graphic tex ture) have been re cently con sid ered by
the de vel op ment of ap pro pri ate grain-in ter ac tion mod els:
the pres ence of a free sur face in thin films, ‘sur face ani so -
tropy’, and mor pho log i cal (grain-shape) tex ture, which is
also fre quently en coun tered in thin films. The me chan i cal
and dif frac tion elas tic con stants can be cal cu lated em ploy -
ing re cently de vel oped grain-in ter ac tion mod els. As in
such mod els dif fer ent grain-in ter ac tion as sump tions are
adopted along dif fer ent di rec tions in the spec i men, these
mod els can therefore be called direction-dependent
grain-interaction models. 

The pres ent pa per pres ents an over view of re cent work
on the de vel op ment of di rec tion-de pend ent elas tic
grain-in ter ac tion mod els and the dif frac tion anal y sis of
elas tic grain in ter ac tion in polycrystalline ma te rial [8-12].
The ex ten sion of the ap pli ca bil ity of the newly de vel oped
grain-in ter ac tion mod els to the plas tic de for ma tion re gime
will also be dis cussed on the basis of selected examples. 
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EXPLOITING PREFERRED ORIENTATION TO RESOLVE OVERLAPPING
REFLECTIONS

Lynne B. McCusker

Laboratorium für Kristallographie, ETH Hönggerberg, CH-8093 Zürich, Switzerland

If it were n’t for the fact that re flec tions with sim i lar scat ter -

ing an gles (2q) over lap in a pow der dif frac tion pat tern,
struc ture so lu tion for polycrystalline ma te ri als would be as
straight for ward as it is for sin gle crys tals.  It is the am bi gu -
ity in the rel a tive in ten si ties of these over lap ping re flec -
tions that hin ders the de ter mi na tion of the struc tures of
many in dus tri ally im por tant ma te ri als.  In re cent years, a
num ber of clever meth ods have been de vel oped to cir cum -
vent this prob lem, both by adapt ing ex ist ing meth ods to
cope with the in ten sity am bi gu ity and by in tro duc ing
chem i cal in for ma tion into the struc ture de ter mi na tion pro -
cess [1], but if the am bi gu ity could be re solved in some
way, the pow er ful tech niques that have been de vel oped
over the years for sin gle-crys tal data could be ap plied di -
rectly.

One way of ad dress ing this prob lem is to adopt a more
elab o rate data col lec tion strat egy in which sev eral dif fer -
ent, but re lated, data sets are col lected on the same
polycrystalline sam ple.  For ex am ple, a sam ple with a pre -
ferred ori en ta tion of the crys tal lites will yield dif frac tion
pat terns whose in ten si ties are de pend ent upon the ori en ta -
tion of the sam ple in the X-ray beam.  By col lect ing data
with the sam ple in sev eral dif fer ent ori en ta tions, more in -
for ma tion about the rel a tive in ten si ties of re flec tions that

over lap in 2q, but not in orientation space, can be gleaned.
The con cept, which in volves a full tex ture anal y sis fol -

lowed by a deconvolution pro ce dure, was de scribed by
Hedel et al. in 1997 [2], and its prac ti cal vi a bil ity was dem -
on strated by Wessels et al. in 1999 with the de ter mi na tion

of the struc ture of the high-sil ica ze o lite UTD-1F with 117
non-H at oms in the asym met ric unit [3, 4].  How ever, the
re flec tion mode ge om e try used for that struc ture de ter mi -
na tion re quired a rel a tively large, uni formly tex tured sam -
ple and three days of syn chro tron beamtime.  In an at tempt
to re duce the amount of beamtime re quired and to elim i nate 
the need for a large ho mo ge neous sam ple, the method has
since been adapted to work with data col lected in trans mis -
sion mode using a small sample and a 2-dimensional
detector.

The trans mis sion ge om e try, with an area de tec tor, re -
quires much less syn chro tron beamtime, is in sen si tive to
sam ple inhomogeneities, and yields a dataset that is more
com plete.  How ever, the re flec tion ge om e try, with a
pre-de tec tor an a lyzer crys tal, pro duces data with a much

higher res o lu tion in 2q and no lim i ta tion (be yond the wave -
length) on dmin.  Ex am ples of the ap pli ca tion of both meth -
ods and a dis cus sion of their ad van tages and dis ad van tages
and of possible improvements will be presented.
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NANOCRYSTALLINE MATERIALS STUDIED BY POWDER DIFFRACTION

Tamás Ungár

Department of General Physics, Eötvös University Budapest, H-1518, POB 32, Budapest Hungary

Crys tal line ma te ri als can be de fined, in a broader sense, as
nanocrystalline if the av er age grain size is smaller than a
mi cron. It can be ei ther in the form of loose pow der or in
the form of polycrystalline bulk ma te ri als. Since
nanocrystalline ma te ri als is one of the ma jor buzz-words
in the pres ent de cade, the pro ce dures to pro duce tham vary
from sin gle atom or clus ter con den sa tion [1], through dif -
fer ent chem i cal re ac tions [2] down to crystallisation from
the bulk amor phous phase [3] or frag men ta tion by ball
mill ing and dif fer ent tech niques of se vere plas tic de for ma -
tion [4]. Lat ter are, in par tic u lar, the meth ods of equal chan -
nel an gu lar press ing (ECAP) [5], high pres sure tor sion
(HPT) [6] or cor ru gated cold roll ing (CCR) [7]. De pend ing 
on the way the ma te rial was pro duced the grain size and
size dis tri bu tion and the strain or stress state, frozen into
the crys tal lites, are vary ing over vide scales. The av er age
crys tal lite size in in ert-gas con densed met als like cop per or
pal la dium can vary be tween 5 to 20 nm to gether with dis lo -
ca tion den si ties at the or der of mag ni tude of sev eral times
1015 m-2 [8,9]. Nanocrystalline foils pro duced by
electrodeposition can con tain ex tremely high den si ties of
stack ing faults [10]. Stack ing faults can be come one of the
ma jor type of lat tice de fects in ma te ri als with very high
stack ing fault en ergy, e.g. in alu minium [11,12], in which
un der con ven tional cir cum stances stack ing faults can not
be ob served. Pow der spec i mens pro duced by the chem i cal
pre cur sor method can be as small as 5 to 10 nm with out
even a sin gle dis lo ca tion [13]. Hex ag o nal ma te ri als like ti -
ta nium can be pro duced by the ECAP method to have an
av er age grain size of about 50 nm and dis lo ca tion den si ties
as high as 1016 m-2 [14]. The stregth of this ma te rial can ex -
ceed the strength of its con ven tional grain size coun ter part
by one or der of mag ni tude [14].

De pend ing on the pur pose for what the ma te rial has
been pre pared and the pro ce dure by which it has been pro -
duced the microstructure can be very dif fer ent. Due to con -
stantly im prov ing diffractometers [15] and some times
so phis ti cated X-ray op ti cal de vices in the home lab o ra to -
ries [16] and high in ten si ties and high an gu lar res o lu tion at
pow der dif frac tion beam lines at synchrotrons [17], pow -
der dif frac tion has be come one of the most pow er ful tools
to de ter mine the microstructure of nanocrystalline
materials.

Acording to the kinematical the ory of pow der dif frac -
tion if the crys tal lites are free from lat tice de fects and the
av er age crys tal lite size is larger than a few mi crons, how -
ever, not much larger than about 10 mi crons, the phys i cal
line pro files of the dif frac tion peaks are delta func tions
[18]. In the mea sured pow der pat terns these delta func tions 
are con vo luted with the in stru men tal func tions of the
diffractometer. To the best knowl edge of the pres ent
EPDIC com mu nity such a pow der pat tern is real ised by the
mesurement of a good LaB6 stan dard spec i men, e.g. the

LaB6 stan dard spec i men pro vided by one of the lab o ra to -
ries of NIST. If the crys tal lites be come smaller than about a 
mi cron or the lat tice be comes dis torted by any kind of lat -
tice de fects the phys i cal line pro files will no lon ger re main
delta func tions. The de vi a tions from the ideal delta func -
tion type can be very dif fer ent. The dif frac tion peaks can
be: (i) shifted, (ii) can broaden, (iii) can be come asym met -
ric, (iv) the broad en ing can be anisotropic with hkl and (v)
any com bi na tion of the for mer cases can occure. In re cent
years it has been shown that the phys i cal or i gin of strain
ani so tropy is the ex tremely anisotropic strain field of dis lo -
ca tions [19-22]. The ef fect of dis lo ca tion on the broad en -
ing of dif fer ent hkl re flec tions, es pe cially in polycrystalline 
ma te ri als, can be sum ma rized in a fairly sim ple form of av -
er age dis lo ca tion con trast fac tors [23]. The fun da men tal
pa ram e ters in de ter min ing the con trast fac tors can be de ter -
mined by whole pro file fit ting nu mer i cal pro ce dures. The
phys i cal in ter pre ta tion of these pa ram e ters can re veal sev -
eral de tails about the dis lo ca tion struc ture in
nanocrystalline ma te ri als. The same whole pro file fit ting
pro ce dures pro vide size dis tri bu tion den sity func tions of
the co her ently dif fract ing do mains [24,25]. The in ter pre ta -
tion of the this size distribution either in terms of crystallite
size distribution or in terms of other physical units in the
material is the virtue of the experimentator. 
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MULTICRYSTAL APPROACH TO CRYSTAL STRUCTURE SOLUTION AND

REFINEMENT

Gavin Vaughan

ESRF, Grenoble, France

We pres ent a method in which the con tri bu tions from the
in di vid ual crys tal lites in a polycrystalline sam ple are sep a -
rated and treated as es sen tially sin gle crys tal data sets. The
pro cess in volves the si mul ta neous de ter mi na tion of the ori -
en ta tion ma tri ces of the in di vid ual crys tal lites in the sam -
ple, the sub se quent in te gra tion of the in di vid ual peaks, and
fil ter ing and sum ming of the sub se quent in te grated in ten si -

ties, in or der to ar rive at a sin gle-crys tal like data set which
may be treated nor mally. In or der to dem on strate the
method, we con sider as a test case a small mol e cule struc -
ture, cu pric ac e tate monohyrade. We show that it is pos si -
ble to ob tain a sin gle-crys tal qual ity struc ture so lu tion and
re fine ment, in which ac cu rate anisotropic ther mal pa ram e -
ters and hy dro gen atom po si tions are ob tained. 
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IN-SITU CHARACTERIZATION OF MATERIALS BY SYNCHROTRON DIFFRACTION

H. Ehrenberg, M. Knapp, C. Baehtz

Darmstadt University of Technology, Materials Science, Petersenstr. 23, D-64287 Darmstadt, Germany

Dif frac tion meth ods are ap pro pri ate tech niques for the
char ac ter iza tion of polycrystalline ma te ri als, pro vid ing in -
for ma tion about com po si tion and struc tural de tails. A spe -
cific chal lenge in ma te ri als sci ence is the in ves ti ga tion of
struc tural changes in ma te ri als as re sponse to ex ter nal vari -
able pa ram e ters. In-situ stud ies un der real op er a tion con di -
tions are in the cen tre of in ter est, be cause re lax ation
phe nom ena or changes of the en vi ron ment can fal sify ob -
ser va tions of pro cesses in ma te ri als dur ing ap pli ca tion. The 
use of in ten sive and high-en er getic syn chro tron ra di a tion
en ables con sid er ably im proved and qual i ta tively novel
meth ods for the char ac ter iza tion of ma te ri als as part of de -
vices in op er a tion, mainly due to the pen e tra tion ca pa bil ity
at very short pho ton wave lengths. Such in ves ti ga tions elu -
ci date un der ly ing pro cesses and, hereby, con trib ute to un -
der stand work ing prin ci ples on one hand. On the other
hand, ma te ri als deg ra da tion due to ag ing or fa tigue can be

fol lowed, pro vid ing the ba sis for ma te ri als op ti mi za tion
strategies. 

Spe cific set-ups are de scribed as al ready avail able or
pro posed. The ac tual per for mances are dem on strated by
se lected ex am ples. Ma te ri als un der in ves ti ga tion in clude
cath ode ma te ri als in re charge able bat ter ies, PZT as pi ezo -
elec tric ac tu a tors or sen sors and solid cat a lysts. Re cent ac -
tiv i ties in these fields at ded i cated fa cil i ties are re viewed,
added by re sults from beamline B2 at HASYLAB. Ex ist ing 
ca pa bil i ties are discussed in the light of future possibilities.
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