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X-ray peak pro file anal y sis is a pow er ful method for de ter -
min ing the microstructural prop er ties of dis lo cated pow -
ders and polycrystalline ma te ri als. The Convolutional
Mul ti ple Whole Pro file (CMWP) fit ting method has been
de vel oped re cently for the ex trac tion of phys i cal pa ram e -
ters for crys tal lite size dis tri bu tion and dis lo ca tion struc ture 
from dif frac tion pat terns of cu bic, hex ag o nal or
orthorombic ma te ri als. In this pro ce dure the whole mea -
sured pow der dif frac tion pat tern is fit ted by the sum of a
back ground func tion and pro file func tions. The back -
ground is ap prox i mated by a spline func tion or a sum of
Legendre polinomials. The pro file func tions are cal cu lated
as the con vo lu tion of the the o ret i cal func tions for phys i cal
broad en ing and the mea sured in stru men tal pro files. The
phys i cal pro files are cal cu lated on the ba sis of the
microstructure as sum ing that the crys tal lites have

lognormal size dis tri bu tion and the strain is caused by dis -
lo ca tions. The strain pro file is based on the Wilkens dis lo -
ca tion the ory. Strain and size ani so tropy is taken into
ac count by the dis lo ca tion con trast fac tors and the el lip tici -
ty of crys tal lites, re spec tively.  The fit ting pro ce dure is
based on a non lin ear least squares method and pro vides the
me dian and the vari ance of the size dis tri bu tion, the el lip -
tici ty of crys tal lites and the den sity and ar range ment of dis -
lo ca tions. Since the CMWP method is a microstructural
method, the peak po si tions and peak in ten si ties are not
phys i cally in ter preted, they are treated as free pa ram e ters.
How ever, in or der to get the best re sults, these peak pa ram -
e ters can be re fined and are de ter mined along with the
microstructural pa ram e ters.  The pro ce dure will be il lus -
trated by dif fer ent spe cific case stud ies.
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Com mer cially pure al pha-ti ta nium was de formed by hot
roll ing at 268o C for the fol low ing re duc tion rates: 30%,
60% and 80%. The dis lo ca tions den si ties and their dis tri -
bu tion at dif fer ent de for ma tion rates were es tab lished us -
ing X-ray Peak Pro file Anal y sis. The dis lo ca tion model of
anisotropic broad en ing of peak pro files was used to de ter -
mi na tion the Bur gers vec tor dis tri bu tion, their evo lu tion as
the de for ma tion pro ceeds to higher de grees and the dis lo -
ca tion den si ties in al pha-ti ta nium sam ples stud ied here. It
was found that the <a> dis lo ca tion type pre dom i nate at all
de for ma tion lev els in ves ti gated in this study. The pop u la -
tion of the <c+a> dis lo ca tion type is sig nif i cant af ter 30%
re duc tion and it be comes mar ginal for higher re duc tion
rates. The pres ence of <c> type of dis lo ca tion is mar ginal at 
all de for ma tion lev els. Fig ure 1. shows the Bur gers vec tor
pop u la tion as a func tion of re duc tion rate. It was also es tab -
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Fig ure 1. The pop u la tions of the three Bur gers vec tor types,
<a>, <c> and <c+a>, as a func tion of the nom i nal re duc tion.
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lished that the dis lo ca tion den sity is slightly in creas ing as
the re duc tion de gree in creases.
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The pro cess ing of ultrafine-grained or even nano -
crystalline ma te ri als by se vere plas tic de for ma tion (SPD)
modes (ECAP, HPT) [1] are well es tab lished meth ods to
im prove ma te rial prop er ties, es pe cially duc til ity, strength
and elas tic moduli. Thus one of the chal lenges in mod ern
ma te rial sci ence is to ad just these pa ram e ters in or der to
sat isfy ad di tional de mands like low weight, ther mal sta bil -
ity and good bio-com pat i bil ity, cre at ing tech no log i cally
ap pli ca ble high per for mance ma te ri als.

The char ac ter iza tion of the microstructure of these ma -
te ri als in the as-pro duced (SPD) state as well as af ter ad di -
tional con ven tional de for ma tion (SPD-postdeformed) is of
high in ter est for the explaination of their me chan i cal prop -
er ties. Knowl edge of the pa ram e ters de scrib ing the
microstructure is also nec es sary to per form model sim u la -
tions which in turn are sub stan tial for the tech no log i cal im -
prove ment of the ma te ri als. 

Us ing the MXPA (Multi re flec tion X-ray Bragg Peak
Anal y sis) the struc tural size and its dis tri bu tion in ul -
tra-fine grained ma te ri als as well as other microstructural
pa ram e ters like dis lo ca tion den sity, their ar range ment and
long range in ter nal stresses can be de ter mined [2, 3].

In the pres ent case 99.5% pure a-Ti was de formed by
equal chan nel an gu lar press ing (ECAP) at 450°C for 8
passes in route B. Com pres sion sam ples  were man u fac -
tured out of the bulk and de formed by com pres sion up to
80% true strain.

Us ing four lin ear po si tion sen si tive de tec tors (PSD) dif -
frac tion pat terns of up to 11 re flec tion were re corded and
then ana lysed by Mul ti ple Whole Pro file Fit ting (MWP)
[4].

In the case of a hex ag o nal crys tal sys tem this pro ce dure
re quires the de ter mi na tion of the dis lo ca tion slip sys tems
ac ti vated in the sam ple [5]. The eleven dis lo ca tion slip sys -
tems in the hex ag o nal Ti can be clas si fied into three groups
ac cord ing to their Bur gers vec tors. [6]. In the in ves ti gated
sam ples it turned out that only two of these three groups
were ac tive dur ing de for ma tion.

The area weighted mean co her ently scat ter ing do main
size af ter the ECAP de for ma tion has a rel a tively small
value of about 40nm.  It stays more or less con stant,
whereas the size dis tri bu tion func tion shows a slight ten -
dency to broaden dur ing the ad di tional com pres sion. The
dis lo ca tion den sity af ter the ECAP pro cess is al ready con -
sid er ably high but still in creases sig nif i cantly with grow ing 
post-de for ma tion.
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Coarse grained tex ture free polycrystalline cop per spec i -
mens were de formed in com pres sion  in a ded i cated com -
pact ma te ri als test ing mashine. The test ing mashine was
placed in the eucentric cen tre of a ro bust and open three
axis goniometer. The po si tion of the X-ray beam im ping ing 
on the spec i men was mon i tored by a long fo cus and large
ap er ture mi cro scope with short depth of sharp ness. This
en abled to keep al ways the same spec i men po si tion in the
X-ray beam. The beam size on the spec i men was about 500

mm in di am e ter. In di vid ual grains were se lected for the
mea sure ment of the pro files of 400 Bragg re flec tions. The

de for ma tion was car ried up to e = 0.6. The dif frac tion pro -

files were re corded at in ter vals of about De= 0.01 steps.
The pro files were eval u ated for the av er age and the lo cal

dis lo ca tion den si ties in the whole graine and the dis lo ca -
tion cell in te rior- and cell wall ma te ri als, re spec tively.
From the asym me tries of the peak pro files the long-range
in ter nal stresses pre vail ing be tween cell wall and cell in te -
rior re gions were also detemined. Un like in 100 ori en ta tion 
sin gle crys tals ori ented for ideal mul ti ple slip, the dis lo ca -
tion den si ties and the dis lo ca tion ar range ment pa ram e ters
are in creas ing mo not o nously with de for ma tion. The
long-range in ter nal stresses are in creas ing up to about

e=0.4. Above this de for ma tion value these stresse seem to
dis ap pear. The re sults are dis cussed in terms of the dif fer -
ences in the de for ma tion mech a nisms in 100 ori ented sin -
gle crys tals and polycrystalline ma te ri als.
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Se vere plas tic de for ma tion (SPD) is an ef fec tive tool for
pro duc ing bulk nanostructured met als. One of the most
com mon SPD meth ods is equal chan nel an gu lar press ing
(ECAP) – a tech nique that re sults in a ho mo ge neous
sub-mi cron grain struc ture (down to the 100 nm range) of
the ma te rial [1,2]. Cop per spec i mens were de formed by
ECAP us ing 1, 2, 4 and 8 pass sched ules. The
microstructure pro duced was stud ied by high res o lu tion
X-ray diffractometry us ing the Mul ti ple Whole Pro file
(MWP) fit ting method [3,4]. The for ma tion of the
submicron grain struc ture was stud ied as a func tion of the
num ber of ECAP passes, along with the crys tal lite size dis -
tri bu tion and the den sity of dis lo ca tions. 

It was found that the crys tal lite size is re duced to a few
tens of nanometers al ready af ter the first ECAP pass and
was not fur ther re fined with sub se quent ECAP passes. At
the same time, the dis lo ca tion den sity in creases grad u ally
up to 4 ECAP passes. The strength was found to be con -

trolled by the den sity of dis lo ca tions rather than by the
crys tal lite size. The ther mal sta bil ity of the microstructure
was also ex am ined by dif fer en tial scan ning cal o rim e try
(DSC). Dif fer ences in the ki net ics of grain growth and re -
cov ery dur ing heat-treat ment of spec i mens with dif fer ent
ECAP his to ries were re vealed.

[1] S. C. Baik, Y. Estrin, H. S. Kim, H. T. Jeong and R. J.
Hellmig, Ma ter. Sci. Fo rum 408 (2002) 697-702.

[2] V. V. Stolyarov, Y. T. Zhu, I. V. Alexandrov, T. C. Lowe
and R. Z. Valiev, Ma te ri als Sci ence and En gi neer ing A 343
(2003) 43-50.

[3] T. Ungár, J. Gubicza, G. Ribárik, A. Borbély, J. Appl.
Cryst. 34, (2001) 298-310.

[4]  G. Ribárik, T.Ungár, J. Gubicza, J. Appl. Cryst. 34 (2001)
669-676.
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X-ray line pro file anal y sis has been de vel oped into a pow -
er ful tool which can be used to char ac ter ize the
microstructure of de formed ma te ri als of de for ma tion de -
grees up to sev eral hun dred percents [1]. In pre vi ous work
this method has been ap plied very ex ten sively to sam ples
af ter de for ma tion, us ing sam ples pre pared sep a rately for
each in ves ti gated de for ma tion de gree [2]. Us ing the very
high in ten sity of Syn chro tron ra di a tion to gether with X-ray 
Bragg Peak pro file anal y sis (XPA), it was pos si ble to study 
the evo lu tion of sev eral microstructural quan ti ties, such as

the den sity of dis lo ca tions r, their ar range ment M, and the

in ter nal stresses |Dsw – Dsc| re lated to dis lo ca tions, with
high res o lu tion ei ther in time or lat eral, dur ing de for ma -
tion. 

Ob serv ing cop per sin gle crys tals dur ing com pres sion
re peat edly showed an in crease in dis lo ca tion den sity of a
wavy char ac ter. A sim i lar be hav iour of the dis lo ca tion den -
sity was also ob served in spa tial scans, also done dur ing
the de for ma tion of the sam ple. This can be in ter preted as a

con se quence of the prop a ga tion of de for ma tion fronts in
con trast to the ho mo ge neous de for ma tion ob served in
polycrystals. This ef fect has been re cently doc u mented by
strain mea sure ments of metal sin gle crys tals which ex hibit
a dis tinc tive sin gle slip be hav iour in the ini tial stages of de -
for ma tion [4].The re sults are dis cussed in terms of the for -
ma tion of a net work of de for ma tion cells [5], con tin u ously
in ter act ing with newly pro duced mo bile dis lo ca tions. 

1. T. Ungár, Mat. Sci. Eng. A 309-310 (2001) 14.
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No.3, 1053 (1999).
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H. Amenitsch, S. Bernstorff, phys.stat.sol. a, 175, No.2,
501-511, (1999).

4. L. B. Zuev, V. I. Danilov, Phil.Mag. A 79, 43 (1999).

5. T. Ungar, M. Zehetbauer,  Scripta metall.ma ter. 35, 1467
(1996).

T2 - P27

THE DISLOCATION STRUCTURE AND CRYSTALLITE SIZE DETERMINED BY X-RAY
LINE PROFILE ANALYSIS IN FORSTERITE DEFORMED AT 11 GPa AT 1400 OC
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Syn thetic for ster ite has been de formed at 11 GPa, 1400 °C
in a multianvil high pres sure ap pa ra tus at the Bayerisches
Geoinstitut (Universität Bay reuth, Ger many). The X-ray
dif frac tion pat terns were mea sured by a spe cial high res o -
lu tion dou ble crys tal diffractometer with neg li gi ble in stru -

men tal ef fects. The monochromatised par al lel Ka1 X-ray

beam has a foot print on the spec i men of about 0.1´  1 mm2.
This fine beam con di tion pro vides good dif frac tion pat -

terns of the small spec i mens of the size of about 0.2 ´ 2
mm2. High res o lu tion en ables to carry out line pro file anal -

y sis on the re flec tions which are well sep a rated from the re -
flec tions of plat i num and corrundum which are
un avoid able due to the small and com pact spec i men struc -
ture. The dis lo ca tion den si ties were found to de crease with
the hold ing time at 1400 °C from about be tween 16x1014

m-2 to 0.04 ́  1014 m-2. Good cor re spon dence of the dis lo ca -
tion struc ture de ter mined by X-ray line pro file anal y sis and 
TEM ob ser va tions have been es tab lished.
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DIFFRACTION  ANALYSIS OF  THE DISLOCATION CONTENT OF
POLYCRYSTALLINE TUNGSTEN AND INCONEL 718 DEFORMED IN COMPRESSION

IN A WIDE RANGE OF  STRAIN RATES AND TEMPERATURES

T. Pavlovitch1, K. Jenkner1, P. Klimanek1, P. Schade2

1 Freiberg University of Mining and Technology, Institute of  Physical Metallurgy,D – 09 596 Freiberg/Sa.,
Germany 

2 OSRAM GmbH, D-86 830 Schwabmünchen, Ger many

The in flu ence of the strain rate and the tem per a ture on the
dis lo ca tion struc ture of b.c.c. Tung sten and f.c.c. al loy 
Inconel 718 was stud ied in uni ax ial com pres sion tests in

the range 10–4 s–1 £   <  2 × 103 s– 1  and 20 °C  £  T  £  1000
°C. The quasi–static de for ma tion ( < 10 s–1) was per formed
with a servohydraulic test ing sys tem MTS 810, and for the

dy namic tests  ( ³ 102 s–1) a bal lis tic plastometer [1] was
avail able.  

The microstructure of the de formed ma te ri als was in -
ves ti gated by X-Ray diffractometry (anal y sis of peak
broad en ing ac cord ing to [2,3]) and Elec tron Back scat ter -
ing Dif frac tion (es ti ma tion of subgrain size and
misorientation [4,5]). In or der to con trol the in flu ence of
tex ture and sub struc ture inhomogeneity on the X-ray data
of the bulk sam ples, the meth od ol ogy of the X - ray anal y -
sis was checked by means of fil ings. Us ing op ti mised frac -
tions of screw and edge dis lo ca tions (80:20 in W, 50:50 in
Inconel 718) and tak ing into ac count the elas tic be hav iour
of the sam ple ma te ri als, in both cases com plete agree ment
with the pre dic tions of the the ory of dif frac tion – peak
broad en ing in polycrystals with ran dom ori en ta tion was
found.    

In the de formed bulk spec i mens the strain - broad en ing
of the re flec tions de pends, in most cases, sig nif i cantly on
the ori en ta tion of the scat ter ing crys tal lites and in di cates

struc tural inhomogeneity due to dif fer ent dis lo ca tion con -
tent or dif fer ent de for ma tion be hav iour of the tex ture com -
po nents of the sam ples. The EBSD data show that, in both
ma te ri als dis lo ca tion walls are formed and at larger strains
ac ti va tion of ro ta tional de for ma tion modes (for ma tion of
par tial disclinations) take place. This is in agree ment with
TEM im ag ing of the sub-struc ture. Ac cord ing to the lat tice
type and the melt ing tem per a ture of the sam ple ma te ri als,
the in flu ence of the de for ma tion tem per a ture on the sub -
struc ture evo lu tion of tung sten is small, while in Inconel
718 the in flu ence of dy namic re cov ery in creases and, fi -
nally, dy namic recrystallisation take place.  

[1] Ostwaldt, D., Pantleon, W., Klimanek, P.: Materialwiss.
und  Werkstofftechnik 27 (1996), pp. 417 - 425.

[2] Krivoglaz, M. A.: The ory of X – ray dif frac tion by
nonideal crys tals. Springer, Berlin 1996.

[3] Breuer, D., Klimanek, P., Pantleon, W.: J. Appl. Cryst. 33
(2000) pp. 1284-1294.

[4] Randle, V.: Microtexture De ter mi na tion and its ap pli ca -
tions, The In sti tute of  Ma te ri als, Lon don 1992.

[5] Masimov, M., Klimanek, P. Motylenko, M.: Sub mit ted to
Scripta Ma ter.
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The hydriding of many intermetallic al loys can lead to
the for ma tion of an ex tended dis lo ca tion net work, cre at ing
microstructural fea tures that can de ter mine vi tal func tions
such as the loss of re cov er able hy dro gen ca pac ity (RHC)
with cy cling. Tra di tional AB5 hy drides such as LaNi5 or
CaNi5 suf fer a loss of RHC with cy cling [1] that ren ders
them in ef fec tive for ex am ple as bat tery or fuel cell ma te ri -
als. The par ent LaNi5Hx sys tem dis plays very strong

anisotropic line broad en ing [2] as a re sult of the cre ation of
a super polygonised a/3= E2 wall net work [3] with a den -
sity in the or der of 1012 /cm2 [4,5], that per sists in part

above 500 °C [6]. It is now re cog nised that the pro duc tion
of in ter me di ate AB5Hx (typ i cally 0.9<x<4.9) phases plays
an im por tant role in the pro duc tion of free me tal lic fcc Ni
and the loss of RHC. In-situ in trin sic neu tron dif frac tion
age ing ex per i ments [7] re veal that the in ter me di ate phase
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in the LaNi5 sys tem dis plays a dis lo ca tion free mor phol ogy
that plasticises upon desorption with rapid at ten dant E2
dis lo ca tion for ma tion. In deed, this in trin sic be hav iour em -
u lates ex trin sic cy cling be hav ior ob served in sub sti tuted
AB5 sys tems. With sub sti tu tion, such al loys can ini tially
dis play a re ver sal in dis lo ca tion con tent, with large a/3= E1 
basal core den si ties, in pref er ence to E2 types. How ever,
with cy cling, high E1 al loys even tu ally dis play a strong
change in line broad en ing, from iso tro pic to anisotropic,
dem on strat ing E2 pro duc tion with cy cling [8]. 

Sub sti tu tion of Sn for Ni in the LaNi5-xSnxHy sys tem
strongly re duces the anisotropic line broad en ing [9], dem -
on strat ing the re moval of pris matic E2 cores. The avoid -
ance of E2 dis lo ca tion for ma tion cor re sponds to a greatly
ex tended cy cle life, and ap par ently also in hib its the for ma -
tion of any in ter me di ate phases [9], mak ing LaNi5-xSnxHy

(in con trast to LaNi5Hx) pow ders vi a ble can di dates for
cryo-cooler space ap pli ca tions [10].

To un der stand the pro cess of re moval of the strongly
plasticised super E2 net work, Sn = 0.0, 0.1 and 0.2 sam ples
have been stud ied in-situ us ing the high res o lu tion pow der
diffractometer at the Swiss-Nor we gian Beam Line (SNBL) 

at the ESRF. Twelve dif fer ent de-hydrided sam ples have
also been stud ied to eval u ate the op ti mal prep a ra tion tech -
nique of the al loy.

To ana lyse the dis lo ca tion con tent, a vari a tion of the
Krivoglaz [11]/Wilkens [12] mod els has been im ple -
mented in the Aus tra lian dif frac tion code Rietica [13]. Line 
broad en ing anal y sis of all Sn=0.0, 0.1, 0.2 con tents re veals
an in ter est ing fea ture. Fig. 1 (a) shows that the char ac ter is -
tic M dis lo ca tion dis tri bu tion pa ram e ter [12, 13] for E2
cores can re duce to near zero mag ni tudes, cor re spond ing to 
the dis ap pear ance of any gaussi an broad en ing com po nent.
With the anal y sis tech nique of fit ting a Voigt func tion,
such low M val ues ren der the cal cu la tion of a dis lo ca tion

den sity in trac ta ble (see the cut off in es ti mated b den sity in
Fig. 1 (b)) with the cur rent restrictedly ran dom model of
Wilkens for in di vid ual edge and screw dis lo ca tions. 

In phys i cal terms, the gaussi an com po nent go ing to
zero in di cates a dif fer ent dis lo ca tion mor phol ogy, with the
cases of di poles [14] or walls [15] both dis play ing a
lorentzian-only type of broad en ing. Ef forts are cur rently
un der way to im ple ment both wall and di pole mod els in
Rietica, to al low the mod el ling of mix tures of such cases,
and to fur ther in ves ti gate the cor re la tive lim its of mixed
mod el ling within the Voigtian lineshape. 
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Fig. 1. Vari a tion of M pa ram e ter (a) and dis lo ca tion den sity (b) in the a

and b phase along the ab sorp tion iso therm of the LaNi4.8Sn0.2 sys tem, at

40ºC dur ing cy cle 5.
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AN X-RAY DIFFRACTION STUDY ON DISLOCATION MICROSTRUCTURE OF
AS-PREPARED Al-Al2O3 COMPOSITES
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700032, India

2 De part ment of Phys ics, Vivekananda Mahavidyalaya, Haripal, Hooghly 712405, In dia

Par ti cle re in forced metal-ma trix com pos ites of Al -

a-Al2O3 were pre pared in the pow der met al lurgy route
with 20, 50 and 75wt% of alu minium pow der. The dif fer -
ences in ther mal ex pan sion co ef fi cients and elas tic con -
stants of the two phases lead to vol ume mis fit, re sid ual
stress & elas tic dis tor tion and for too large mis fits, lead to
plas tic de for ma tion. Wide-an gle X-ray pow der dif frac tion
is a pow er ful non-de struc tive method for de ter min ing si -
mul ta neously the long-range re sid ual stress and dis lo ca tion 
den sity.  Here dif frac tion pro file at any dif frac tion an gle
can be de scribed as:

            
                  Y B I I Bgkc s A( ) [ ( )]( )2 2q q= * * +  (1)

Fol low ing the pres ent-day-state-of-art, the line pro file
anal y sis of the com pos ites was done in the Whole-Pat tern
Fit ting pro ce dure based on the Rietveld struc ture re fine -
ment codes. It also in cor po rates the microstructure re fine -
ment codes based on ei ther phenomenological pa ram e ters
(viz. co her ent do main size, microstrain) [1] or phys i cally
based model pa ram e ters (viz. dis lo ca tion den sity, dis lo ca -
tion ar range ment pa ram e ters, crys tal/grain size and re lated

pa ram e ters) [2]. Here the micro struc tures of a-Al2O3 con -
tain ing Al-based com pos ites were stud ied in terms of
ab-in itio quasi-com pos ite model of dis lo ca tion cell struc -
ture [3] and el lip soi dal log-nor mal dis tri bu tion of crys tal -

lite size. It was ob served that the postproduction plas tic de -
for ma tion of the Al grains and hence stress re lax ation of the 
com pos ites have taken place dur ing cool ing from the
sintering tem per a ture (500 oC). It was also no ticed that in
the com pos ites with lower con cen tra tion of Al, each re flec -
tion of Al could be fit ted with two peaks hav ing dif fer ent
widths in di cat ing dis sim i lar frag ments with dif fer ent dis lo -

ca tion den sity and ar range ments.  a-Al2O3, pres ent in the
com pos ites, af fects dis lo ca tion mo tion dur ing stress re lax -
ation at room tem per a ture and may pro duce such a dis lo ca -
tion sub-struc ture. The re gion of high (~ 8 x 109 cm-2)
[Al(2)] and low (~ 2 x 109 cm-2) [Al(1)] dis lo ca tion den sity
(Ta ble 1) has been char ac ter ized as cell walls and cell in te -
ri ors re spec tively with com pres sive and ten sile stresses re -
spec tively in ac cor dance with the quasi-com pos ite model.
How ever, for Al 2O3- 75 wt% Al, the two –peak struc ture of
Al re flec tion could not be well es tab lished. The re sults are
in gross agree ment with TEM stud ies [4].    

[1] L. Lutterotti, P. Scardi, P. Maistrelli, J. Appl. Cryst. 25
(1992) 4597.

[2] R. Ribarik, T. Ungar, J. Gubicza, J. Appl. Cryst. 34 (2001)
669.

[3] H. Mughrabi, Acta metall. 31 (1983) 1367.

[4] C. Y. Barlow, N. Hansen, Y. L.Lin, Acta Ma ter. 50 ( 2002) 
171.
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Al2O3 - 20 wt % Al Al2O3 - 50 wt % Al
Al2O3 - 75 wt % Al

Al(1) Al(2) Al(1) Al(2)

m(C) 1584 783 2805 618* 2847

s 0.007 0.47 0.05 0.65 0.018

e 0.88 0.41 0.45 ---- 0.507

d(C) 1188 1284 2113 2005 2138

L0(C) 1056 913 1875 1173 1900

r(109cm-2) 1.80 7.60 2.30 8.60 7.70

M 0.78 >>1 >>1 >>1 1.80

Ta ble 1

* Spher i cal Crys tal Model

m = Me dian of dis tri bu tion, s = Vari ance of dis tri bu tion, e = El lip tici ty, D = Vol ume-weighted col umn length; 

L0 =Area-weighted col umn length (at L= 0),  r = Dis lo ca tion den sity, M = Ar range ment pa ram e ter
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A ref er ence sam ple of sepio lite and prod ucts of its
comminution by dry grind ing were stud ied through X-ray
dif frac tion pat tern anal y sis and com ple men tary field emis -
sion elec tron mi cro scope im ages and sur face area mea sure -
ments. The spec i men of the Two Crows sepio lite, which is
a rather pure sepio lite min eral [1] con sid ered as a use ful
stan dard in com par ing sepiolites from dif fer ent sources [2], 
were ob tained from the Source Clay Min er als Col lec tion of 
the Clay Min er als So ci ety. An ex per i ment of me chan i cal
comminution was per formed by us ing a lab o ra tory vi brat -
ing cup mill with the ag ate grind ing set (disk and ring)
work ing at 1500 ro ta tions per min ute. Small gran ules (of
size less than 2mm) of the ref er ence sam ple were ob tained
by knife cut ting and then the 15g sam ples were treated by
dry grind ing dur ing 3, 6, 12, 24, 36, 48 and 60 sec onds. The 
pow der was pressed into tab lets which were in ves ti gated in 
an X-ray diffractometer with a cop per an ode, a graph ite
mono chro ma tor and the sam ple holder spin ning. The X-ray 
dif frac tion pat terns were re corded by step scan ning with
the 0.02º dif frac tion an gle step. The model of the crys tal -
line struc ture of sepio lite pro posed in [3], con firmed by the
elec tron dif frac tion struc ture study [4] and by the re sults of
[5], was ap plied in the microstructure study. The chem i cal
for mula of half-unit cell (with out sub sti tu tions) is 
Si12Mg8(OH)4O30(H2O)4.8H2O and the space group is
orthorhombic Pncn (52) with the unit cell pa ram e ters a
=13.46 C, b = 26.88 C, c = 5.281 C (ac cord ing to the
26-1226 file of the ICDD PDF2 da ta base). The model of
polycrystal, de vel oped re cently in [6,7,8], was ap plied for
de ter min ing the crys tal line microstructure through in ter -
pret ing the X-ray dif frac tion data. Due to strong over lap -
ping of most peaks only four of them (110, 060, 131, 260),
which could be uniquely in dexed, were se lected to per form 
the study. The polycrystalline pow der was in ter preted as a
sys tem of crys tal lites of the same shape and char ac ter ised
by the vol ume-weighted crys tal lite size dis tri bu tion and the 
sec ond-or der crys tal line lat tice strain dis tri bu tion to gether

with the shape pa ram e ters. Since in polycrystalline ma te ri -
als the in ter nal stresses are con cen trated at the high-an gle
bound aries of crys tal line grains and at the low-an gle
bound aries of crys tal lites, the crys tal lites can be treated as
ho mo ge neously strained with re spect to a per fect lat tice of
av er age unit cell pa ram e ters. Hence the crys tal lites are con -
sid ered as be ing crys tal line do mains of per fect lat tice of the 
unit cell pa ram e ters slightly dif fer ent to each other (i.e. the
do mains scat ter ing X-rays co her ently). The sec ond-or der
strain is in ter preted as the dis per sion of the crys tal lite lat -
tice pa ram e ters with re spect to the av er age mag ni tudes.
An other de fects of crys tal line lat tice are ne glected. In the
com pu ta tions the crys tal lites were mod elled as spheres,
cyl in ders or rect an gu lar prisms. The char ac ter is tics of the
crys tal line microstructure were com puted to achieve the
best pos si ble ap prox i ma tion of X-ray dif frac tion pat terns,
sim u lated for model polycrystal, to the mea sured ones. A
parallelepiped of edges par al lel to prin ci pal crys tal line axes 
(of dif fer ent edge length ra tios for dif fer ent sam ples) was
found as the most prob a ble model of crys tal lites in all sam -
ples. The vol ume-weighted crys tal lite size dis tri bu tions,
de ter mined af ter the X-ray dif frac tion data (with out any as -
sump tion about their shapes), oc curred very close to the
log a rith mic-nor mal dis tri bu tions of the same ra tio of the
stan dard de vi a tion to the mean value. The sec ond-or der
strain dis tri bu tions, de ter mined af ter the data, oc curred
very close to the func tions  f(x) = max{0,[1-(x/a)2]m} of
dif fer ent pa ram e ters. In each case one could with good ac -
cu racy rep re sent all dis tri bu tions by one func tion, by in tro -
duc ing a dimensionless vari able (ac tual-to-mean-size ra tio
for sizes and ac tual-to-mean-ab so lute-strain ra tio for
strains). The av er age microstructure char ac ter is tics, cal cu -
lated af ter the size dis tri bu tions and the strain dis tri bu tions,
for all sam ples stud ied are shown in the ta ble. The vol -
ume-weighted mean crys tal lite is a parallelepiped of edges
A, B, C par al lel to prin ci pal axes [100], [010], [001], of as -
pect ra tios F = C/A, G = C/B  and of stand ard ised size   H =
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T [s] A [C] B [C] C [C] F G H [C] S E Z

3 94 228 1332 2.4 14.0 306 0.50 0.0035 0.66

6 107 200 225 1.9 2.1 169 0.51 0.0034 0.67

12 112 192 215 1.7 1.9 167 0.52 0.0037 0.69

24 117 172 205 1.5 1.8 161 0.50 0.0039 0.72

36 95 157 174 1.7 1.8 137 0.54 0.0043 0.68

48 80 142 143 1.8 1.8 117 0.54 0.0048 0.68

60 64 119 153 1.9 2.4 105 0.52 0.0062 0.65



(ABC)1/3; S is the ra tio of the stan dard de vi a tion to the mean 
size for a vol ume-weighted crys tal lite size dis tri bu tion; E is 
the mean-ab so lute sec ond-or der strain; Z is the ra tio of the
stan dard de vi a tion to the mean-ab so lute strain for a sec -
ond-or der crys tal line lat tice strain dis tri bu tion; T is the
grind ing time.

The mean crys tal lite sizes de ter mined via the X- ray
dif frac tion are in agree ment with those es ti mated on the
scan ning elec tron mi cro scope im ages. The sepio lite ag gre -
gates con sist of lath-shaped ag glu ti na tions of prisms and

pina coids elon gated along [001], each lath in clud ing sev -
eral crys tal lites in that di rec tion. The sur face area mag ni -
tudes mea sured by BET method are in good agree ment
with those cal cu lated af ter the re sults of X-ray dif frac tion
study by tak ing into ac count both the crys tal lite shape and
the size dis tri bu tion and are in the range of pre vi ous ex per i -
men tal mea sure ments of other sepiolites. The evo lu tion of
crys tal line microstructure with the grind ing time is ev i dent: 
the lon ger the time the smaller the crys tal lites and the larger 
the strains. More over the crys tal lites, in the ref er ence ma te -
rial elon gated in di rec tion [001], crack into short pieces in a 
con se quence of grind ing. 

[1] J.L. Post, (1978): Sepio lite de pos its of the Las Ve gas, Ne -
vada area. Clays Clay Min., 26, 1, 58-64.

[2] J.L. Post , N.C. Janke (1984): Ballarat sepio lite, Inyo
County, Cal i for nia; in A. Singer and E. Galán, (Ed i tors).

Palygorskite- Sepio lite. Oc cur rences, Gen e sis and Uses.
De vel op ments in Sedimentology, Nr. 37, 159-169.
Elsevier, Am ster dam, 352 pp.

[3] K. Brauner, A. Preisinger (1956): Struktur und Entstehung
des sepioliths; Tsch. Min eral. Petrogr. Mitt. 6, 120-140.

[4] M. Rautureau (1974): Ana lyse structuralle de la sepio lite
par microdiffraction electronique. These. Université d´Or -
leans, 89 pp.

[5] E. Galán, I. Carretero (1999): A new ap proach to
compositional lim its for sepio lite and palygorskite; Clays
Clay Miner., 47, 4, 399-409.

[6] M. A. Kojdecki, W. Mielcarek (2000): De pend ence of
sizes and shapes of crys tal lites in zinc ox ide pow der on an -
neal ing tem per a ture; Ma te ri als Sci ence Fo rum, 321-324,
1040-1045.

[7] M.A. Kojdecki, J. Bastida, F. J. Serrano, J.V. Clausell
(2001): Sizes and shapes of crys tal lites in mullites pro -
duced by ther mal treat ment of ka olin-alu mina mix ture; Ma -
te ri als Sci ence Fo rum, 378-381, 747-752. 

[8] M.A. Kojdecki (2004): Ap prox i mate es ti ma tion of con tri -
bu tions to pure X-ray dif frac tion line pro files from crys tal -
lite shapes, sizes and strains by ana lys ing peak widths;
Ma te ri als Sci ence Fo rum, 443-444, 107-110.

T2 - P32

MICROSTRUCTURE OF CRYSTALLINE PHASES IN ELECTROTECHNICAL
PORCELAINS

José María Amigóa, Francisco Javier Serranoa, Marek Andrzej Kojdeckib, Joaquín Bastidaa,
Vicente Estevec, María Mercedes Reventósa, Francisco Martíd

aDepartament de Geologia, Universitat de València, 46100-Burjassot, Spain
bInstytut Matematyki i Kryptologii, Wojskowa Akademia Techniczna, 00-908 Warszawa 49, Po land

cDepartament de Química Inorgànica i Orgànica, Universitat Jaume I, Ap. 224, 12080-Castelló, Spain
dLaboratorio Cen tral, Nalda S.A., 46132-Almassera (Va len cia), Spain.

Two types of por ce lain in su la tors are mostly used, the sil -
ica and alu mina por ce lains [1,2]. In the sil ica por ce lain
high tem per a tures or long fir ing time leads to a re duc tion of 
the solid quartz con tent in the ce ramic body be cause of the
melt ing of quartz grains. This re duc tion causes the de -
crease of the me chan i cal strength of the por ce lain be cause
the dif fer ences be tween ther mal ex pan sion cor re spond ing
to quartz grains and the sur round ing liq uid phase re sult in a
me chan i cal stress, which can pro duce microcracks in the
por ce lain. In tense changes of piece tem per a ture can lead to
in creas ing the al ready ex ist ing microcracks, caus ing re duc -
tion of me chan i cal strength un der load. In the alu mina por -
ce lains the ma jor por tion of quartz is re placed by
alu minium ox ide. This leads to the in crease of the me chan i -
cal strength (re lated to smaller num ber of microcracks).
Dur ing the sintering pro cess mullite and co run dum are
formed and the por ce lain is ob tained with high con tent of
the glass phase that leads to non-po ros ity with out the melt -
ing of the alu minium ox ide grains (thus, high tem per a ture

or long time of fir ing do not af fect the me chan i cal
strength). The alu mina por ce lains are in sen si tive to tem -
per a ture changes and their me chan i cal strength is mainly
con trolled by the quan tity of co run dum (and not by the
amount of mullite as in sil ica por ce lains) [1,2]. In the pre vi -
ous work [3] a com par a tive study of the sil ica and alu mina
por ce lain in su la tors was per formed. The sam ples of com -
mer cial por ce lains were ana lysed by the X-ray pow der dif -
frac tion meth ods to find their min er al og i cal and chem i cal
com po si tions which were re lated with their thermo -
mechanical prop er ties. The aim of the pres ent work is to
com plete that study by ana lys ing the crys tal line
microstructure by the X-ray pow der dif frac tion to re veal
re la tion be tween the microstructure and the mac ro scopic
prop er ties of por ce lains. The anal y sis was per formed on
com mer cial sam ples (of dif fer ent for mu lae of raw ma te ri -
als) of the sil ica and alu mina por ce lain in su la tors ob tained

at 1300 °C, with the same time of fir ing. The study was car -
ried out on mullite, co run dum and quartz. The por ce lain
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sam ples finely crushed were split us ing a ro ta tory split ter
and grounded in an ag ate mor tar and pes tle. The sam ples of 
dried ma te rial were pressed into stan dard tab lets. The pow -
der diffrac tion pat terns were re corded at room tem per a ture

(22 ± 2 °C) with a diffractometer in step-scan ning mode,
us ing CuKa ra di a tion ob tained with a sec ond ary graph ite
mono chro ma tor. The dif frac tion pat terns of the sam ples

were re corded over the range 5° - 90° (2q) with the scan -

ning step of 0.02° (2q). The stan dard line pro files for cor -
rect ing the in stru men tal line broad en ing were ob tained
from the dif frac tion pat tern of the stan dard ref er ence ma te -

rial LaB6 (SRM 660a), and reg is tered be tween 20° and

131° (2q) us ing vari able steps. The pure line pro files were
com puted through regu lar ised deconvolution from pairs of
groups of over lapped ex per i men tal line pro files and cor re -
spond ing stan dard line pro files; be ing sym met ric and over -
lapped much less than the ex per i men tal peaks they were
sep a rated by mod el ling them as Pearson VII type curves.
The stron gest pure line pro file from each prin ci pal crys tal -
line phase were se lected for fur ther anal y sis. The model of
polycrystal, de vel oped re cently in [6], was ap plied for de -
ter min ing the crys tal line microstructure through in ter pret -
ing the X-ray dif frac tion data. The polycrystalline pow der
was in ter preted as a sys tem of crys tal lites of the same shape 
and char ac ter ised by the vol ume-weighted crys tal lite size
dis tri bu tion and the sec ond-or der crys tal line lat tice strain
dis tri bu tion to gether with the shape pa ram e ters. Since in
polycrystalline ma te ri als the in ter nal stresses are con cen -
trated at the high-an gle bound aries of crys tal line grains and 
on the low-an gle bound aries of crys tal lites, the crys tal lites
can be treated as ho mo ge neously strained with re spect to a
per fect lat tice of av er age unit cell pa ram e ters. Hence the
crys tal lites are con sid ered as be ing crys tal line do mains of
per fect lat tice of the unit cell pa ram e ters slightly dif fer ent
to each other (i.e. the do mains scat ter ing X-rays co her -
ently). The sec ond-or der strain is in ter preted as the dis per -
sion of the crys tal lite lat tice pa ram e ters with re spect to the
av er age mag ni tudes. An other de fects of crys tal line lat tice
are ne glected. In the com pu ta tions the crys tal lites were
mod elled as spheres, cyl in ders or rect an gu lar prisms (in
orthorhombic mullite) and hex ag o nal prisms (in hex ag o nal
co run dum and quartz). The char ac ter is tics of the crys tal -
line microstructure were com puted to achieve the best pos -
si ble ap prox i ma tion of X-ray dif frac tion pat terns,

sim u lated for model polycrystal, to the mea sured ones. As
the most prob a ble model of crys tal lites there were found in
all sam ples parallelepiped in mullite, hex ag o nal prism in
quartz and sphere in co run dum. The vol ume-weighted
crys tal lite size dis tri bu tions, de ter mined af ter the X-ray
dif frac tion data (with out any as sump tion about their
shapes), oc curred very close to the log a rith mic-nor mal dis -
tri bu tions in quartz and to the bi modal log a rith mic-nor mal
ones (i.e. the sums of two log a rith mic-nor mal) in mullite
and co run dum. This bimodality of size dis tri bu tion can be
in ter preted as the re sult of for ma tion of sec ond ary mullite
at the high tem per a ture of fir ing. The av er age
microstructure char ac ter is tics, cal cu lated for the three prin -
ci pal phases af ter the size dis tri bu tions and the strain dis tri -
bu tions, are shown in the ta ble. The vol ume-weighted
mean crys tal lite is char ac ter ised by stand ard ised size Z
equal to cu bic root of its vol ume; E is the mean-ab so lute
sec ond-or der strain; S is the flex ural strength and C is the
weight con tent of each min eral phase in a sam ple; some
cor re la tions be tween C and S, Z, E can be noted.

[1] Liebermann J., The stan dard and trend for alu mina por ce -
lain in su la tors, Cfi-Ce ramic Fo rum In ter na tional, 2000,
77(6), 17-23.

[2] Liebermann J., Re li abil ity of ma te ri als for high volt age in -
su la tors, Amer i can Ce ramic So ci ety Bul le tin, 2000, 79(5),
55-58.

[3] Amigó J.M., Clausell J.V., Esteve V., Delgado J.M.,
Reventós M.M., Ochando L.E., Debaerdemaeker T., Martí
F., X-ray pow der dif frac tion phase anal y sis and
thermomechanical prop er ties of sil ica and alu mina por ce -
lains, Jour nal of the Eu ro pean Ce ramic So ci ety, 2004, 24,
75-81.

[4] M. A. Kojdecki, W. Mielcarek (2000): De pend ence of
sizes and shapes of crys tal lites in zinc ox ide pow der on an -
neal ing tem per a ture; Ma te ri als Sci ence Fo rum, 321-324,
1040-1045.

[5] M.A. Kojdecki, J. Bastida, F. J. Serrano, J.V. Clausell
(2001): Sizes and shapes of crys tal lites in mullites pro -
duced by ther mal treat ment of ka olin-alu mina mix ture; Ma -
te ri als Sci ence Fo rum, 378-381, 747-752. 

[6] M.A. Kojdecki (2004): Ap prox i mate es ti ma tion of con tri -
bu tions to pure X-ray dif frac tion line pro files from crys tal -
lite shapes, sizes and strains by ana lys ing peak widths;
Ma te ri als Sci ence Fo rum, 443-444, 107-110.
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Corundum Quartz Mullite

Sample S(MPa) C(%) Z(C) E C(%) Z(C) E C(%) Z(C) E

S1 125 33.2 945 0.00039 12.1 1502 0.00074 3.3 587 0.00058

S2 131 34.2 1065 0.00041 10.8 907 0.00042 4.0 682 0.00073

S3 144 35.3 1161 0.00036 8.5 648 0.00043 5.0 584 0.00068

S4 147 34.9 917 0.00040 8.4 1345 0.00067 5.8 666 0.00060

S5 103 8.8 881 0.00039 23.0 689 0.00060 5.4 656 0.00063

S6 98 8.9 1132 0.00044 23.8 779 0.00049 5.9 611 0.00052

S7 99 8.5 1221 0.00036 22.6 712 0.00059 5.1 938 0.00081
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ANALYSIS OF POLYDISPERSE BALL-MILLED FLUORITE POWDERS USING A FULL
PATTERN TECHNIQUE

M. Leoni1, G. De Giudici2, R. Biddau2, P. Scardi1

1University of Trento, Department of Materials Engineering and Industrial Technologies, 38050 via Mesiano
77, Trento, Italy

2University of Cagliari, De part ment of Earth Sci ences, 09100 via Trentino 51, Cagliari, It aly.

X-ray pow der dif frac tion is par tic u larly suited to the anal y -
sis of nanocrystalline ma te ri als. Both struc tural and
microstructural in for ma tion can now a days be ob tained si -
mul ta neously by full pat tern pro cess ing tech niques.

Among those, Whole Pow der Pat tern Mod el ling
(WPPM) out per form most tra di tional Line Pro file Anal y sis 
(LPA) tech niques by giv ing a di rect in ter pre ta tion of the
dif frac tion pat tern in terms of phys i cal microstructural
mod els. In the pres ent work we il lus trate a re cent evo lu tion
of the WPPM ap proach, al low ing the re fine ment of a gen -
eral do main-size dis tri bu tion, not re lated to any a pri ori
fixed an a lyt i cal pro file or size dis tri bu tion shape. Be sides
the de scrip tion of the new al go rithm we show the re sults of
the anal y sis of ball milled syn thetic flu o rite pow ders. The
new WPPM pro ce dure pro vides a de tailed in for ma tion on

the evo lu tion of the grind ing pro cess with time: the de -
crease and change of shape of the grain size dis tri bu tion
with the mill ing time is ac com pa nied by a steady in crease
in de fect con tent. The in creased defectivity is shown to be a 
main re spon si ble for the higher re ac tiv ity and there fore for
the high dis so lu tion rates shown by ball-milled flu o rite
pow ders.

Ac knowl edge ment
This work was sup ported by the ba sic re search funds of the
Ital ian Min is try of Uni ver sity and Re search, PRIN
2003-2004 pro ject “Mech a nisms of sur face in ter ac tions in
min eral phases: ki net ics of dis so lu tion, of crys tal growth
and their mod el ing”
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CRYSTALLITE SIZE ANALYSIS IN THE RANGE OF 10-100 mM FOR ORGANICS BY

X-RAY DIFFRACTION

A. Mishnev

Latvian Institute of Organic Synthesis, Riga, Latvia

Par ti cle siz ing prob lem arises in many fields of sci ence,
tech nol ogy and ma te rial pro duc tion. Meth ods based on
X-ray dif frac tion lines broad en ing cover size in ter val of
10-1000 nm and are well doc u mented. Larger crys tal lites
dem on strate no line broad en ing and re quire al ter na tive
meth ods for size de ter mi na tion. Sev eral tech niques based
on dif fer ent phys i cal prin ci ples are avail able for par ti cle
size anal y sis in mi crons range, for ex am ple, la ser low an gle 
light scat ter ing, mi cros copy, electrozone sens ing and oth -
ers, all hav ing their own ad van tages and lim i ta tions.

Since most of or ganic sub stances are ob tained as
polycrystalline pow ders X-ray dif frac tion method would
be the ideal tool for size anal y sis. When crys tal lites are rel -
a tively large and a small vol ume of the sam ple is ir ra di ated
the dif frac tion pat tern ex hib its dis crete spots in stead of
con tin u ous dif frac tion lines. We base our ap proach on the
lin ear cor re la tion be tween av er age crys tal lite’s size and
dif frac tion spots di men sions which is valid for crys tal lite

size above 5 mm.
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INCREASING THE INFORMATION CONTENT OF DIFFRACTION PATTERN AS A
RESULT OF INDIVIDUAL PROFILE ANALYSIS

Bo ris Ko de ss1,2  Gre go ry Gushchin2, S. A. Ko no no gov1

1VNIIMS, Crystals Metrology Dep., 46  Ozernaya, Moscow 119361, G – 361, Russia
2ICS&E Ma te ri als Science Dep., 20521 E. Bel lewo od Pl. Au ro ra, CO 80015, USA

Many key ma te ri als in mod ern tech nol ogy pos sess the
com plex dif frac tion pat tern due to over lapped dif frac tion
peaks, which may arise due to var i ous rea sons.  The most
com monly en coun tered sources are low sym me try of the
stud ied phases. A fur ther source of over lapped lines is var i -
ous physico-chem i cal pro cesses pro ceed ing at ther mal or
me chan i cal pro cess ing of ma te ri als. The most com plex
case when han dling dif frac tion pat tern is the so-called
phase sep a ra tion that orig i nates from changed en vi ron men -
tal con di tions. 

The fur ther de vel op ment of the an a lyt i cal method (the
new it er a tive pro ce dure for re fine ment of dif frac tion pro -
file pa ram e ters [1]) has been car ried out for ex tract ing dif -
frac tion im age on the in di vid ual com po nents of the
pro files. 

Han dling the sili cides mea sur ing data is per formed in
sev eral steps us ing the CSD com plex.  The dif frac tion pro -
file was de scribed by pseudo-Voigt func tions and the mod -
el ing of each in di vid ual peak was car ried out. The
ex am ples of han dling the dif frac tion pat tern in the cases of
the sam ples with cu bic sym me try of the ba sic phase (when
a set of phases with sim i lar val ues of pa ram e ter of crys tal
lat tice arises) are pre sented. 

This study sup port partly within ISTC-Pro ject.

[1] B.N. Kodess, I.P. Jouravlev, The 51st An nual Den ver X-ray 
Con fer ence, 29 July - 2 Au gust 2002, D-031, p. 50.
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IN VES TI GA TION OF DE COM PO SI TION OF THE PdBY SOLID SO LU TION BY
TIME-RE SOLVED X-RAY POW DER DIF FRAC TION

T. G. Berger1, A. Leineweber1, E. J. Mittemeijer1, M. Knapp2

1Max Planck Institute for Metals Research, Heisenbergstr. 3, 70569 Stuttgart, Germany.
2In sti tute for Ma te ri als Sci ence, Darmstadt Uni ver sity of Tech nol ogy, Petersenstr. 23, 64287 Darmstadt,

Ger many

The pal la dium-rich ter mi nal solid so lu tion PdBy (fcc ar -
range ment of Pd, B ran domly oc cu pies in ter sti tial oc ta he -
dral sites) shows an in ter sti tial sol u bil ity of B up to
ap prox i mately PdB~0.20 above about 450°C and two-phase
ar eas as well as sev eral low tem per a ture phases at lower
tem per a tures. A re mark able fea ture of the PdBy solid so lu -
tion is a mis ci bil ity gap with a crit i cal tem per a ture of
Tcrit = 410 °C (Fig ure 1) [1, 2] which cov ers at the
monotectic tem per a ture of Tmono = 312 °C a com po si tion
range of about 0.03 < y < 0.10. 

This work pres ents the re sults of X-ray pow der dif frac -

tion in ves ti ga tions (CuKa1 ra di a tion in Bragg-Brentano

ge om e try and syn chro tron ra di a tion with l = 1.1315 C on
the B2, HASYLAB, Ham burg) per formed on ini tially ho -
mo ge neous PdBy al loys (y = 0.050, 0.065) which were first
quenched from 800 °C (i.e. ‘within’ the sin gle phase solid
so lu tion field) and then an nealed at 340 °C and 355 °C, (i.e. 
‘within’ the mis ci bil ity gap) for var i ous pe ri ods of time.
The de com po si tion of the solid so lu tion into a bo ron-rich
solid so lu tion phase and a bo ron-poor solid so lu tion phase
is clearly vis i ble due to the cor re spond ing split ting of the
Bragg re flec tions. How ever, even af ter the lon gest ap plied

heat-treat ment times (8 weeks at 340 °C and 2 weeks at 355 
°C), still con sid er able dif frac tion-line broad en ing re mains. 

The dif frac tion-line pro files were fit ted, ap plied to sev -
eral re flec tions si mul ta neously, in a Rietveld like fash ion
[3], con sid er ing a con vo lu tion of sev eral line-broad en ing
con tri bu tions:

1. The in stru men tal line-broad en ing
2. A quasi-con tin u ous com po si tion dis tri bu tion den sity

func tion p(y), which was ap prox i mated by a step-func tion
be tween y = 0 and y = 0.12 with equal con cen tra tion in ter -

vals of dy in the range of 0.0005 - 0.002 (value cho sen de -
pend ing on the res o lu tion of the dif frac tion data), and
adopt ing a Vegard’s law be hav iour for the lat tice pa ram e -
ter of PdBy [4]:

a = 3.8920 C  + 0.6882 C×y
3. Anisotropic microstrain-broad en ing due to in ter nal

stresses ac cord ing to Refs. [5, 6]
The use of small step sizes for p(y) leads to strong cor -

re la tions be tween the p(y) val ues of ad join ing com po si -

tions y‘-dy, y‘, y‘+dy. This prob lem can be over come by
in cor po rat ing ‘pen alty func tions’ in the over all fit ting pro -

ce dure which add to the c2 value due to the de vi a tion of the
fit ted from the ob served pro file. This pen alty func tion in -
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creases with the square of the sec ond de riv a tive of p(y) for
each value of y; the sec ond de riv a tive is es pe cially large if
‘un nat u ral’ fluc tu a tions of p(y) oc cur.

The dif frac tion-line broad en ing due to vari a tion in
com po si tion as ex pressed by p(y) also masks line broad en -
ing due to microstresses (e.g. due to dis lo ca tions). How -
ever, the lat ter con tri bu tion is clearly de tect able due to its
usu ally sig nif i cant ani so tropy (which de rives from the Pd
crys tals in trin sic me chan i cal ani so tropy) [5], whereas

broad en ing due to com po si tion vari a tions is iso tro pic for
cu bic crys tals [7].

The time-de pend ent changes of p(y) can be sum ma rised 
as fol lows:

i. For short an neal ing times a dis tinct bo ron-rich phase
(rel a tive to the ini tial solid so lu tion’s com po si tion) and a
dis tinct bo ron-poor phase ap pear, whereas the solid so lu -
tion of the orig i nal com po si tion is still pres ent. The com po -
si tions of the prod uct phases are closer to the ini tial
com po si tion than pre dicted by the phase di a gram.

ii. The frac tion of the orig i nal phase de creases (and fi -
nally dis ap pears) and the two prod uct phases in crease with
an neal ing time. Si mul ta neously, the com po si tions of the
prod uct phases ‘move’ to wards the re spec tive equi lib rium
val ues.

iii. Upon in creas ing an neal ing times an ap par ently sta -
ble com po si tion dis tri bu tion p(y) is reached, which how -
ever, does not cor re spond to the sum of two delta func tions
lo cated at the two bound ary com po si tions of the mis ci bil ity 
gap at the an neal ing tem per a ture. In stead, an ap par ent
prob a bil ity for in ter me di ate con cen tra tions oc curs in the
form of ‘tails’ con nected with the two max ima of p(y) to -
wards in ter me di ate y (see Fig 2). 
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4. M. Beck, M. Ellner, E. J. Mittemeijer, Acta Ma ter. 49
(2001) 985.

5. A. R. Stokes, A. J. C. Wil son, Proc. Phys. Soc. 56 (1944)
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g’-Fe4N FORMATION UPON ANNEALING e-Fe3N: A POWDER DIFFRACTION STUDY
USING SYNCHROTRON RADIATION
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The in ves ti ga tion of iron ni trides is largely mo ti vated due
to their role in met al lurgy and also their pos si ble po ten tial
as mag netic re cord ing ma te ri als. The most im por tant iron

nitride phases are e-FeNy (y = 0.22-0.49) and g’-Fe4N. The

crys tal struc ture of e-FeNy is based on a hcp ar range ment of 

Fe whereas in g’-Fe4N the ar range ment of Fe is fcc. In both
cases N oc cu pies oc ta he dral in ter sti tial sites. Most stud ies
on iron ni trides were per formed on com pound lay ers gen -
er ated on the sur faces of iron or steel. The iron ni trides in
such lay ers con tain strong ni tro gen con cen tra tion gra di ents 
caused by the in ward dif fu sion of ni tro gen dur ing nitriding. 
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Fig ure 2: 311-Dif frac tion peak group (Pat tern taken us ing syn -

chro tron ra di a tion with l  = 1.1315 C).
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Fig ure 1: Sec tion of the Pd-B phase di a gram with the mis ci -
bil ity gap [8].



Ho mo ge neous iron ni trides can be pre pared e.g. by
nitriding of thin iron foils or pow ders for mod er ate times.
Such iron nitride pow ders are well suited for struc tural
anal y sis by pow der dif frac tion meth ods. X-ray pow der dif -
frac tion is able to de ter mine quan ti ta tively very small
changes in com po si tion [1] and the pres ence of
compositional inhomogeneities [2].

Pre vi ous ex per i ments on the be hav iour of e-iron nitride
pow ders upon an neal ing showed [3] that at 350°C

e-FeN0.33 forms pre cip i tates of g’-Fe4N, which leads to an

en rich ment of the re main ing e-phase with ni tro gen (fi nal
com po si tion FeN0.36), in ac cor dance with the phase di a -
gram (Fig ure 1) and as also ob served for bulk spec i mens
[4]. How ever, de tails of the trans for ma tion mech a nism are
un known at pres ent.

In this pa per high res o lu tion pow der dif frac tion data
ob tained us ing syn chro tron ra di a tion (B2 at HASYLAB,

Ham burg, l = 1.13985 C) on orig i nal and heat treated (up
to 3 d at 360°C and 400°C, re spec tively) FeN0.33 pow der

(par ti cle size 2-5 mm) are pre sented. The data re veal with

in creas ing an neal ing time the for ma tion of g’-Fe4N and a

grad ual in crease of the N con tent in e-FeNy, as ev i denced

by the emer gence of re flec tions of g’-Fe4N and shifts of the

re flec tions of the pres ent e-FeNy (Fig ure 2). Fur ther more,
anisotropic and asym met ric dif frac tion-line broad en ing of

the e re flec tions was ob served. 

The nar row est e re flec tions are ob served for the sam ple
an nealed for 3 d at 400°C, in which ap par ently equi lib rium

be tween e and g’ has been reached al ready. 
An anal y sis of the de pend ence on the di rec tions of the

dif frac tion vec tor of the broad en ing and the asym me try of
the re flec tions of the dif fer ent sam ples shows an im por tant
con tri bu tion due to inhomogeneities (lo cal vari a tions in the 
N con tent  [4]). These inhomogeneities can be re duced by
fur ther an neal ing lead ing to their vir tual dis ap pear ance af -
ter 3 d at 400°C.

Trans mis sion elec tron mi cros copy per formed on the

pow der par ti cles (Fig ure 3) re veals that g’-Fe4N grains are

formed only in rel a tively few pow der par ti cles. These ob -
ser va tions to gether with the find ing the nar row re flec tions
in the pow der dif frac tion pat terns taken af ter long-term an -
neal ing ex clude the pres ence of large lo cal com po si tion
vari a tions (e.g. from par ti cle to par ti cle), it can be con -
cluded that the ni tro gen at oms can move from pow der par -
ti cle to pow der par ti cle. This can only oc cur via di rect
con tact of the mainly spher i cal par ti cles, since N trans port
via the gas phase can be ex cluded: loss of N2 to the at mo -
sphere is well known to be fully ir re vers ible [5].

1. T. Liapina, A. Leineweber, E. J. Mittemeijer, W.
Kockelmann, Acta Ma ter. 52 (2004) 173-180.

2. A. Leineweber, E.J. Mittemeijer, J. Appl. Crystallogr. 37
(2004) 123-135.

3. A. Leineweber, PhD the sis, Uni ver sity of Dortmund
(1999).

4. T. Liapina, A. Leineweber, E.J. Mittemeijer, Scr. Ma ter. 48 
(2003) 1643-1648.

5. E. Lehrer, Z. Elektrochem. 36 (1930) 383-392.

Ó Krystalografická spoleènost

124 EPDIC IX Posters Materials Structure, vol. 11, no. 1a (2004)

Fig ure 2. 113 re flec tion of e-FeNy as ob tained by pow der dif frac -
tion us ing syn chro tron ra di a tion: orig i nal sam ple (af ter nitriding)
and sam ple an nealed at 673 K for 1 hour, 1 and 3 days, re spec -
tively. The shifts of the re flec tions are mainly caused by an in -
crease in nitrogen content.

Fig ure 1. Sim pli fied sec tion of the Fe-N phase di a gram. y is the

con cen tra tion of the ini tial e-phase af ter nitriding, and yeq is the

con cen tra tion of the e-phase in equi lib rium with the pre cip i tated

g’ at the ap plied an neal ing tem per a ture.

Fig ure 3. (a) Bright field im age of some par ti cles in an e-FeNy +

g’-Fe4N sam ple. In set is an g’-Fe4N dif frac tion pat tern ([001]
zone) of the top right area of the cen tral Fe2-3N (FeNy) par ti cle.
(b) The Fe4N grain out lined in (a).
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WHOLE DIFFRACTION PATTERN-FITTING OF POLYCRYSTALLINE HEXAGONAL
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The re cent dis cov ery of the 39K su per con duc tiv ity in
MgB2 by Akimitsu and co-work ers has at tracted the at ten -
tion of nu mer ous re search ers. We have pre pared
polycrystalline MgB2 su per con duc tor from low-pres sure
syn the sis route [1]. As the microstructure and crys tal line
de fects highly in flu ences the su per con duc tiv ity prop erty it
is in ter est ing to study the de tail microstructure of the pre -
pared sam ple.

X-ray dif frac tion line pro file from a polycrystalline
sam ple gets broaden due the in stru men tal broad en ing, lat -
tice de fects (es pe cially line or plane de fects) and fi nite size
of co her ent dif frac tion do mains. There fore, the char ac ter -
is tic broad en ing of the dif frac tion pro file from a poly -
crystalline sam ple con tains a lot of in for ma tion about the
microstructure of the sam ple. We have an a lyzed the X-ray
dif frac tion pro file of the pre pared polycrystalline MgB2

su per con duc tor to ex tract the microstructural in for ma tion
of the sam ple. The com plete dif frac tion pro file of the sam -
ple is mod elled with pseudo-voigt func tion us ing the pro -
gram MarqX [2]. The pro gram per mits si mul ta neous
re fine ment of the lat tice pa ram e ters as well as sev eral pa -
ram e ters re lated to microstructure and lat tice de fects re -
spon si ble for line broad en ing ef fects. The con tri bu tion of
the in stru men tal broad en ing ef fect is also in cor po rated in
the pro gram. The re fined pa ram e ters and qual ity of the fit -
ting (R val ues) are shown in ta ble 1. The vol ume weighted
do main size and microstrain are ob tained from the Wil -
liam son-Hall (WH) plot. The WH plot and the cor re spond -
ing re sults are shown in Fig ure 1. We have also car ried out
War ren-Averbach (WA) anal y sis on the dif frac tion pro file. 
The size co ef fi cient  ob tained from the WA anal y sis is plot -
ted against the Fou rier length L and the sur face weighted
do main size is found out from the ini tial slope of the curve.
The value of the dis lo ca tion den sity is found to be

~5.9´1014.Thus it is found that the low-pres sure syn the sis
route for pre par ing MgB2 gen er ated dis lo ca tions, which
en tan gled among them selves to cre ate do mains or grains.

The lat tice strain with in the do mains is found to be very
small.

[1] A. Talapatra, S. K. Bandyopadhyay, Pintu Sen, A. Sarkar,
P. Barat, Com mu ni cated to Bul le tin of Ma te ri als Sci ence.

[2] Y. H. Dong, P. Scardi, J. Appl. Cryst. 33 (2000) 184.
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Re fi ned values
Stan dard
uncertainity

Lat ti ce pa ra me ters

a,b (C)                        3.0566                0.0003

c (C)                                3.5004                0.0005

a, b (°)                        90.001                        0.004     

g (°)                              119.921                  0.005

Mod el ling in di ces

Rwp                                   26.29%

Rexp                                  19.59%

GoF                                   1.34

Ta ble 1
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OBSERVATION OF X-RAY PEAK PROFILES FROM  INDIVIDUAL BULK GRAINS

U. Lienert1, J.D. Almer1,  B. Jakobsen2, H.F. Poulsen2, W. Pantleon2

1Argonne National Laboratory, Advanced Photon Source,  Argonne, Illinois, USA
2Cen ter for Fun da men tal Re search: Metal Struc tures in Four Di men sions, Ma te ri als Re search De part ment,

RisrNa tional Lab o ra tory, Roskilde, Denmark

An x-ray dif frac tion tech nique has been de vel oped that en -
ables ob ser va tion of in di vid ual bulk grains with a re cip ro -
cal space res o lu tion of the or der of the char ac ter is tic length
of  dis lo ca tion struc tures. The tech nique em ploys high en -
ergy syn chro tron ra di a tion, area de tec tors, and a
multi-grain in dex ing pro gram for iden ti fi ca tion of in di vid -
ual grains in a polycrystal. It is ap plied to study the evolv -
ing dis lo ca tion struc ture within FCC met als un der ten sile
de for ma tion up to about 5%. Case stud ies in clude the mea -
sure ment of ax ial strain com po nents of sev eral bulk grains
as in di ca tion of the im por tance of grain-grain in ter ac tions
[1], and re cip ro cal space maps of an in di vid ual alu minium
grain. Cur rently at tempts are made to fol low a se lected re -
flec tion dur ing dy namic load ing.

The pre sented tech nique is an ex ten sion of the 3-Di -
men sional X-ray Ray Dif frac tion method [2] to high re cip -
ro cal space res o lu tion. The po ten tial ben e fits are re vealed
by com par i son to con ven tional mac ro scopic peak pro file
in ves ti ga tions. Firstly, the mea sure ments are spe cific to
each grain. As such, the amount of av er ag ing over var i ous
spa tial heterogeneities is sub stan tially re duced. The im por -
tance of such vari a tions can be judged by com par ing re sults 
from dif fer ent grains. Like wise, the mac ro scopic re sults
are based on en sem bles of grains with par al lel re flect ing
lat tice planes, but of dif fer ent ori en ta tions around the lat -
tice plane nor mals. Sec ondly, in stead of mea sur ing a few
one-di men sional pro files, for each grain tens of 3D dis tri -
bu tions are avail able, one for each re flec tion char ac ter ised.
Hence, the in for ma tion con tent in the data is sub stan tially
en hanced. This should al low for more re li able match ing
pro ce dures to po ten tially more com plex mod els, as well as
for in ter nal con sis tency checks, by com par ing crys tal lo -
graphi cally equiv a lent en ti ties.

The ex per i ments were per formed at the 1-ID-XOR
beamline of the Ad vanced Pho ton Source (APS) at the
Argonne Na tional Lab o ra tory. A nar row band width beam

(DE/E<10-4) of typ i cally 35 keV was pro vided by a flat Si
dou ble crys tal mono chro ma tor. An area de tec tor is placed

at large dis tance from the sam ple pro vid ing high re cip ro cal
space res o lu tion. A ten sion rig hold ing the sam ple is
mounted on a 3-cir cle diffractometer. In ad di tion a sec ond
large area de tec tor was po si tioned closer to the sam ple but
only one de tec tor is used at a time. This de tec tor sam pled
all low-in dex dif frac tion spots aris ing from all il lu mi nated
grains as in put to the multi-grain in dex ing pro gram
GRAINDEX [3]. 

In a fea si bil ity test, a fixed set of 20 re flec tions from a
se lected grain within an 1 mm thick Al sam ple were mea -
sured at ten sile loads of 0.01%, 1%, 2.5%, and 4.5%.

The re cip ro cal space pro jec tion in Fig. 1 ap pear sur pris -
ingly smooth in ra dial di rec tion, given the as sump tion that
they are caused by a het er o ge neous dis lo ca tion struc ture.
How ever, they are in te grated over one transversal q-di rec -
tion, span ning sev eral hun dred times the in stru men tal res o -
lu tion. For a dis cus sion of the peak pro files see [4].
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Fig 1.  Re cip ro cal space pro jec tions for the -113 re flec tion of a sin gle em bed ded Al grain at a strain of 2.5%.
Con tours are drawn at rel a tive in ten si ties of 0.955, 0.398, 0.158, 0.063, 0.025, 0.010, and 0.004
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Small-crys tal line sam ples (about 100 nm) of sim ple met als
(Cu, Fe, Mg) and semi con duc tors (Ge) pre pared by a se -
vere plas tic de for ma tion in UFA (Rus sia) [1] were stud ied
us ing a con ven tional pow der x-ray dif frac tion (XRD).
Com plex microstructure of such strongly de formed ma te ri -
als shows many in ter est ing fea tures [1] and makes phys i cal
in ter pre ta tion of XRD mea sure ments dif fi cult. Broad en ing
of XRD pro files is in this case caused mainly by
microstrains in duced by dis lo ca tions but also by small size
of grains.  In this work we fo cused in anal y sis of mea sured
XRD data by tra di tional meth ods of line pro file anal y sis
(Wil liam son-Hall , War ren-Averbach plot) and pro gres -
sive meth ods (such as the whole pow der pat tern mod el ling
- WPPM [2-5]). Ob tained con clu sions can be com pared
with re sults of other tech niques - a TEM and a pos i tron an -
ni hi la tion spec tros copy. Be sides, x-ray back scat ter ing
pho tos were ac quired to qual i ta tively in spect ho mo ge ne ity
of grains sizes. Pro grams em ploy ing the WPPM ap proach
de vel oped by teams of P. Scardi (PM2000 [2-3]) and T.
Ungar (MWM-fit[4-5]) were used. For cal cu la tion of dis -
lo ca tion con trast fac tors the pro gram ANIZC [6] was used.
We were able to sep a rate size and de for ma tion ef fects of
line broad en ing, but we have prob lems with proper de ter -
mi na tion of a dis lo ca tion ar range ment (con nected with the
so called cut-off ra dius pa ram e ter). To study ther mal sta bil -
ity sam ples were sub jected to an isochronal an neal ing and
tem per a ture de pend ence of grains size and dis lo ca tion den -
sity was ex am ined. From x-ray mea sure ments can be de -
duced, in agree ment with other tech niques, that dur ing the
an neal ing at higher tem per a tures an ul tra fine
microstructure of sam ples is es sen tially chang ing. All mea -
sure ments were real ised on com mon lab o ra tory
diffractometers and hence for some meth ods (War -
ren-Averbach anal y sis, pro gram MWP-fit) dif frac tion data

deconvolution was nec es sary. We tried many meth ods
[7-9] and mostly we used a method of M. A. Kojdecki [7].
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