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f' 

TO THE READER 

A c o l l e c t i o n o f papers - as t h i s t h e s i s - is n o t easy to read . . T h e r e f o r e t h e 

reader i s i n v i t e d to g l ance th rough the genera l i n t r o d u c t i o n , the summary and 

the e p i l o g u e f i r s t , because they shou ld o f f e r a s u r v e y . 

The s i g n i f i c a n c e o f t h e i n v e s t i g a t i o n s r e p o r t e d i s t h e i r c o n t r i b u t i o n t o : 

- g e n e r a l l y a p p l i c a b l e q u a n t i t a t i v e X - ray d i f f r a c t i o n p rocedures and c o r r e c t i o n 

methods f o r the l i n e p r o f i l e s measured; 

- t he knowledge o f t e c h n o l o g i c a l l y i m p o r t a n t s y s t e m s : t h i n s o l i d f i l m s 

( e l e c t r o n i c d e v i c e s , c o a t i n g s ) and s i n t e r e d powder b lends ( f a b r i c a t i o n o f 

s p e c i a l a l l o y s ) ; 

- the knowledge o f s o l i d s t a t e mass t r a n s p o r t phenomena and o f n u c l e a t i o n , g r o w t h 

and behav iou r o f l a y e r s produced by e l e c t r o c r y s t a l 1 i z a t ion or vapour 

depos i t i o n . 

We want to emphasize some special aspects of this thesis. 
(i) A thesis consisting of a compilation of papers has the following advantages: 

- the dissemination of information by means of papers is much wider than 
by means of a "usual" thesis. Publishing the results from a "usual" 
thesis afterwards implies writing down things twice; 

- it conveys in a clear way where others contributed to the investigations; 
- a paper is self-contained, making it easier to read only a part of the 

thes i s; 
- it diminishes the time needed to edit a thesis. 
As drawbacks can be mentioned: 
- it is difficult to obtain an overall view of the different topics 

covered; 
- it may be necessary to consult other literature, because papers are 
written on a specialist's level. 
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( i i ) A dual authorship is recommended, because: 

- the s k i l l s , talents and knowledge of two persons are uni ted -

cooperation is a trend in research nowadays; 

- i t is st imulat ing to work for the same aim; 

- very often i t is not very wel l possible to say who " invented" " i t " . 
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GENERAL INTRODUCTION 

In 1912 F r i e d r i c h , K n i p p i n g and von Laue1 d i s c o v e r e d t h e d i f f r a c t i o n o f X-

rays by c r y s t a l s , whereas Davisson and Germer2 d e m o n s t r a t e d the d i f f r a c t i o n o f 

e l e c t r o n s by c r y s t a l s i n 1927. Since then d i f f r a c t i o n t e c h n i q u e s have been 

a p p l i e d e x t e n s i v e l y t o i n v e s t i g a t e the a tomic a r rangement in c r y s t a l s . X - r a y 

d i f f r a c t i o n has become the major t o o l t o ana l yse t h e " i d e a l , " s t r u c t u r e o f 

c r y s t a l s , a l t hough in r e c e n t years the a p p l i c a t i o n o f e l e c t r o n d i f f r a c t i o n f o r 

s t r u c t u r e d e t e r m i n a t i o n seems t o be very p r o m i s i n g , e s p e c i a l l y w i t h t h e a d v e n t 

o f convergent beam t e c h n i q u e s 3 . 

The " i d e a l " c r y s t a l s t r u c t u r e d e t e r m i n a t i o n i s n o t concerned w i t h t he 

i m p e r f e c t i o n s i n h e r e n t i n " r e a l " c r y s t a l s . Because many t e c h n o l o g i c a l l y 

i n t e r e s t i n g p r o p e r t i e s o f c r y s t a l l i n e specimens a r e m a i n l y de te rm ined by t h e 

s t r u c t u r a l d e f e c t s , in the l a s t twenty years the a n a l y s i s o f s t r u c t u r a l 

i m p e r f e c t i o n s o f c r y s t a l s has become the s u b j e c t o f a c o n t i n u o u s l y i n c r e a s i n g 

number of d i f f r a c t i o n i n v e s t i g a t i o n s . In t h i s f i e l d X - r a y and e l e c t r o n 

d i f f r a c t i o n techn iques o f t e n p r o v i d e complementary i n f o r m a t i o n : In t he e l e c t r o n 

microscope i m p e r f e c t i o n s , such as d i s l o c a t i o n s , can o f t e n be obse rved 

i n d i v i d u a l l y , whereas X - r a y d i f f r a c t o m e t r y y i e l d s a d e s c r i p t i o n o f t he i m p e r f e c t 

s t r u c t u r e as an average ove r a modera te ly l a r g e d i f f r a c t i n g vo lume. 

From a t e c h n o l o g i c a l p o i n t o f view the s tudy o f c o n c e n t r a t i o n v a r i a t i o n s and 

t h e i r r e l a t e d s t r u c t u r a l d e f e c t s i s ve ry i m p o r t a n t , i n p a r t i c u l a r i n t hose cases 

where the c o n c e n t r a t i o n v a r i a t i o n s occur over sma l l (about 1 urn) and ve ry s m a l l 

(about If) A) d i s t a n c e s . T h i s i s i l l u s t r a t e d by the f o l l o w i n g examples w h i c h a r e 

c l o s e l y r e l a t e d t o the c o n t e n t s o f t h i s t h e s i s : 

( i ) The numerous a p p l i c a t i o n s o f m i c r o - e l e c t r o n i c d e v i c e s and meta l c o a t i n g s 

s t i m u l a t e the i n t e r e s t i n the d i f f u s i o n - i n d u c e d c o n c e n t r a t i o n v a r i a t i o n s 

and the d i f f u s i o n - g e n e r a t e d s u b s t r u c t u r e in t h i n meta l f i l m s 4 . 
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( i l ) The i nc reas ing importance o f a l l o y c a t a l y s t s n e c e s s i t a t e s the s tudy of 

l o c a l c o n c e n t r a t i o n inhomogene i t ies o c c u r r i n g in t he smal l c a t a l y s t 

p a r t i c l e s 5 . 

( i i i ) Several t e c h n o l o g i c a l l y impor tan t b i n a r y metal a l l o y s a r e produced by 

d i f f u s i o n a l homogenizat ion o f a compacted powder b lend o f the cons t i t u t i ng 

metal components5 . 

From a fundamental p o i n t o f view " t h e r e is an u rgen t need f o r h i g h r e s o l u t i o n 

exper imen ts which y i e l d d e t a i l e d i n f o r m a t i o n regard ing t h e f i n e s t r u c t u r e and 

compos i t i on o f the d i f f u s i o n z o n e " 7 . 

Recent ly Gupta8 d iscussed c r i t i c a l l y va r ious e x i s t i n g methods o f 

i n v e s t i g a t i n g c o n c e n t r a t i o n v a r i a t i o n s on a smal l s c a l e , e . g . e l e c t r o c h e m i c a l 

s e r i a l s e c t i o n i n g , r a d i o a c t i v i t y m o n i t o r i n g on the f r o n t or back s u r f a c e of the 

specimens and m i c r o s e c t i o n i n g by argon ion b a c k s c a t t e r i n g ; Gupta cons ide rs the 

l a s t method to be the most v e r s a t i l e . A l l o f these methods a re d e s t r u c t i v e and /o r 

r e q u i r e r a t h e r compl ica ted t e c h n i q u e s . 

U n t i l now there has been a very l i m i t e d i n t e r e s t in the a p p l i c a t i o n o f 

d i f f r a c t i o n methods to s tudy c o n c e n t r a t i o n v a r i a t i o n s , a l t h o u g h such techniques 

a r e n o n - d e s t r u c t i v e and make a v a i l a b l e i n f o r m a t i o n on the s t r u c t u r a l d e f e c t s . 

Comp i l a t i ons o f l i t e r a t u r e are g i ven by Carpenter and Tenney9 f o r X - ray 

d i f f r a c t i o n and Beers and M i t t e m e i j e r 1 0 f o r e l e c t r o n d i f f r a c t i o n . 

Houska and co-workers gave an i n t e r p r e t a t i o n of the X-ray d i f f r a c t i o n l i n e 

b roaden ing t o determine the c o n c e n t r a t i o n p r o f i l e in a m o n o c r y s t a l 1 i n e d i f f u s i o n 

coup le where the d i f f u s o n zone was i n the range o f 1-10 um 1 1 . From the w i d t h o f 

t h e rock i ng -cu rves i n f o r m a t i o n on the m o s a i c - s t r u c t u r e cou ld be o b t a i n e d 1 2 . 

Rudman and F i s h e r 1 3 ' 1 4 proposed an X- ray method to i n v e s t i g a t e the d i f f u s i o n 

process o c c u r r i n g in a powder b lend o f the components d u r i n g a n n e a l i n g . In the 

f i e l d o f e l e c t r o n d i f f r a c t i o n Mat thews 1 5 s t u d i e d the d i f f u s i o n - i n d u c e d behav iour 

o f m i s f i t d i s l o c a t i o n s o r i g i n a l l y p resen t in the i n t e r f a c e o f e p i t a x i a l 

b i c r y s t a l s . The d i f f u s i o n - g e n e r a t e d s u b s t r u c t u r e was t r e a t e d t h e o r e t i c a l l y by 
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Vermaak and van der M e r w e 1 6 ' 1 7 . 

Th is t h e s i s compr ises twen t y - two recent p a p e r s 1 ° » 1 8 - 3 8 w n j c h c o n t r i b u t e t o 

the i n t e r p r e t a t i o n o f X - ray and e l e c t r o n d i f f r a c t i o n phenomena due t o 

c o n c e n t r a t i o n v a r i a t i o n s and t o r e l a t e d s t r u c t u r a l d e f e c t s . The r e s u l t s and 

c o n c l u s i o n s o b t a i n e d on the model couples C u / N i , RbCl/KCl and Au /P t o f t e n reach 

beyond the systems employed (Chapters I I and I I I ) 1 8 - 2 5 . 

W i t h i n the c o n t e x t o f the X- ray d i f f r a c t i o n work ample a t t e n t i o n had to be 

p a i d t o the p u r i f i c a t i o n o f the l i n e p r o f i l e s r e c o r d e d . The r e s u l t s on methods 

o f l i n e p r o f i l e a n a l y s i s o b t a i n e d in the course o f t h i s s t u d y a re g a t h e r e d i n 

Chapter l 2 6 ~ 3 L f . 

The a p p l i c a t i o n , in bo th the X-ray and the e l e c t r o n d i f f r a c t i o n w o r k , o f a 

model system c o n s i s t i n g o f a n i c k e l s u b s t r a t e o n t o w h i c h a copper l a y e r was 

e i t h e r e l e c t r o c r y s t a l 1 i z e d or vapour d e p o s i t e d , n e c e s s i t a t e d a s tudy o f the 

growth process of the copper l a y e r (Chapter | \ / ) 3 5 » 3 6 . 

Most o f t he c o n c e n t r a t i o n p r o f i l e s i n v e s t i g a t e d i n t h i s t h e s i s a r e induced 

by d i f f u s i o n . A c c o r d i n g l y a t t e n t i o n was a l s o p a i d t o the phenomeno log ica l 

d i f f u s i o n t h e o r y (Chapter V I ) 3 7 ' 3 8 
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I 
Methods for the Purification 

of X-ray Diffraction Line Profiles 

Normally X-ray diffraction line profiles have to be purified before the 

determination of physico-chemical data is possible. The purification is 

usually performed with the aid of one or more of the following procedures: 

- correction for (the angle dependence of) the polarization of X-rays and 

the geometrical (Lorentz) factor; 

- correction for (the angle dependence of) the structure factor; 

- elimination of the background; 

" elimination of the broadening caused by the instrumental conditions (e.g, 

by deconvolution); 

- elimination of the spectral broadening (by a„ elimination or other 

approximate correction, or by deconvol ution); 

- correction for the "hook"-effeet appearing in a deconvolution procedure. 
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ft Delhez en E. J. Mittemeijer Kristallografie 

Lijnprofielaiialyse: de bepaling van 
deeltjesgrootte en roostervervorming 
Met lijnprofielanalyse van röntgendiffractiepatronen bestudeert 
men imperfecties in de kristalstructuur van stoffen. Voor een ieder 
geïnteresseerd in deeltjesgrootten en deeltjesgrootteverdelingen 
van deeltjes kleiner dan 2000 A komt röntgendiffractie in aanmer
king. Daarnaast levert deze niet-destructieve analysetechniek 
kwantitatieve informatie betreffende verstoringen in de atomaire 
rangschikking. Zo wordt in de techniek veelvuldig een spanningsa
nalyse op basis van röntgendiffractie verricht. Stapelfout- en 
dislocatiedichtheden en concentratievariaties kunnen eveneens 
bestudeerd worden. 

Sinds de publicatie van Friedrich, Knip
ping en Von Laue in 1912 bestudeert men 
met röntgendiffractie de atomaire opbouw 
van kristallijne materialen. In de afgelopen 
60 jaar zijn grote successen behaald met 
het bepalen van de kristalstructuren. Hier
bij worden de intensiteiten van vele reflec
ties (in veel gevallen + 2500 reflecties) 
opgemeten. Uit deze gegevens kan na een 
'trial and error'-procedure de 'perfecte 
kristalstructuur' van een stof bepaald wor
den. 
De laatste 20 jaar is een andere tak van 
röntgendiffractie sterk opgekomen: Het 
bestuderen van imperfecties in de kristal
structuur van stoffen. Onder deze imper
fecties worden deeltjeskleinheid (bijvoor
beeld van belang voor de katalyse) en 
afwijkingen van de 'perfecte' atomaire 
rangschikking veroorzaakt door b.v. dislo
caties, spanningen en concentratievaria
ties (van belang voor onder andere mecha
nische eigenschappen van materialen en 
diffusie) verstaan. Deze 'imperfecte kris-
talstructuur'-bepaling onderscheidt zich 
van de hierboven genoemde 'perfecte kris-
talstructuur'-bepaling daarin dat slechts 
één, of enkele verwante reflecties bestu
deerd worden. Deze worden echter minu
tieus onderzocht: de 'reflectiepiek', hier 
lijnprofiel genaamd, wordt in kleine stap
jes doorlopen (meestal enkele honderden 
stapjes). De bepaling van imperfecties in 
de kristalstructuur staat in het nu volgende 
centraal. 

Verbreding in lijnprofielen 
Een kristal kan op verschillende wijzen 
opgebouwd worden gedacht uit een verza
meling aan elkaar evenwijdige vlakken van 
atomen (dit is een vlakkenschaar). Iedere 
vlakkenschaar wordt gekarakteriseerd 
door drie kentallen h, k en 1 en heeft zijn 
eigen netvlaksaf stand de spatie dhkl. Indien 
een röntgenbundel met golflengte \ op de 
hkl-vlakkenschaar invalt onder de hoek 8 
(Fig. 1) treedt alleen een waarneembare 
gediffracteerde bundel op als geldt, dat fl = 
6B waarbij 8B voldoet aan: 

n\ = 2d sin6B (n = orde van de reflectie = 
1,2,3.. .) tl) 

Deze formule staat bekend als de wet van 
Bragg. 
De figuur die verkregen wordt door bij 
variatie van de invalshoek 6 de gediffrac
teerde intensiteit uit te zetten als functie 
van sinB wordt het lijnprofiel van de 
reflectie aan de hkl-vlakkenschaar ge
noemd; kortweg het hkl-lijnprofiel (Figuur 
2). Op grond van het bovenstaande wordt 
alleen intensiteit verwacht op die waarde 
van sinB waarvoor aan (/) voldaan is. Inde 
praktijk blijkt echter altijd dat eveneens 
aanzienlijke intensiteit wordt waargeno
men dicht in de buurt van sinöB. Het 
lijnprofiel is dus verbreed. Hiervoor zijn 
twee oorzaken aan te wijzen: de instru
mentele verbreding en de structurele ver
breding. 
Instrumentele verbreding is verbreding 
waarvan de oorzaak niet schuilt in de 
atomaire opbouw van het preparaat. Een 
van de belangrijkste bronnen van instru
mentele verbreding is bij röntgendiffractie 
het niet monochromatisch zijn van de 

gebruikte röntgenstraling. Uit (1) volgt 
immers dat 'buur'-golflengten bij 
'buur'-sinfl-waarden diffracteren. Veelal 
wordt de karakteristieke Ka-straling toe
gepast, welke een doubletkarakter bezit: 
a,a2-doublet. Dit betekent dat het totale 
lijnprofiel de samengestelde is van twee 
anderen: het <*,- en het a,-lijnprofiel (Fi
guur 2a). 
Structurele verbreding vindt zijn oorzaak 
in de atomaire opbouw van het preparaat: 
■ Deeltjeskleinheid. Uit de zogeheten ki-
nematische diffractietheorie volgt dat het 
lijnprofiel van relatief grote kristallen (> 
2000A) niet waarneembaar verbreed is. 
Naarmate de kristalletjes kleiner zijn, 
treedt echter een sterk toenemende ver
breding op (Figuur 2b). 
■ Verstoringen in de atomaire rangschik
king, zoals spanningen, dislocaties, stapel-
fouten en concentratie variaties. Deze ver
oorzaken variaties in de spatie dhid van de 
hkl-vlakkenschaar, zodat volgens (1) ook 
diffractie bij afwijkende sinO-waarden op
treedt: lijnverbreding. 
Vanzelfsprekend treedt instrumentele ver
breding altijd op en omdat we juist in de 
oorzaken van structurele verbreding geïn
teresseerd zijn, moeten we de instrumen
tele verbreding na de meting uit het lijnpro
fiel verwijderen. Met deconvolutie is het in 
principe mogelijk alle instrumentele ver
breding te elimineren. In de praktijk is 
deconvolutie echter niet altijd toepasbaar. 
Dan resteert de av-eliminatie: 'achteraf 
monochromatiseren' van de gebruikte 
Ka-straling. 
Het probleem van de instrumentele ver
breding komt in vele gebieden van de 

REFLECTIE van röntgenstraling aan de hkl-vlakkenschaar treedt alleen op bij een bepaalde 
invalshoek (l Dit wordt geïllustreerd aan een dltfractometeropstelling. Met een dlHractometer 
kunnen de lijnprofielen stapsgewijs worden gemeten. (Figuur 1). 
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VERBREDING VAN LIJNPROFIELEN. Het 422-llJnprofiel van een MgO-poederpreparaat van 
'grote' deelt|es (> 2000 A), verkregen d.m.v. sinteren Is weergegeven In Figuur 2a. Dit 
I IJnproflel zou, Indien met een ideaal Instrument gemeten, zeer scherp zijn. Door de nlet-ldeale 
instrumentele condities Is het echter verbreed. De belangrijkste bron van deze verbreding Is 
het niet monochromatlsch zl]n van de gebruikte röntgenstraling: duidelijk Is het doublet-ka
rakter van de toegepaste CuKa-stralIng te herkennen. Dit lijnprofiel kan beschouwd worden 
als het Instrumentele ll|nprotlel behorende bl] het Instrumenteel en structureel verbrede 
lllnproflel van een MgO-poederpreparaat van 'kleine'deeltjes (± 180 A) Figuur 2b, curve a). Dit 
laatste lijnprotlel Is structureel verbreed door de kleinheid van de deeltjes: het doubletkarak
ter van de gebruikte röntgenstraling wordt gemaskeerd door deze additionele verbreding. Na 
eliminatie van de «j-component wordt curve b verkregen. Het alleen structureel verbrede 
lljnproflel (curve c) wordt na deconvolutie gevonden. {Figuur 2). 

4 MgO-poeder in Figuur 2b (curve a) bete
kent dit dat het onder identieke omstandig
heden gemeten lijnprofiel van een 
MgO-poeder van grote deeltjes (Figuur 2a) 
het bijbehorende instrumentele lijnprofiel 
is. 
Immers de structurele verbreding wordt 
verondersteld veroorzaakt te zijn door de 
deeltjeskleinheid. 
Wiskundig is de uitsmering van het struc
tureel verbrede lijnprofiel door de instru
mentele factoren te beschrijven als een 
'convolutie' van het structureel verbrede 
lijnprofiel met het instrumenteel verbrede 
lijnprofiel. Daarom heet het verwijderen 
uit het instrumenteel en structureel verbre
de lijnprofiel van de uitsmering veroor
zaakt door de instrumentele factoren: 'de
convolutie'. De bekendste methode voor 
deconvolutie is gebaseerd op het ontwik
kelen in Fourierreeksen van het instru
menteel verbrede lijnprofiel en het instru
menteel en structureel verbrede lijnpro
fiel. In de röntgendiffractie draagt deze 
methode de naam van Stokes (1). Voor het 
genoemde MgO-poeder is het resultaat 
weergegeven met curve c in Figuur 2b. 
a2-eliminatie. Vaak is het onmogelijk het 
alleen instrumenteel verbrede lijnprofiel te 
bepalen, bijvoorbeeld omdat daarvoor 
geen geschikt preparaat te maken is. Zoals 
vermeld, draagt het niet monochromatisch 
zijn van de gebruikte röntgenstraling veel
al het sterkst bij tot de instrumentele 
verbreding. Dan wordt achteraf het 
a2-lijnprofiel uit het gemeten lijnprofiel 
verwijderd (2, 3, 4). (Zie Figuur 3). Voor 
ons MgO-poeder van Figuur 2b is het 
resultaat van «j-eliminatie weergegeven 
met curve b. Het blijkt, dat aj-eliminatie 
inderdaad het belangrijkste gedeelte van 
de instrumentele verbreding verwijdert. 
Vergelijking van curven b en c toont, dat 
alleen deconvolutie voor een algehele eli
minatie van de instrumentele verbreding 
zorgt. 

De structurele verbreding 
Nadat uit het lijnprofiel de instrumentele 
verbreding verwijderd is, kan de structure
le verbreding bestudeerd worden. 
We moeten ons realiseren, dat we bij 
röntgendiffractie altijd informatie verza
melen over zogenaamde coherent ver
strooiende gebiedjes. Een coherent ver
strooiend gebiedje wordt daardoor geka
rakteriseerd dat daarin slechts zeer geringe 
afwijkingen van de regelmatige kristal
structuur voorkomen. Een kristalgrens, 
bijvoorbeeld, is een grote onregelmatig
heid en vormt daarom een scheiding tussen 
coherent verstrooiende gebiedjes. Daar
om kan ieder coherent verstrooiend ge
biedje identiek zijn met een poederdeeltje, 
maar dit hoeft niet. 
Deeltjesgrootte. Naarmate de deeltjes klei
ner worden, neemt de breedte van het 
lijnprofiel toe. Bij afwezigheid van roos-
terfouten geldt voor de breedte p van het 
lijnprofiel op sin6-as de Scherrer-vergelij-
king: 

OPBOUW VAN HET Ka-DOUBLET uit de 
twee componenten: l,(x) = l„,(x) + l,,,(x). S Is 
de doubletscheldlng. Indien men aanneemt 
dat de o,- en a2-componenten dezelfde vorm 
hebben en tevens de verhouding der maxima 
van de aa- en a,-componenten en de doublet
scheldlng 5 bekend zijn, dan Is l„,(x) uit l,(x) 
te berekenen. (Figuur 3). 

natuurwetenschappen voor. Deconvolu-
tietechnieken worden dan ook niet alleen 
bij röntgendiffractieanalyse toegepast en 
ontwikkeld. Ook het verwijderen van de 
spectrale a2-component heeft wijdere be
tekenis (zoals in de atoomspectroscopie). 

De instrumentele verbreding 
Deconvolutie. Een waargenomen structu
reel en instrumenteel verbreed lijnprofiel 
heeft zijn vorm gekregen, doordat het 
structureel verbrede lijnprofiel door het 
waarnemingsinstrument wordt uitge
smeerd. Deze instrumentele factoren blij
ken belichaamd te zijn in het instrumentele 
lijnprofiel: dit is het lijnprofiel dat onder 
identieke omstandigheden als het structu
reel en instrumenteel verbrede lijnprofiel 
wordt gemeten aan dezelfde stof, maar bij 
afwezigheid van die verschijnselen die de 
te bestuderen structurele verbreding ver
oorzaken. Voor het lijnprofiel van het 

P = X.K/2D (2) 

Voor p wordt vaak de breedte op halve 
hoogte genomen. De constante K (ca. 1) 
wordt bepaald door de - veronderstelde -
vorm van de deeltjes en door de gekozen 
maat voor p. D is de gemiddelde deeltjes
grootte. 
Variaties in de netviaksafstand. Stel dat 
een preparaat plaatselijk zo gedeformeerd 
is dat de netviaksafstand d met een bedrag 
Ad verandert. Door uitgebreidheid van de 
gebruikte röntgenbundel bevat het waar
genomen lijnprofiel informatie over de 
veranderingen in netviaksafstand in een 
groot gebied, zodat de locale variaties niet 
afzonderlijk worden waargenomen. Voor 
de breedte p van het lijnprofiel op sin9-as 
kan met behulp van vergelijking (1) de 
volgende benadering geschreven worden: 

P = A(sin6) = < Ad/d > sinö (3) 

De breedte p is hier - in tegenstelling tot 
de verbreding door deeltjesgrootte - af
hankelijk van sin8. 
Een andere methode om variaties in de 
netviaksafstand te bepalen is de 
'sin^-methode' (5). (Wegens ruimtege
brek niet besproken). 
De rek <e> en de spanning <a> kunnen 
uit (3) berekend worden vervolgens <e> 
= <Ad/d> = <CT>/E waarin E de modulus 
van Young is. 

Scheiden van invloeden 
Indien de structurele verbreding bepaald 
wordt door deeltjeskleinheid én rooster-
fouten falen de methoden die hiervoor 
aangestipt zijn. In eerste instantie zou men 
kunnen denken dat de totale breedte van 
het lijnprofiel geschreven kan worden als 
de som van de formules (2) en (3): 
P = XK/2D + < Ad/d > sin8 (4) 
Na bepaling van p voor meer reflecties en 
uitzetten van de resultaten tegen sinfl volgt 
uit (4) dat een rechte lijn verkregen wordt 
(de 'Hall-plot'). Uit het afgesneden stuk 
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de diffracterende vlakkenschaar 

kolommen van 
elementair cellen 
loodrecht op de 
diffracterende 
vlakkenschaar 

EEN POEDERPREPARAAT bestaat uit een verzameling coherent verstrooiende gebiedjes 
(Een poederdeeltje kan één of meer van deze gebiedjes bevatten). Een coherent verstrooiend 
gebiedje kan worden opgebouwd uit kolommen elementair cellen loodrecht op de diffracte
rende vlakkenschaar. In een kolom van elementair cellen kan men zgn. 'n-buren' onderschel
den. Voorbeelden zijn aangegeven. (Figuur 4) 
van de verticale as volgt de deeltjesgrootte 
en uit de helling <Ad/d>. Deze formule
ring wordt ais grove indicatie nog wel 
toegepast, maar zij is alleen maar juist 
voor een bepaalde vorm van het lijnpro-
fiel. 
Een fundamentele methode om bij gelijk
tijdige aanwezigheid van deeltjeskleinheid 
en roosterfouten het lijnprof iel te bestude
ren is de Warren-Averbach-analyse (6, 7). 
Om redenen van eenvoud wordt in het 
volgende aangenomen, dat stapelfouten en 
concentratiefluctuaties afwezig zijn. 
Volgens een model van Bertaut wordt 
ieder coherent verstrooiend gebiedje (zie 
de inleiding bij deze paragraaf) opge
bouwd gedacht uit kolommen elementair 
cellen loodrecht op de diffracterende vlak
kenschaar (Figuur 4). In zo'n kolom kun
nen 'n-buren' onderscheiden worden: 
n-buren zijn elementair cellen in een ko
lom die n elementair cellen van elkaar 
verwijderd zijn. Voorbeelden zijn in Fi
guur 4 gegeven. Ten gevolge van spannin
gen kan er rek zijn opgetreden in de 
richting van a3. Dan is de afstand tussen 
n-buren niet meer L(=na3) maar L + AL. 
De component van de rek in de richting 
van a3 gemiddeld over de lengte L is dan: 
eL = AL/L. 
Het totale lijnprofiel kan opgebouwd wor
den gedacht uit een deeltjesgroottelijnpro
fiel (bevat alleen verbreding veroorzaakt 
door de deeltjeskleinheid) en een rooster-
deformatielijnprofiel (bevat alleen verbre
ding veroorzaakt door netvlaksafstands
variaties). Essentieel hierbij is dat het 
deeltjesgroottelijnprofiel geen functie is 
van de orden van de reflectie maar het 
roosterdeformatielijnprofiel wél. Op 
grond hiervan vindt de scheiding van beide 
effecten plaats (8). 
Voorbeelden van resultaten van dergelijke 
berekeningen zijn weergegeven in Figuur 
5. Voor het MgO-poederpreparaat van 
Figuur 2b werd een gemiddelde lengte van 
± 180A bepaald. 
De gemiddelde kolomlengte is niet syno
niem met wat men onder de 'deeltjesgroot
te' verstaat, de deeltjes kunnen ieder voor 
zich uit meer dan een coherent verstrooi

end gebiedje bestaan (zie inleiding van 
deze paragraaf). Bijvoorbeeld in het geval 
van bolvormige deeltjes bedraagt de ge
middelde kolomlengte slechts 2/3 deel van 
de boldiameter. 
Onder het voorbehoud van de hierboven 
vermelde restricties is het ook mogelijk 
'deeltjesgrootte'-verdelingen te bepalen. 

Toepassing 
Onderzoekingen op basis van de hierbo
ven geschetste analyse zijn legio. Bedenk 
echter dat het succes van dergelijke me
thodes voor een groot deel bepaald wordt 
door de nauwkeurigheid waarmee de Fou-
riercoëff iciënten van het alleen structureel 
verbrede lijnprofiel bekend zijn (9). 
De in dit artikel aangegeven analysetech
nieken kunnen op vele plaatsen in de 
natuurwetenschappen toegepast worden. 
De voorbeelden gegeven in dit artikel 
illustreren dit. 
Tenslotte: Wij willen graag in contact 
komen met onderzoekers die werk op dit 
gebied verrichten of overwegen. 

1. Stokes, A. R. (1948). Proc. Roy. Soc. 61.382. 
2. Rachinger. W. A. (1948). J. Sci. Instrum. 25 254. 
3. DuMond, J. W. M. & Kirkpatric, H. A. (1931). Phys. 
Rev. 37, 154. 
4. Delhez, R. & Mitlemeijer, E. J. (1975). J. Appl. Cryst. 

5! Klug, H. P. & Alexander, L. E. (1974). X-ray 
Diffraction Procedures, pp. 755-790, New York: John 
Wiley and Sons. 
6. Warren B. E. & Averbach. B. L (1950). J. Appl. 
Phys. 21, 595. 
7. Warren, B. E. (1969). X-ray Diffraction, pp. 262-275, 
Reading: Addison-Wesley. 
8. Delhaz. R. & Mitlemeijer, E.J. (1976), J. Appl. Cryst. 
9. 233. 
9. Delhaz. R. & Mitlemeijer. E. J. (1975). J. Appl. Crysl. 
8, 611 

WARREN-AVERBACH-ANALYSE. Voorbeel
den van het schelden van de Invloeden van 
deeltjesgrootte en van netviaksafstandsvarl-
atles. De resultaten worden gewoonlijk uit
gedrukt In decosInus-FouriercoëfflcIëntvan 
het deeltjesgroottelijnprofiel AS(L) en het 
gemiddelde van het kwadraat van de rek 
<e !(L)>. L stelt een afstand loodrecht op de 
ditfracterende vlakkenschaar voor (L = na3, 
waarbij n en a3 respectievelijk het harmoni
sche getal en de roosterparameter uit Figuur 
4 zijn). Figuur a: de deeltjesgrootte Fourler-
coètflclënt A5(L) van een AuPt-poeder (9 at% 
Pt) bereid voor katalysedoelelnden door F. 
Kuyers (Universiteit van Lelden). Het deel dat 
van de abscls wordt afgesneden door de 
raaklljn voor L -» 0 (stippellijn) stelt de 
gemiddelde kolomlengte voor: + 160 A. Fi
guur b: het gemiddelde van het kwadraat van 
de rek <e2(L)> van een door R. van Rooljen 
(Technische Hogeschool Jjelfl) d.m.v. elek-
trokrlstalllsatle bereid Cr"-poeder. Het bij de 
elektrokrlstalllsatle gevormde waterstof 
wordt ervan verdacht de aanleiding te zijn tot 
spanningen In het metaalrooster. De hierbij 
optredende verstoring van de atomaire 
rangschikking Is aanzienlijk. Gewoonlijk 110 
<e>(L)> In het gebied 10'8-irr4. (Figuur 5) 
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Abstract In accurate line profile analysis, corrections have 
to be made for the angle dependence of the Lorentz and 
polarization factors. These corrections should be performed 
before the deconvolution procedure if the spectral 
broadening dominates in the instrumental line profile, but 
after the deconvolution procedure if instrumental factors 
dominate the instrumental line profile. The different 
formulae to be applied for the Lorentz-polarization factor 
are indicated. The correction for the angle dependence of 
the structure factor should always be performed after the 
deconvolution procedure. 

1 Introduction 
In the interpretation of the broadening of x-ray diffraction line 
profiles it should be recognized that the Lorentz (L), polariza
tion (P) and structure factors are angle dependent within a 
given profile. Normally corrections for the angle dependence of 
these factors are ignored. However if accurate line profile 
analysis is demanded such corrections should be applied. In 
this paper rules are given which, in our opinion, should be 
followed when correcting for the angle dependence of the L, P 
and structure factors (§§3, 4). Further, the different formulae to 
be applied for the LP factor are indicated (§2). 

2 Formulae for the Lorentz -polarization factor 
In textbooks normally the LP factor is given for the integrated 
intensity of a reflection. However, in structurally broadened 
line profiles the LP factor relevant to the distribution of the 
intensity over 20 has to be considered. Warren and Averbach 
(1950) have calculated this LP factor for a powder specimen: 

ZJ> = (! -I-cos2 20)/sin;! 6. 

Following the same procedure one can calculate the LP factor 
relevant to the distribution of the intensity over 2(9 for a single 
crystal: 

IP=( l+cos 2 20) /4s in 9. 

It can be useful to perform line profile analysis on a sin 9 scale 
(Delhez and Mittemeijer 1975). Then all LP factors mentioned 
should be divided by cos 9. 

3 The correction for the angle dependence of the Lorentz 
and polarization factors 
In x-ray diffraction the measured line profile h can be con
sidered as the outcome of the folding/* g (Jones 1938) where ƒ 
is the pure, only structurally broadened, line profile and g is the 
line profile which is only broadened by the instrumental 
factors and the x-ray spectrum used. The ƒ profile is obtained 
after a deconvolution procedure (Stokes 1948). 

13 



Two cases can be considered in practice. 

(i) The broadening due to instrumental factors is dominant in the 
g profile 
This occurs at the smaller 20 values. If we assume that the 
wavelength distribution is a delta function, each ƒ value is 
diffracted at a sharply defined diffraction angle; however, the 
intensity is recorded over a range of measured 29 values for 
which the L and P factors are determined by that one sharply 
defined diffraction angle. Therefore both theg and the h profile 
should not be corrected for the angle dependence of the L and 
P factors. After the deconvolution procedure the ƒ profile 
should be corrected for the angle dependence of the L and P 
factors. Then the LP factor relevant to the distribution of the 
intensity over 20 has to be used. 

(ii) The spectral broadening dominates in the g profile 
This occurs at the larger 20 values. With only spectral broaden
ing present, each/'value is diffracted by the whole wavelength 
distribution, leading to recorded intensities over a range of 
measured 20 values. The recorded intensity at each 20 value is 
dependent upon the L and P factors for that 20 value. There
fore both the g and the h profile should be corrected for the 
angle dependence of the L and P factors before performing a 
deconvolution procedure. In this case the ^ profile should be 
corrected using the LP factor for the integrated intensity (but 
with a variable 0) (see also Ladell 1961). If the h profile is 
dominated by the structural broadening (which is usually the 
case) it should be corrected by applying the LP factor relevant 
to the distribution of the intensity over 20. If the spectral 
broadening dominates the It profile, the LP factor for the 
integrated intensity should be used. 

4 The correction for the angle dependence of the structure 
factor 
Within the g profile taken from an ideal standard specimen (no 
structural broadening) the structure factor is not angle depen
dent at all. It is clear that a correction for the angle dependence 
of the structure factor should be performed after the deconvo
lution procedure. 

In most cases this correction is performed sufficiently if the 
angle dependence of the atomic scattering factors is taken into 
account (an exception has been dealt with by Bley and Fayard 
1976). 
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Abstract 

Up to now theoretical work did not arrive at a full description of the 

X-ray diffraction line broadening due to the instrumental conditions in 

the absence of spectral broadening. Therefore in this paper an experimental 

approach was chosen. The line profile due to the instrumental conditions, 

was obtained from the measured line profile of a standard specimen by 

elimination of the spectral broadening, applying a model for the wavelength 

distribution. Employing common experimental conditions, it was found that 

for 20 > 50 the spectral broadening is dominant in the line profile and 

that for the larger 29 values and for small values of the harmonic 

number the Fourier coefficients corresponding to the broadening by the 

instrumental conditions may be assumed to be independent of 29. Therefore, 

if one is obliged to use in size-strain analysis a standard specimen 

that diffracts in a 26-range different from that of the line profile 

to be investigated, corrections for the difference in broadening due 

to the instrumental conditions between the profiles of approximate and 

ideal standard specimen are unnecessary. Hence only corrections for the 

difference in spectral broadening should be made. In addition a method 

is proposed to determine the ratio R = 1 (max)/I (max). 
a2 a} 
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1. Introduction 

Apart from the structural broadening, X-ray diffraction line profiles 

are broadened by 

(i) the instrumental factors of the diffractometer used, and 

(ii) the wavelength distribution applied. 

A knowledge of these two types of broadening, which interfere with the 

structural broadening, is desired. 

In the literature there have been moderately successful attempts to 

describe the line broadening caused by the instrumental conditions from 

a theoretical point of view. According to Kl ug & Alexander (197*0 the 

difference between theory and practice is due to alignment errors. In 

view of the large discrepancies found it may be concluded that an 

experimental treatment of these broadening phenomena is useful. 

The purpose of this paper is to investigate the X-ray diffraction 

line broadening due to the diffractometer condition as a function of 

26. To this end the broadening caused by the X-ray spectrum used is 

eliminated from experimentally determined line profiles of a so-called 

standard specimen, using an analytical description of the Ka doublet. 

The treatment Is restricted to the Fourier coefficients of the profiles 

since these are widely used in deconvolution procedures (Stokes 19^8) and 

in size-strain analysis (Warren 1969). 

2. Experimental procedure 

From a s tandard s i l i c o n powder sample [ N a t . B u r . o f S tandards SRM 640] 

the l i n e p r o f i l e s o f t he ( 1 1 1 ) , ( 2 2 0 ) , ( 3 1 1 ) , ( 3 3 1 ) , ( 5 1 1 ) / (333) , ( 5 3 0 

and (533) r e f l e c t i o n s were recorded a p p l y i n g t h e CuKa d o u b l e t . The 

p r o f i l e s were s tepscanned a c c o r d i n g to t h e p r e s e t - t i m e method on a 

Siemens to d i f f r a c t o m e t e r equ ipped w i t h an X - r a y t ube o p e r a t i n g a t k5 kV. 

17 
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(HKL) 

(111) 

(220) 

(311) 

(33D 

(510/(333) 

(530 

(533) 

26 range 

26.5-30.k 

kS.5-^9.1 

53-5-58.5 

73-5-79.5 

92.0-98.5 

110.5-118.0 

i 133.O-Hl.5 

step size 

(°29) 

0.010 

0.010 

0.010 

0.010 

0.015 

0.015 

0.015 

counting time 

per step (s) 

10 
10 
10 
20 

30 
30 
90 

mean backg 

low angle 

s ide 

(counts) 

75 
70 
55 
75 
130 
135 
390 

round at 

hi gh angle 

s i de 

(counts) 

70 
70 
50 
80 
120 
125 
420 

peak 

maximum 

(counts) 

A1511 

16008 

8888 

8611 

9730 

8608 

11316 

Table 1. 
The number of counts measured at the background and at the peak 
maximum and the 20 ranges, the step sizes and the counting times 
per step employed in recording the line profiles of the standard 
silicon powder sample [NBS SEM640]. 



1.3 

A g r a p h i t e monochromator was mounted between t h e s p i n n i n g sample and the 

s c i n t i l l a t i o n c o u n t e r . D i ve rgence and r e c e i v i n g s l i t s were 0 . 5 and 

0.05 mm r e s p e c t i v e l y . S o l l e r s l i t s w i t h k d i v e r g e n c e were used . P u l s e -

he igh t d i s c r i m i n a t i o n was employed. In t a b l e 1 t h e 26 r a n g e s , t h e s t e p 

s i z e s , the c o u n t i n g t imes pe r s t e p , and t h e numbers o f c o u n t s measured 

a t the background and t h e peak maximum a r e g a t h e r e d . 

The l i n e p r o f i l e s were c o r r e c t e d f o r t he backg round by l i n e a r i n t e r p o l a t i o n . 

Accord ing t o Delhez c . s . (1977) a l l p r o f i l e s , e x c e p t t h e (111) p r o f i l e , 

were co r rec ted f o r t he a n g l e dependency o f t he L o r e n t z and p o l a r i z a t i o n 

f a c t o r s . The F o u r i e r a n a l y s i s was per fo rmed on a s i n 8 - s c a l e . The o r i g i n 

was placed a t t he c e n t r o i d s o f the l i n e p r o f i l e s . The p e r i o d a used f o r 

the c a l c u l a t i o n o f t he F o u r i e r c o e f f i c i e n t s runs f r o m - 0 . 0 ^ 3 3 t o +0.0433 

f o r al 1 r e f l e c t i o n s . 

3. Mathematical bas i s 

S t r u c t u r a l b roaden ing by the s tandard specimen u s e d , can be c o n s i d e r e d 

n e g l i g i b l e . The measured i n s t r u m e n t a l l i n e p r o f i l e g , w h i c h compr ises 

the broadening due t o t h e X - ray spectrum a p p l i e d and t h e i n s t r u m e n t a l 

f a c t o r s of the d i f f r a c t o m e t e r used , is t aken as t h e sum o f t h e p r o f i l e s 

of the K and K components . The b roaden ing due t o t h e i n s t r u m e n t a l 
a1 2 

f a c t o r s is very n e a r l y t he same f o r both components ( c . f . s e c t i o n k) ; t h e 

s p e c t r a l b roadening d i f f e r s somewhat (Edwards and L a n g f o r d 1 9 7 1 ; Compton 

and A l l i s o n 1935) . From t h e combined e f f e c t o f b o t h t y p e s o f b r oaden i ng 

i t may be assumed t h a t bo th components have the same shape. Th i s shape 

is put equal t o t h a t o f an i n s t r u m e n t a l p r o f i l e g i n t e r m e d i a t e between 

t ha t o f the a. and a„ components . 

The c e n t r o i d of t h e i n t e r m e d i a t e wave leng th d i s t r i b u t i o n i s chosen 

such t h a t <X > = {<X.> + R< A0>) / (1 + R) where R i s t h e r a t i o o f the maxima 
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o f the a , and a. p r o f i l e s and <X-> and <A„> are the c e n t r o i d s o f the a.. 

and cu wavelength d i s t r i b u t i o n s . Wi th x d e f i n e d on a s i n 6 - s c a l e (advantages 

discussed by Oelhez and M i t t e m e i j e r 1975a) , the Fou r i e r c o e f f i c i e n t s G (n) 

o f the inst rumenta l p r o f i l e g (x) a re g i ven by 

G (n) = G (n) [exp - inRa + Rexp i na ] 

where, d being the spacing of the r e f l e c t i n g p lanes ,a = TT(<X„> - <A.>) /d ( l+R)a 

and G (n) is the n- th Four ier c o e f f i c i e n t o f g ( x ) . c ac 

The instrumental p r o f i l e g can be considered as the c o n v o l u t i o n o f the 

5 

spec t ra l p r o f i l e g of the i n t e r m e d i a t e wave length d i s t r i b u t i o n and the 

p r o f i l e g due to the broadening caused by the ins t rumen ta l c o n d i t i o n s . 

Expressing t h i s in terms of F o u r i e r c o e f f i c i e n t s one ob ta ins 

G c (n) /G c (o) = G^(n) .G*(n) 

where G (n) and G (n) are the Fourier coefficients of g and g respectively, c c 3c 3c 
normalized such that G (o) = G (o) = 1 . c c 

It is generally accepted that the wavelength distribution can be given 

by (e.g. Kl ug and Alexander 1971*) 

g!U) = {l + k(\ - <x >) /w2} (3) 

where w is the width at half height. 

Combination of eqs. (1), (2) and (3) yields 

G (n) . 1 
/lol = G c ( n ) TfR [exp " inRa + Rexp i n a ] e x p " m {k) 
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Fur the r we d e f i ne 

1.3 

G » 
= A (n) + iB (n) and G1 (n) = A (n) + i B 1 (n) (5) 

G (o) m m c c c 
m 

The unknown A (n) and B (n) can be c a l c u l a t e d f r o m e q s . (4) and (5) ' . A (n) c c m 

and B (n) f o l l o w f rom t h e measured l i n e p r o f i l e s . <X.>, <X„> and w f o l l o w 

f rom the l i t e r a t u r e (Edwards and L a n g f o r d 1 9 7 1 ; Compton and A l l i s o n 1 9 3 5 ) . 

R should in p r i n c i p l e be d e t e r m i n e d f o r each l i n e p r o f i l e s e p a r a t e l y 

(K id ron and Cohen 1973)- In t h i s paper R has been d e t e r m i n e d f o r each 

l i n e p r o f i l e a c c o r d i n g t o a method d e s c r i b e d in the a p p e n d i x . 

h. Resul ts and d i s c u s s i o n 

In p r a c t i c e the F o u r i e r c o e f f i c i e n t s s h o u l d be g i v e n as a f u n c t i o n o f 

the d i s tance L = n X / 2 a , p e r p e n d i c u l a r t o the r e f l e c t i n g - p l a n e s . 

In F igs , l a , b and c A (L) , A ' ( L ) , B (L.) and B ' ( L ) a r e p l o t t e d f o r 3 m e m c 

the (111) , (331) and (533) p r o f i l e s r e s p e c t i v e l y . In e l i m i n a t i n g the 

s p e c t r a l b roaden ing the n o i s e f rom c o u n t i n g s t a t i s t i c s p roduces p e r i o d i c 

r i p p l e s on the F o u r i e r c o e f f i c i e n t s (Delhez and M i t t e m e i j e r 1975b) . The 

f a c t o r exp - Trnw/2da i m p l i e s an i n c r e a s i n g a m p l i t u d e o f the r i p p l e w i t h 

i nc reas ing L and s i n B . T h i s is seen in t h e A (L) abd B (L) cu r ves o f 

F i g s . 1a, b and c. 

The ratio of the width of the A (L) curve to the width of the A (L) 
c m 

c u r v e , a t A (L) = A (l_) = 0 . 5 , i s shown i n F i g . 2 as a f u n c t i o n o f s i n 8 . c m 

I t can be seen f rom F i g . 2 t h a t a t sma l l ang les the b r o a d e n i n g by t h e 

i ns t rumen ta l f a c t o r s domina tes [ c . f . F i g . 1 a ] , w h i l e a t l a r g e r a n g l e s 

[ c . f . F i g . 1c] the s p e c t r a l b roaden ing is d o m i n a n t . In f a c t i t was f o u n d 

t h a t f o r 26 > 50 o v e r h a l f o f the l i n e b r o a d e n i n g i s due t o t h e s p e c t r u m 

used. This s t r e s s e s the u s e f u l n e s s o f c o r r e c t i o n s f o r s p e c t r a l b r o a d e n i n g 
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1. The cosine and sine Fourier coefficients of the measured line profile> 
A (L) and B (L) respectively_, and of the profile solely due to the 
instrumental conditions, A (L) and B (L) respectively, for the ill!) 
reflection (Fig. la), the (331) reflection (Fig. lb) and the (533) 
reflection (Fig. lc). 
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Fig. 2. The ratio of the width of the A (L) curve 
to the width of the A (L) curve at A (L) -J m c 
A (L) = 0.5 as a function of sinQ. 
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s e B e • Ac 

[usöTl 

"W i ' i "5 " T 

0.20 O.iD 0.80 1.00 

SIN 9 

• • A r 

0.(0 0.60 0.80 1.00 

SIN 8 

L=267 A 

0.20 0.1.0 1.00 

SIN e 

Fig. 3. The cosine and sine Fourier coefficients of the measured line profile, 

A and B respectively, and of the line profile solely due to the 

instrumental conditions, A and B respectively, as a function of 

sinQ for L = 89 & (Fig. 3a), L = 178 % (Fig. 3b) and L = 267 % 

(Fig. 3c). 
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(Delhez and Mittemeijer 1975a; de Keijser and Mittemeijer 1977). 

Figs. 3a, b and c show A , A , B and B as a function of sinö for a m c m c 
L equals 89 8, 178 8 and 267 8 respectively. 

In line profile analysis it is often unavoidable to use an approximate 

standard line profile in the deconvolution procedure (de Keijser and 

Mittemeijer 1977)- In case the spacings of the reflecting planes of ideal 

and approximate standard specimen are different the approximate and ideal 

standard line profiles are centered around different sine values. More or 

less correct values for the Fourier coefficients of the ideal standard 

line profile can be obtained from an interpolation at the correct sin6 
value of the A and B curves as shown in Figs. 3a, b and c*. However this m m 3 

has to be done at every value of L. Furthermore every change in the 

instrumental conditions and in the wavelength distribution and in 

composition of the specimen under investigation obliges to start over 

again the measurements of the standard line profiles. Therefore this may 

be considered as an impracticable method. 

In many practical situations an alternative procedure is possible: 

Figs. 3a, b and c show that at larger sin8 values G is approximately 

constant and that with larger values of L this constancy is attained at 

larger values of sinS [the scatter at large sin6 values is primarily 

* In the profile fitting method (Taupin 1973; Huang and Parrish 1975), 

which was applied succesfully to unravel clusters of peaks in complex 

powder patterns, the parameters for the Lorentzians used to describe 

the profile, are obtained analoguously. When Fourier series are used 

in size-strain analysis (Warren 1969) a direct description in terms 

of Fourier coefficients is preferable. 
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due to counting statistics]*. With a view to size-strain analysis only 

the smaller values of L are of interest (c.f. Fig. 1 in the paper by 

Delhez and Mittemeijer 1976). If the centroids of the line profiles 

of the approximate and the ideal standard specimen differ less than 

0.025 [this implies a difference in spacing of 5% at sine = 0.5] it 

follows from Figs. 3a, b and c that for the L values of interest and 

for the whole sine range investigated 0.96 < G /G < 1.04, where 

G and G denote the Fourier coefficients corresponding to the c,m c 
approximate and ideal standard specimen. It should be noted that this 

ranqe is an overestimate obtained from Fig. 3c. Assuming G /G = 1 3 c c,m 
results In negligible errors in size-strain analysis: as can be easily 

shown the error in the particle size calculated is nil while the error 

in the mean square strain calculated < 1.10"7. Hence only corrections 

for the difference in spectral broadening between ideal and approximate 

standard line profile should be made by use of eq. (4). 
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Appendix 

1.3 

THE DETERMINATION OF R = I ( m a x ) / I (max) 
a 2 a} 

Accord ing t o Gangulee (1970) t h e t r u e v a l u e o f R i s s e t t l e d i f t h e 

minimal va lue i s o b t a i n e d f o r t h e r e s i d u e 

Res(R) = I | I ( x ) I - I (x) 
x 1 1 

where the a. i n t e n s i t i e s I (x) are o b t a i n e d by e l i m i n a t i o n o f the a n l a , L 1 
intens i t i e s I ( x ) . a 2 

According to Kidron and Cohen (1973) and our own experience this 

procedure does not always give satisfactory results. Therefore a modified 

procedure is applied. The minimum of the residue 

Res(R) = I |I (x)| + |I (x)| - I (x) - I (x) L ' a . ' a9 ai ao 

is used as the criterion for the true value of R. The cu intensities are 

found by the method of Delhez and Mittemeijer (1975a). Up to now 

satisfactory results have been obtained. 

In principle the residue may also be used to optimize the doublet 

separation. 
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It is shown that it is necessary to use an angle-dependent doublet separation within a given profile when 
performing an a2 elimination in X-ray diffraction line profiles. Two formulations for the doublet separation 
are suggested, which give better results than the doublet separation as obtained from a differentiation of 
Bragg's law. One formulation has the important advantage of being a constant on a sin 0 scale; the other 
formulation may serve as the basis for a computerized monochromator. 

1. Introduction 
In line-profile analysis it is often impossible to obtain 
a satisfactory correction for the instrumental broad
ening by a deconvolution method. In such cases 
separation of the a,-a2 doublet is still possible. Two 
methods for a2 elimination are commonly employed: 
the substitution correction (usually referred to as the 
Rachinger correction) (DuMond & Kirkpafick, 1931; 
Rachinger, 1948) and the Fourier correction (Gangulee, 
1970). The basic assumptions of both methods are (i) 
that the two components have the same shape, (ii) that 
the intensity ratio is known and (iii) that the doublet 
separation is also known. 

In practice both methods are usually applied on a 
20 scale with a constant doublet separation - within 
a given profile - which is obtained by differentiating 
Bragg's law [e.g. Wagner, 1966). 

The main purpose of this paper is to show the 
necessity of using an angle-dependent doublet separa
tion within a given profile, but it will also be emphasized 
that the doublet separation has to be calculated 
properly. 

2. Formulae for the doublet separation 
For both os-elimination methods the basic assumption 
involved in the analysis is the shape identity. This can 
be formulated as: an intensity / , , of the a2 distribution 
at any position x is accompanied by a corresponding 
intensity/ai of the a,, distribution at x-Ax, the doublet 
separation Ax being a constant. Thus 

I12(x) = K.Itl[x-Ax), (1) 

where K is a constant. 
Usually x is identified with 20, so the doublet separa

tion A20 is assumed constant, although it is well known 
that the doublet separation on a 20 scale increases with 
increasing values of 20. It is more realistic to identify 
x either with the wavelength or with the frequency 
(Compton & Allison, 1935). 

Identifyingx with wavelength ?.-so that AA = X1 — )^ 
is a constant - the doublet separation <5A on a 20 scale 

can be calculated. Using the Bragg law for / , and /.2, 
one obtains 

6k = 202 - 20, = 2 arcsin (sin 0, + A/./2tl)-20,, (2) 
in which 0, and 02 are the angles at which the corre
sponding wavelengths / , and ?.2 of the a, and y.2 
distributions diffract and </ is the interplanar lattice 
spacing. 

If x is identified with the frequency v the doublet 
separation <5V on a 20 scale can be calculated in a 
similar way. 

It can be shown that <5;. and <5V may be approximated 
very accurately by 

6R = 2 arcsin (R sin 0 0 - 2 0 , (3) 
in which R — /.2//.\ is a constant. 

By differentiation of the Bragg law the doublet 
separation ^fi is obtained: 

6B = 2 tan 0. Ak/{?.), (4) 
where </.} is the centroid wavelength of the doublet. 
The doublet separation SB is angle dependent with 0 
between 0, and 02. In the literature usually a constant 
doublet separation is applied, calculated from (4) using 
a fixed value of 0 for the profile. 

The constants A), in (2) and (4) and R = ;.2//.l in (3) 
can be determined from spectroscopie data for the 
peak values of the a, and a2 wavelength distributions. 

The interplanar lattice spacing d can be obtained 
from the centroid of the line profile and the centroid 
wavelength (Delf. 1963). 

3. Discussion 
Calculations showed that the differences between §,_, 
Sv and SR are very small. Since only 5R can be deter
mined without knowledge of the interplanar spacing 
and since the differences between <5K and 6B are much 
larger than those between <5R, <5; and <)v,, only the 
differences between SR and SB are given here. 

Fig. 1(a) shows dR as a function of 20 for different 
characteristic Ken. radiations. For small values of 20 
the angle dependency of the doublet separation is of 
minor interest. But at larger values of 20 it is observed 
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on the high-angle side' reported frequently in the 
literature as inherent in the substitution correction. 

However, as can be seen from curves b and c, the 
oscillations are diminished by the use of an angle-
dependent doublet separation. The remaining in
accuracies are most probably caused by the fact that 
even on a wavelength scale there is no perfect shape 
identity of the cc1 and a2 distributions. 

The line profile of curve b obtained with the doublet 
separation bh should be compared with curve c, 
based on (4). (The results obtained with ÖR and 5V were 
identical to that obtained with dx.) The decrease of 
intensity in curve b has a more realistic appearance 
than the rather angular character of curve c, as is 
illustrated by the dashed curves. We remark that the 
angle of incidence for the profile of Figs. 2 and 3 was 
not very high in terms of the scale of Fig. 1. The 
difference ÖR~3B was only 0-003*20. Nevertheless the 
differences between curves b and c are quite clear. At 
higher angles of incidence and/or with shorter charac
teristic wavelengths these differences are still more 
pronounced. 

If the a2 eliminations are performed with the Fourier 
correction instead of the substitution correction the 
same results are obtained (see also Delhez & Mitte-
meijer, 1975). 

Line-profile analysis is usually done on a sin$ 
scale. Therefore it is efficient to use a doublet separa
tion which is a constant on such a scale. Only 5k has 

(b) 

Fig. 1. (a) The doublet separation öR as a function of 20. (b) The 
difference of the doublet separations 6R-6B as a function of 20. 

that a considerable error will be made if this angle 
dependency is neglected. 

In Fig. 1(b) 8R-SB is given as a function of 20 for 
the same characteristic wavelengths. It is clear that 6B 
is systematically less than SR and this difference in
creases sharply at higher 20 values. 

We performed a2 eliminations according to the 
substitution correction on a number of experimentally 
determined line profiles. After smoothing and subtrac
tion of the background, the line profile was corrected 
for the angular dependence of the Lorentz, polariza
tion, structure and Debye-Waller factors. Typical 
results of the a2 elimination for constant doublet 
separation and for angle-dependent separation ac
cording to (4) and (2) are shown in Figs. 2 and 3. The 
oscillations on the high-angle side in Fig. 3 curve a are 
caused by the invalid assumption of a constant doublet 
separation. We believe that these are 'the oscillations 

^ 5 
22»' 

12 5.00 126.00 127.00 ;28.0Q 120.03 
>2xTHETfi 

Fig. 2. The substitution correction applied to the 422 line profile of 
an MgO powder specimen using the doublet separation dx. The 
measured total profile and the computed a, line profile are shown. 
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this convenient property, because for a fixed value of 
d the sin Ö scale is proportional to the X scale. 

Thus it is concluded that the use of an angle-
dependent doublet separation within a given profile 

0,00 

0.00 

129,50 
->2 *THETA 

Fig. 3. Parts of the high-angle side of the 2, line profiles obtained with 
the substitution correction from the total 422 line profile of Fig. 2. 
Curve a: with a constant doublet separation; curve b: with i>„: 
curve c: withrt,,. 

according to (2) is strongly recommended when an 
■j.2 elimination is performed. Formulation (3) is of 
particular interest when it is impossible to determine 
the interplanar spacing. If an a2 elimination is needed 
over a large range of 0 values containing more than one 
line profile, formulation (3) serves as the basis for a 
computerized monochromator. 

The authors are greatly indebted to Professor B. 
Okkerse, Dr F. W. Schapink and Mr T. v. Dijk for 
stimulating discussions. They also read the manuscript 
carefully. 

Part of this work was carried out under the research 
programme of the Stichting voor Fundamenteel Onder
zoek der Materie (F.O.M.), with financial support from 
the organisation Z.W.O. and the Metaalinstituut 
TNO. 
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BY R. DELHEZ AND E. J. MITTEMEIJER 

Laboratory of Metallurgy, Delft University of Technology, Rotterdamxeweg 137, Delft, The Netherlands 

{Received 14 April 1975; accepted 15 July 1975) 

The errors in the Fourier coefficients of the %i component obtained by y.2 elimination are investigated 
analytically. The effects of counting statistics, of an incorrect intensity ratio oft he y.x and x, components and 
of an incorrect doublet separation are calculated. The mean-square error in the Fourier coefficient caused 
by counting statistics is a periodic function of the harmonic number, while errors in the intensity ratio and 
in the doublet separation primarily affect t ie first Fourier coefficients. The results are confirmed by 
computer simulations and by computations with experimental line profiles. The x2 elimination methods 
assume a perfect shape identity of the x, a'ld %l components, but this assumption is not completely 
justified. Deviations might be interpreted as 1 oca! errors in the doublet separation and the intensity ratio. 

1. Introduction 
The Fourier coefficients of a line profile are very often 
used, for example in the well known Warren-Averbach 
analysis (Warren, 1969). 

Different sources of'errors occurring in the Fourier 
coefficients have been considered in the literature. The 
errors caused by sampling and truncation of the profile 
have been treated fully by Brigham (1974). The errors 
in the Fourier coefficients caused by an inaccurate 
choice of background have been treated by Young, 
Gerdes & Wilson (1966), while Wilson (1967, 1968, 
1969) considered the influence of counting statistics. 
This paper considers the errors in the Fourier coeffi
cients of the a, line profile obtained by elimination 
of the a2 component from the Ky. doublet. As men
tioned earlier (Delhez & Mittemeijer, 1975) two 
methods for a2 elimination are commonly employed: 
the substitution correction and the Fourier correction. 

2. Brief formulation of the two a2 elimination methods 
Let /,(.x), It(x) and I2(x) be respectively the total, the 
KtXi and the Ka2 line profiles. Then 

i,(.x) = /,(x) + /2(.v). (2.1) 
Introducing the three basic assumptions (Delhez & 
Mittemeijer, 1975), we obtain: 

I1(x) = I,(x)-RI1(x-6), (2.2) 
where ^ = /2(max), 7,(max) and Ó is the doublet 
separation. 

(i) Tlie substitution correction 
When the expression for /,(.v —<S) obtained by-

replacing .v by x-ö in (2.2) is substituted in (2.2) and 
the substitution is made repeatedly, one obtains: 

M 

/,(*)= ^(-Rnix-md). (2.3) 

If there are 2N equidistant data points the Fourier 
coefficients As(n) are defined by: 

j 2.V - 1 

•4.v(»)=^7 I Ii(x)exp{-2mnx/2N\. (2.4) 

These coefficients- are obtained by fast Fourier trans
formation {e.g. Brigham, 1974). The error of the 
machine algorithm for this transform procedure is neg
ligible compared to the experimental errors consi
dered in this paper. 

(ii) Die Fourier correction 
The Fourier coefficients of the total and the 'xt line 

profiles are defined by T(n) and At\n) respectively 
\_Ar(n) is analogous to As{n) in (2.4)J. After substitution 
of the Fourier series for I,(x) and I^x) in (2.2) it is 
found that 

/ M « ) = T ( H ) / P ( H ) , (2.5) 
in which: 

P(n) = 1 + R exp { - IninèjlN]. (2.6) 
In recent literature the Fourier correction is 

favoured (Gangulee, 1970; Kidron & De Angelis, 
1971) although the two methods are mathematically 
equivalent; from (2.3) and (2.4) follows that 

>*s(«) = jjjI ( - RF exp { - ImmnèjlN) 

x Y. /,{.v — w<5.) exp { — 2nin(x — mo)j2N) 

= TUi)/P(n) = AM = A(n). (2.7) 
Because computation time for the Fourier correction 
is considerably larger than for the 'old' substitution 
correction, we prefer the latter. 

3. The influence of counting statistics 
The mean-square error in the Fourier coefficient of the 
total line profile is given by: 
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\AT(n)\2 j2NfI,YAI<(XiWt(x2) 

xexp { —27tin(x1— x2)}. (3.1) 

We assume 'white noise', i.e. there exists a relation 
between the errors caused by counting statistics only 
if x1=x2=x. Hence 

W(^2 = ̂ lWxf. (3.2) 
When (2.6), (2.7) and (3.2) are combined, 

\AA(n)\2 = 1 Iki/,wi* 
(IN)2 (l + 2Rcos27Ui<5/2/V + R2 

If ƒ,(.x) represents the actual number of counts: 

XR7MF=£/,(x). 

. (3.3) 

(3.4) 

The result (3.3) is supported by acomputer simulation. 
For this purpose we used a{ and cc2

 m i e profiles of the 
asymmetric Gaussian type, with an index of asymmetry 
of 1-5. The ratio R was taken as 0-5. The total profile is 
given by: 

/fW = C1exp{-c?(x + 5)2} + C 2 exp{-c |x 2 }, (3.5) 

inwhichCi = 10;C2 = 5;ci = 1-5 forx< - l-2,rl = lfor 
x > - l - 2 ; c 2 = l-5forx<0, c2 = l forx>0;and (5=1-2. 
The spacing of the 128 data points used was 0-1 [so 
5/2N=(1 -2/0-1 )/l 28]. Scatter was generated using sub
routines to calculate random numbers according to the 
normal distribution for a given mean and a given 
standard deviation. The given mean is the intensity 
calculated from (3.5) and the standard deviation a was 
taken as a[x) = \/I,(x), which means that the preset-time 
method of measurement was simulated. Each simula
tion consisted of thegeneration of a profile with counting 
statistics superimposed and subsequent a2 elimination. 

From the Fourier transforms of aL profiles obtained 
from 50 simulated profiles and the transform of the 
pure a1 profile the |d^4(n)|2 values were obtained. The 
result of the simulations is shown in Fig. 1 and agrees 
fairly well with (3.3). This implies that the relative mean-
square error of the Fourier coefficients A(n) increases 
rapidly with \n\, because A(n) has only large values for 
small values of jn|. 

4. The influence of an error in R and in 8 
From (2.7) one obtains: 

- T(n)AP(n): 

\AA(n)\2 = P\n) (4.1) 

From (2.6) and (4.1) it is derived in the case of an error 
AR in the intensity ratio R that 

\AA(n)\2 = \AR\2T2[n) 

and in the case of an error A 5 in the doublet separation 5: 
2 _ (2nRAö\2 n2T2(n) 

\AA(n)\ - ^ 2N J {l + 2Rc0S2nnö/2N+R2r^3) 

The results (4.2) and (4.3) are supported by computer 
simulations, using the procedure as described in § 3. 
The influence of counting statistics is combined with an 
error AR = -0-05 and an error AS= +619. 

{{ + 2Rcos2mi5/2N + R-f 
(4.2) 

» HARMONIC NUMBER 

Fig. 1. Mean-square error in the Fourier coefficients of an 2, line 
profile caused by counting statistics. Full line: obtained from 50 
simulated doublets. (Straight line segments have been drawn 
between the calculated points.I Dashed line: theoretical curve; 
equation 13.31. 

Fig. 2. Mean-square error in the Fourier coefficients of an at line pro
file caused by an inaccurate R value (0-451 and counting statistics. 
Fifty simulated doublets with K = 0-5 were used. 

Fig. 3. Mean-square error in the Fourier coefficients of an a, line 
profile caused by an inaccurate rt ( = 1-2*10/9) and counting 
statistics. Fifty simulated doublets with 6 = 12 were used. 
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The results are shown in Figs. 2 and 3. It follows that 
the influences of errors in R and 5 are restricted to the 
smaller values of \n\, which are the most important 
ones (e.g. for a Warren-Averbach analysis). The 
periodic mean-square error caused by counting statis
tics predominates at larger values of \n\ (§ 3). Further
more it follows from a comparison of Figs. 2 and 3 
that the a, Fourier coefficients are more sensitive to 
an error in the doublet separation than to an error in 
the intensity ratio. If the influence of an error in the 
intensity ratio is neglected - which is usually justified 
except for the first Fourier coefficients - it follows from 
(3.3) and (4.3) that the error in the doublet separation 
is only important if 

^(Aöf-ilnnRYKX+lRcaslTinóilN + R2). (4.4) 
This inequality supplies a criterion to decide whether 
a further improvement in the counting procedure is 
useful compared to the inaccuracy in the doublet 
separation from spectroscopie data. 

5. a2 elimination in experimental line profiles 
The 533 line profile of a standard silicon powder 
sample was recorded 31 times with Cu Ka radiation. 
After subtraction of the background, the profiles were 
corrected for the angular dependence of the Lorentz 
factor, the polarization factor, the structure factor and 
the Debye-Waller factor. The a2 eliminations were 
performed on a sin 0 scale and the doublet separation 
was calculated according to Delhez & Mittemeijer 

Fig. 4. Variance in the Fourier coefficients of the a, line profile ob
tained by aj elimination from 31 recordings of the 533 line profile 
of a standard silicon powder specimen. 

(1975). Since the transform of the true a{ profile is not 
known, we assume the mean of the 31 transforms of 
the «j component obtained after a2 elimination to be 
the true transform. Therefore the variance for each n 
of A(n) may be considered as the mean-square error. 
In Fig. 4 the variance is plotted. For larger values of 
\n\ the periodic behaviour, as predicted by (3.3) as a 
consequence of counting statistics, is observed. For 
the smaller values of \n\ the variances are large. This 
may be explained in the following way: The a2 elimina
tion method assumes the shapes of the c/.l and a2 
components to be identical. In practice this is not true, 
since there are systematic deviations in shape(Compton 
& Allison, 1935) - but these are not detectable by a 
variance calculation - and statistical fluctuations in 
shape (for example originating from counting statis
tics). Deviations from perfect shape identity can be 
considered as local errors in 6 and/or R. Therefore in 
our opinion the first large variances in Fig. 4 could be 
due to imperfect shape identity in each experimental 
line profile. 

The authors are greatly indebted to Professor B. 
Okkerse, Dr F. W. Schapink and Mr T. v. Dijk for 
stimulating discussions. They also read the manuscript 
carefully. 

Part of this work was carried out under the research 
programme of the Stichting voor Fundamenteel 
Onderzoek der Materie (F.O.M.). 
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1. Introduction 

In line profile analysis it is often impossible to obtain the pure 

line profile - that is the line profile corrected for all the instrumental 

broadening - by any deconvolution procedure. In those cases separation 

of the a.a„-doublet of the characteristic Kct radiation used is still 

possible. The success of such a method is based upon the fact that an 

important part of the instrumental broadening arises from the presence 

of the a„ component. 

From Brill's work in 19281 up to now a number of methods for elimination 

of the a„ component from the doublet have been proposed. Nowadays two 

methods have become common practice: 

(i) The substitution correction. This elimination method is frequently 

referred to as the Rachinger correction, but the method is originated 

by DuMond & Kirkpatric in 19312 *3-

(ii) The Fourier correction, which is developed by Gangulee in 1970^. 

Both methods have the following three basic assumptions [c.f. Fig. 3 in 

ref. 5]: 

a. The a., and a- line profiles have the same shape. 

b. The intensity ratio R [= I (max)/I (max)l is known. 

c. The doublet separation 5 is known. The doublet separation is the 

distance between corresponding abscissa-values; an example is the 

distance between the maxima of the a. and a„ line profiles. 

From these assumptions it can be derived that the intensity of the a.. 

line profile is given by the following summation: 

M 
I (x) = I (-R)m l.(x-mfi) (D 
1 m=0 z 

At the right hand side of this equation only known quantities are present. 
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I f A(n) and T(n) denote the F o u r i e r c o e f f i c i e n t s of the c^ and t o t a l 

l i n e p r o f i l e r e s p e c t i v e l y , than A(n) is g i ven by the s imp le d i v i s i o n : 

A(n) = T ( n ) / P ( n ) (2) 

where: P(n) = 1 + R exp{-2ïïinö/a} 

("a" is the period over which the Fourier series have been evaluated ). 

Eq. (1) is the basis for the substitution correction whereas eq. (2) is 

the basis for the Fourier correction, where the a. line profile follows 

after a synthesis with the calculated a1 Fourier coefficients. 

Both methods have been programmed for computer utilization. Here we 

would like to present a critical comparison on practical grounds of both 

methods. 

2. Advantages of the Fourier correction mentioned in the literature 

In the recent literature4'6 the Fourier correction is preferred because 

of two advantages mentioned: 

(i) The Fourier correction does not give oscillations at the high angle 

side in the calculated a., line profile, in contrast with the 

substitution correction. In the literature it is frequently said 

that these oscillations accompany the substitution correction 

(e.g. ref. 7). 

(ii) The Fourier correction does not need an interpolation of data points 

in contrast wi th the substitution correction. It can be easily seen 

from eq. (1) that the substitution correction needs an interpolation 

of data points since the experimentally determined intensity values 

are in general not known at abscissa-values x-mö. 
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3. Discussion of the first advantage mentioned (abridged) 

Three formulations for the doublet separation 6 may be applied8 

6A = 26 2 - 261 = 2 arcsin (sin61 + AX/2d) - 26 , (3) 

Al 6C = 2 arcsin (— sine.) - 29.. , (A) 

&0 = 2 tan6 AX/<X> , (5) 
D 

where X. en X„ follow from spectroscopie data for the peak values of the 

ex.. and cu wavelength distributions; AX = X„ - X. and <X> denotes the 

centroid wavelength. 

The results with respect to the oscillations on the high angle side 

of the a- profile calculated with these formulations differ notably8. 

The Fourier correction and the substitution correction produce the 

same oscillations. Indeed one should not expect any difference in results 

between both methods since they are mathematically equivalent (proof in 

ref. 9 ) . Apparently this was not realized by previous authors. 

An angle dependent doublet separation in stead of a constant one 

diminishes the oscillations mentioned. Since line profile analysis is 

usually done on a sine scale it is efficient to use a doublet separation 

which is a constant on such a scale. 6 has this convenient property. 
A 

6_, the close approximation of 6., is of particular interest when it is 

impossible to determine the interplanar spacing d (which is necessary 

for 6,) . Furthermore if an cu-elimination is needed over a large range of 

S-values including more than one line profile then 5- serves as the basis 

for a computerized monochromator. 
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h. Discussion of the second advantage mentioned 

According to previous authors [c.f. section 2] the Fourier correction 

does not need an interpolation of data points, in contrast with the 

substitution correction. 

For the Fourier correction it is necessary to calculate the Fourier 

coefficients of the total line profile [c.f. eq. (2)]. This calculation 

can be done efficiently only if the data are equally spaced, because Fast 

Fourier Transform algorithms10 are based on equally spaced data. Line 

profiles are usually measured with constant increments in 26. Nevertheless 

it is not recommended to perform the calculation of the Fourier coefficients 

on this 26 scale, since it follows from the discussion on the formula 

for the doublet separation8 that the angle dependent doublet separation 

6. [eq. (3)] is preferable. Thus, if the Fourier correction is applied 

on the 26 scale one has to calculate for every data point a set of a.. 

Fourier coefficients, since every data point has its own doublet 

separation, which is needed for the calculation of P{n). Therefore it is 

clear that the Fourier correction has to be applied on a scale where the 

doublet separation is a constant. From the formula for the doublet separation 

5. [eq. (3)] it follows that this doublet separation is a constant on a 

sine scale. Hence the 26 scale has to be transformed into a sin6 scale 

and accordingly the intensities measured have to be interpolated for the 

Fourier correction as well. 
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5. Conclusions 

Summarizi ng: 

( i ) Both dp e l i m i n a t i o n methods produce t h e same o s c i l l a t i o n s a t t h e 

h igh ang le s i d e o f t h e a., l i n e p r o f i l e . These o s c i l l a t i o n s can be 

d i m i n i s h e d i f a p r o p e r l y c a l c u l a t e d a n g l e dependent d o u b l e t s e p a r a t i o n 

is used in s t e a d o f a c o n s t a n t one . We p ropose t o a p p l y 5 o r &r 
A L 

[eqs. (3) and (4)]. 

(ii ) In practice both a„ elimination methods need an interpolation of 

data points. 

Hence: The advantages mentioned in the literature for the Fourier correction 

do not hold. 

Moreover we would like to go further and remark: 

(i ) The substitution correction can be applied on any scale such as a 

28 scale or a sine scale. 

(ii ) The Fourier correction can only be applied on a sin9 scale because 

only then the doublet separation is a constant. 

(iii ) The substitution correction is easier to handle: for application of 

the Fourier correction a computer is necessary whereas the substitution 

correction can be performed graphically. 

(iiii) The computer time needed for the substitution correction is a factor 

of 5 less. This is true if Fast Fourier Transform algorithms are 

applied for the Fourier correction. Otherwise the computation time 

advantage for the substitution correction is even more distinct. 

Hence: The substitution correction has to be preferred in practice. 
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J.Appl. Cryst. (1976). 9, 233 
The elimination of an approximation in the Warren-Averbach analysis. By R. DEmEzand E. J. MITTEMEUER, 

Laboratory of' Metallurgy, Delft University of Technology. Rotterdamseweg 137. Delft, The Netherlands 
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The Warren-Averbaeh analysis for the separation of particle size and strain involves a cosine and a logarithmic power 
series expansion. It is shown that the neglect of higher-order terms in the logarithmic series expansion introduces larger 
errors at small values of the strain than the cosine series while at larger values the dominance is less pronounced. 
Furthermore it is shown that the power series expansion for the logarithm is superfluous and as a result the Warren-
Averbaeh analysis can be improved. In common practice the differences between the improved method and the original 
one can easily be 10",, for particle-size Fourier coefficients and 30",, for mean square strain values. 

The separation of cold-work distortion and particle-size 
broadening in X-ray diffraction line profiles is usually ob
tained by applying the well known Warren-Averbaeh 
analysis (Warren, 1969). The method is based on a Fouper 
analysis of the pure line profile. 

Each Fourier coefficient A(n,l) usually obtained after 
some deconvolution technique or ^ -e l imina t ion procedure -
can be written as the product of a 'size' Fourier coefficient 
As(n) and a 'distortion' Fourier coefficient A"{n,l) according 
to the convolution theorem. If the diffracting domains are 
thought to consist of columns of unit cells perpendicular to 
the diffracting planes, described as (00/) planes, then 

/ls(/i) = iV(ji)/N.1 

. 4 V / ) = <cos27t/Z(n)> 

ID 

where N[n) is the average number per column of pairs of 
unit cells a distance n cells apart , N3 is the average domain 
size in unit cells perpendicular to (00/) and Z(n) is the dif
ference between the displacements of two unit cells n cells 
apart. Ue(n) is defined by e{n) = Z{n)n\: 

A(n,l) = N(n);Ni ■ <eos Inlnein)') (3) 

Since A"(nJ) is dependent on / a n d .4 s(n)isnot,size and strain 
effects can be separated by taking the logarithm of (3): 

In /4(II./) = In N{n);'N3 + In <cos Inlnein)') . (4) 

Two power series expansions are applied: 

<cos2,/»c(„,> = i -<^ I ' j , " , l 2 > + R r 

~ 1 - 2 7 T / V < c 2 ( n ) > , (5) 

In [1 - 2 7 r / V < e 2 0 i ) > ] = - 2Tr2/2ii2<e2(n)> + R'i' 

^-27r/V<<r(n)> (6) 

where R™* and R{£ are the remainders of the two series ex
pansions. In practice terms in higher orders of/2 are neglected. 
From (4), (5) and (6) it follows that 

In /l(n,/) = ln N(/i)/7V.,-27r/2;r<c2(ii)>. (7) 

If at least two orders of a reflexion are available then values 
for N(n)/N3 and <e2(»)> can be obtained, numerically or 
graphically, from the slope and intercept of a plot of 
In A(n,l) versus I2. 

Recently Mitra & Chaudhuri (1974) considered the errors 
originating from the series expansion for the cosine. They cal
culated the ratio of the third to the second term of this power 
series for some practical values of /, n and e(n) (cf. their 

Table 1 *). Here we will compare the errors arising from both 
series expansions. 

It can be shown that (cf. Appendix 1): 

| R Ï U = 3|KrL.,- (8) 
Since the cosine is underestimated with l-RÏ'l and the 

logarithm is overest imated with \R}£\ it follows from (8) that 
the logarithmic series expansion introduces an error in the 
final result at least twice that of the cosine series expansion. 

Let us also consider the ratio R of the relative errors 
caused by t runcat ion of the series after the terms with /2. 
Defining y = 27t2/2/i2<f2(Ji)>, it follows from (5) and (6) with 
the addit ional assumpt ion tj0>) = ] <i'(»)2> tha t : 

* This table contains two cases where the logarithmic series ex
pansion is impossible, because of negative values of the argument. 

. t _ 
Fig. 1. The relative error in the series expansion for the cosine: 

RT*f\ 2</; the relative error in the series expansion for the 
logarithm: Kjjyin (1 — </) and their ratio R as a function of </ = 
27r2/V<t'2(M)>. 

**5 
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R =
 R4MU-q) = [}n{\-q)-[-q)l1nll~q) 

RT/cos\2q [cos{''2q-{\-qi]/cosy2q' ' 
The relative errors in the cosine and logarithmic series 
expansions and their ratio R, as defined by (9), are plotted in 
Fig. 1. It is clear that at small values of q the neglect of higher-
order terms in the logarithmic series is of much more im
portance than in the cosine series; at larger values of q, as are 
often observed in alloys and highly cold-worked metals, the 
difference becomes less pronounced. 

In the literature the approximation for the logarithmic 
function is always encountered. The errors caused hereby 
are discussed above. However to our knowledge it has not 
been noticed that these errors can be reduced to nil because 
the series expansion for the logarithm can be simply avoided 
in the following way. 

The direct substitution of the power series expansion for 
(cos 2nlni'(n)) according to (5) in (3) yields: 

^ ( , . . / ) ^ - ^ 2 ^ / V < e ' ( n ) > . (10, 

Now the influences of size and strain are not separated as 
in (4). However if two orders of a reflexion are available the 
values of N{n)/N3 and <e2(>0> are readily obtained numer
ically, or graphically from a plot of A(nJ) versus I2. 

Results of the usual Warren-Averbach method [equation 
(7)] were compared with the results based on (10) for ex
perimental line profiles. For all n, values of .4's'(/i) and values 
of <e2(;i}> obtained with (10) were smaller than the values 
deduced from (7), as is shown in Appendix 2. In a case where 
<e20i)>-10~6 the differences between the values of As(n) 
obtained from both methods were less than 2% for small 
values of n; for larger values of» differences ofl0% and more 
were found. The differences in <t,2(n)> at small values of n 
were 15% and less; at larger values of n the differences 
increased: 30% and more. 

In practice the second order of a reflexion is usually 
measured less accurately than the first order. Therefore 
spurious variations may be present on the Fourier coeffi
cients of the second order. This will produce spurious ripples 
on the /4s(ji)-curve. These ripples will be enhanced in the 
/ls(n)-curve obtained from (7) as compared to the As(n)-
curve obtained from (10), as is shown in Appendix 2. Also 
<e2(»)> obtained from (7) is more sensitive to spurious 
variations in the Fourier coefficients of the second order as 
compared to <e2(/t)> obtained from (10) {cf. Appendix 2). 

A more refined multiple-order technique is possible by 
considering one more term in the series for <cos27i/ne(/i)>. 
If terms in /6 and higher orders are neglected, the Fourier 
coefficient of the total line profile can be expressed as: 

/ u X O - C . - C ^ + Cy4 (11) 

C, = JV(n)/W3 
C2 = C127t2«2<e2()i)> 
C3 = C12w4n*<?

4(n)>/3. 
In fact (11) is an improved formulation of the multiple-order 
technique proposed by Mitra & Chaudhuri (1974). As in 
(10), again the influences of size and strain are not separated, 
but the three coefficients C{, C2 and C3 are readily obtained 
if three orders of a reflexion are available. After substitution 
of C, [ = JV(n)/yV3] in C2 and C3 values for <e2(n)> and 
<e+(«)> are found. 

Obviously the number of orders of a reflexion necessary 
for the evaluation of (10) and (11) can be reduced by one if 

where 

As{n) is approximated by 1 - 11//V.,, as was done by Mitra & 
Misra (1967) who for the rest used the logarithmic series 
expansion. 

We are indebted to Professor B. Okkerse and Dr F. W. 
Schapink for critically reading the manuscript. 

Financial support of the Stichting voor Fundamenteel 
Onderzoek der Materie (F.O.M.I is gratefully acknowledged. 

APPENDIX 1 
Applying the formulation of Lagrange for the remainder 
(e.g. Jeffreys & Swirles, 1962) we arrive at the following 
expressions for R^ and R]f: 

£$. '»•=-<K*COSÖ,Ë/> 0 < Ö , < 1 

„■„_ 3 /^ 2 > 2 < f ; 2 >^/4 + 3<(;2>tf2/2 + l 
K 4 _ _ _ _ _ _ _ ^ „ _ 0<(/ 2<l 
where 

i: = 2mu{n). 
A maximal estimate for the remainder {Rf^ is obtained 

if üi = l and a minimal estimate for \R'f\ follows if tf2=0. 
If <c2>2 may be approximated by <t:4> equation (8) is 
obtained. 

APPENDIX 2 
Two orders of a reflexion are characterized by l{ and I2 

The suffices 7 and 10 are used to distinguish between 
results derived from (7) and (10) respectively. 

For the usual Warren-Averbach method [equation (7)] it 
follows that 

As(nh = {A(n,ll))'l!t"r1''. \A{iiJ1))-'vl'l''>' 
<£>*(„)>,= _ l/27tV . {In X(n,/2)-ln AM^/Ul-I]) 

and for the method based on (10): 
^s(»),o = {/l(»,'i)'i--4(n,'j)/i}/(/2-/») 

<<?2(/i)>10=-l/2jtV.{/l(ii,/2)-J4(/i,/1)}/{^(n,/1)/i 
-.4(«,/2)/2]. 

Since /2>/i >0and since A{n,ll)/A(n,l1)>l for n 3*0 if the 
line profiles contain both particle size and strain broadening, 
it follows that 

A\nh/As(n)i0>l and <e2(n)>7/<e2(n)>10>l. 
If it is assumed that the errors AAs(n) and A{e\n)} are 

determined entirely by the error in A{n,l2), it can be shown 
that 

AAs(nh/AAs(n)10>l and J<t'2(/i)>7/d<r(n)>,0> 1. 
Because A(nJi)/A0iJ2l usually increases with n the ratios 

mentioned increase with n. 
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Correction for errors in microstrain values from X-ray 
diffraction line profiles 
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Delft, The Netherlands 

[Received 9 May 1977] 

ABSTRACT 

Before microstrain values are determined from broadened X-ray diffraction line 
profiles, one should correct for the broadening due to tho experimental conditions. 
This broadening can be recorded from an ideally crystallized (standard) specimen. 
However, if one is obliged to use a standard specimen that diffracts in a 2fl-range 
different from that of the line profile to be investigated, errors in the mean-square-
strain of the order of 50% may result. An easily applicable procedure is given to 
correct for such errors. 

§ 1. INTRODUCTION 

Microstrains contr ibute to the broadening of X- r ay diffraction line profiles. 
Before microstrain values can be determined, t h e i n s t rumen ta l broadening— 
consisting of spectral broadening and broadening due to ins t rumenta l factors— 
should be eliminated from the exper imental line profiles. This is usually 
done by the deconvolution method of Stokes (1948), for which knowledge of 
the inst rumental profile is essential. At best , t h e ' i n s t rumenta l ' profile is 
recorded from a s tandard specimen of the same composit ion t h a t is t r ea ted 
in the same way, as far as possible, as t h e specimen under investigation. 
Unfortunately, in m a n y cases an ' ins t rumenta l ' profile has to be t aken from 
a standard specimen which is either different in composit ion or even made of 
a different material . A recent example can be found in the paper by 
O'Holleran, McKins t ry and Stubican (1977) where micros t ra ins were deter
mined as a function of composition in t h e system A l 2 0 3 - C r 2 0 3 by applying pure 
A1203 as a s tandard specimen. Such a ' non-ideal ' s t a n d a r d specimen has a 
lattice spacing different from t h a t of the specimen under investigation and 
hence diffracts a t a different 20-value. This leads to an improper elimination 
of the broadening due to t h e X-ray spec t rum used. I t is the purpose of this 
paper to show t h a t large errors in the mean square s t ra in values may result and 
also to propose an easily applicable procedure to correct for such errors. 

§ 2. C O R R E C T I O N FOR THE D I F F E R E N C E IN SPECTRAL BROADENING 

Normally the characterist ic K a -double t is used. In. the case of a ' non-
ideal ' ins t rumenta l profile in a 20-range different from t h a t of the line profile 

hi 
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to be investigated, corrections should be made for the incorrect doublet separa
tion and for the incorrect width of each of the Ka components. The problem 
of the incorrect doublet separation can be solved by eliminating the a2-com-
pouent (e.g. Delhez and Mittemeijer 1975) from both the line profile under 
investigation and the non-ideal instrumental profile before a deconvolution 
procedure is applied. If these a2-eliminations are omitted, considerable 
errors will arise ; these are not considered in this note. 

The correction for the incorrect width of the remaining arprofile is per
formed in the following way. The spectral components of the exact and the 
measured (non-ideal) instrumental line profiles are denoted by g* and gm

s, 
respectively. The corresponding Fourier coefficients are Gs(n) and Gm

s{n), 
where n is the harmonic number. Applying the convolution theorem, the 
following relation between the exact Fourier coefficient F(n) and the approxi
mate one Fm[n) of the pure line profile is obtained : 

Gs(n\ f'j")-(S)F{")- m 
where it is assumed that the difference in broadening owing to other instru
mental conditions is negligible. 

The .r-axis is defined on a sin 9 scale and the centroids of the g*(x) and 
jra

s(.ï) profiles are identified with the origin of the .T-axis. From the condition 
| ö'in8('i:) dx = \ gs(x) dx it follows that 

0m"(*) = (W(* /> ) . (2) 
where r = rf/rfm and d and dm are the lattice spacings of the ideal and non-ideal 
standard specimen, respectively. The relation between the corresponding 
Fourier coefficients is 

Gm
s{n) = G*{nr). (3) 

It is generally accepted that the wavelength distribution can be given by 
(e.g. Klug and Alexander 1974) 

{l+4(A-A(,)2/(i'2}-1, (4) 

where w is the width at half height and Xc is the peak wavelength. Combination 
of (1), (3) and (4) results in 

Fm{n) = exp Trnlw(l -r) F(n) 

where I is the order of the reflection ; all (hkl) reflections can be considered as 
(00Z) ones (Warren 1909). 

Following the Warren-Averbach analysis (Warren 1969) the Fourier 
coefficient F(n) = A(n)+iB{n) of the pure line profile can be written as the 
product 

F(n) = As{n)Fv(n,l), (6) 
where AB(n), the size Fourier coefficient, is real and independent of the order 
I of the reflection in contrast to the distortion Fourier coefficient FD(n, Z) = 
,4D(ra, Z) +iBB{n, I). The following expression is used for In 4D(n, I) : 

In A^[n, I) = - 2TrW<»)> (7) 

48 
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where <e2(w)> is the mean-square-strain in the specimen under investigation. 
If two orders, lx and l2, of a reflection are available As(n) and <e2(/i)> can be 
found separately from a plot of In A(?i, I) versus Z2y. 

Defining Fm{n) = Am(n) + iBm{n) it follows from (5), (6) and (7) : 

In Am(n, l)= -nnlw{l-r)/X<: + \n As(n)-27r*n2l\e-(n)y. (8) 

From (8) it is clear t h a t a plot of In Am(n, I) versus l~ results in inaccurate 
values of As(n) and <e2(w)> because of the spectral t e rm ~-nnlw{\ -r)\\. The 
correction for the difference in spectral broadening is properly performed by 
plot t ing \n Am{n,l) + trnlw(\—r)lXc versus Z2. The correction can also be 
applied to the values of i4m

s(/ i) and <e2(n)>m t h a t are obtained from the plot 
of In Am(n, I) versus I2. Application of eqn. (8) gives % 

< e . ( n ) > m _ < e . ( n , > = § - ^ _ . (9) 

The errors in mean-square-strain values caused by neglecting the above 
mentioned correction can be calculated from eqn. (9). As an example we refer 
to the previously mentioned paper by O'Holleran el al. (1977). By application 
of Ai 2 0 3 as a s tandard specimen, these authors found a maximum value of 
about 10"a at room temperature for the mean-square-strain in the Al203-Cr2O a 

system at 70 mol % Cr203 . For this composition r = r//r/m~ 1-03. Using 
u' = G x l l ) - 4 A (Compton and Allison 1935), A,.= 1-54A and Z2 = 2/j eqn. (9) 
gives § 

<e 2(n)>m-<e 2(n)>= - 0 - Ö x IQ-^nl^ 

I t should be noted tha t the Warren-Averbaeh analysis is accurate only for 
small values of nl. 

Thus , it follows t h a t for the mean-square-strain, relat ive errors up to (30% 
[nlx= 1) are possible irrespective of the error caused by an improper elimination 
of the doublet separation (important a t the larger nlx values), which adds to t h e 
error calculated. 

ACKNOWLEDGMENTS 
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f Recently Delhez and Mittemeijer (1976) have shown that plotting A(n, I) versus 
I2 is more accurate. This difference in procedure does not affect the results presented 
here. 

% A similar expression can be obtained for the particle size Fourier coefficient. 
It is remarked that the mean particle size, which equals {-(rf.4(/i)/'^i)|„_o}_1. e a n 

be corrected directly by use of eqn. (5). 
§ The negative sign of the difference <e2>m-<«,2> implies that the maximum in 

the microstrain versus composition curve in fig. 1 of the paper by O'Holleran el al. 
(1977) is in fact higher and hence the error estimation above provides support for the 
conclusions of these authors. 
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Abstract 

In practice a standard specimen used for the elimination of instrumental 

broadening, by deconvolution, is never ideal. The instrumental line profile 

always contains some additional broadening due to finite particle size and 

distortion present in the standard specimen. Further it is sometimes 

unavoidable to use a standard specimen of a material different from the 

material to be analyzed, leading to reflections at incorrect sinö-values 

(different spectral broadening). Firstly the effect of these deficiencies 

on the Fourier coefficients of the pure line profile is analyzed. Secondly 

the consequences for size-strain analysis are considered. 

A correction [eq. (3-^)] for the difference in spectral broadening between 

the exact and the approximate instrumental line profile is given. To avoid 

serious errors this correction should be performed before particle size and 

strain are determined according to the so-called Warren-Averbach analysis. 

Accurate relative determinations of size and strain are possible even In 

the case that the line profile under investigation and the line profile of 

the reference specimen are at different sinö-values. It is suggested that 

standard specimens which cause noticeable structural broadening can be used 

profitably. 
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1. Introduction 

The measured line profile h is the outcome of the folding of the 

structurally broadened profile f with the instrumental profile g. From 

the h and g profiles the pure profile f can be obtained by the deconvolution 

method of Stokes1. Because of unavoidable alignment errors2 the instrumental 

profile has to be determined experimentally from a so-called standard 

specimen. With the origin for the g- and h-profiles chosen at the same 

value of sine and F, G and H being the Fourier coefficients of the f-, g-

and h-profiles respectively, it follows: 

F ( n ) " I GTÏÏT- G ( o ) GTÏÏ7 ( K 1 ) 

where n i s the harmonic number, A i s t h e i n t e g r a t e d i n t e n s i t y and a. t h e 

p e r i o d taken f o r g and h on a s i n 6 - s c a l e . The F o u r i e r c o e f f i c i e n t s F(n) a r e 

t he bas is f o r the s i z e - s t r a i n a n a l y s i s o r i g i n a l l y deve loped by Warren and 

Averbach 3 > 4 . 

D i f f e r e n t sources o f e r r o r s o c c u r i n g in the F o u r i e r c o e f f i c i e n t s have 

been c o n s i d e r e d in the l i t e r a t u r e . The e r r o r s caused by s a m p l i n g and 

t r u n c a t i o n of the p r o f i l e have been t r e a t e d by Br igham 5 and Young, Gerdes 

and W i l s o n 6 , w h i l e the l a t t e r au tho rs a l s o c a l c u l a t e d the e r r o r s i n t h e 

F o u r i e r c o e f f i c i e n t s caused by an i n a c c u r a t e c h o i c e o f background . W i l s o n 7 ' 8 ' 9 

cons ide red the i n f l u e n c e o f c o u n t i n g s t a t i s t i c s . 

So f a r l i t t l e a t t e n t i o n has been p a i d t o t he e r r o r s caused by an 

approx imate i n s t r u m e n t a l l i n e p r o f i l e . In p r i n c i p l e i t i s i m p o s s i b l e t o 

measure t h e exac t g - p r o f i l e . At best t h e " i n s t r u m e n t a l " p r o f i l e i s reco rded 

from a s tanda rd specimen o f the same c o m p o s i t i o n t h a t is t r e a t e d i n t h e same 

way, as f a r as p o s s i b l e , as t he specimen used f o r the h - p r o f i l e . In rrany 

cases an " i n s t r u m e n t a l " p r o f i l e has t o be taken f rom a s t a n d a r d specimen 

d i f f e r e n t in c o m p o s i t i o n 1 0 o r even made o f an o t h e r m a t e r i a l 1 1 . T h i s leads t o 
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instrumental line profiles measured at incorrect 9-values. Furthermore some 

structural broadening may be present in the instrumental line profile12. 

A solution to the problem of the incorrect 6-value may be obtained by 

applying the profile fitting method13. In this method an instrumental line 

profile is approximated by a small number of Cauchy-functions. Several 

instrumental line profiles taken over a large range of 8-values are measured. 

The parameters for the Cauchy-functions are obtained by fitting. Normally 

an instrumental line profile is needed at an unmatched 8-value. The parameters 

necessary for the evaluation in terms of Cauchy-functions of that profile 

are obtained by interpolation. However, in case of size-strain analysis on 

the basis of the method developed by Warren and Averbach, which is adopted 

in our paper, the Fourier coefficients of the pure profile are required. 

Therefore a direct description in terms of Fourier coefficients is preferable. 

For the determination of Fourier coefficients of instrumental profiles at 

unmatched 6-values an analogous interpolation procedure can be followed as 

for the determination of the parameters of the Cauchy-functions. 

Although the above mentioned interpolation procedures are possible methods 

for size-strain analysis, it should be recognized that these procedures are 

laborious and still don't give exact results. Moreover any change in the 

experimental conditions (e.g. slit width, X-ray spectrum14, absorbtion in 

the specimen) obliges to measure again the instrumental profiles. This may 

be the reason that, to our knowledge, no Warren-Averbach analysis.on the 

basis of the profile fitting method has been reported in the literature. 

In this paper an alternative, analytical and quick method is proposed to 

correct for instrumental profiles measured at incorrect 6-values. The 

method is based on an analytical description of the Ka-doublet. An experimental 

justification for this description is given. Further the effect of the 

structural broadening present in the instrumental line profile is analyzed. 
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2. The e f fec t of an approximate instrumental l i ne p r o f i l e on the Four ier 

coe f f i c ien ts of the pure p r o f i l e 

In the approximate instrumental l i ne p r o f i l e two types o f deviat ions 

are d is t inguished: 

( i ) the physical p r o f i l e f of the standard specimen is not a de l ta f u n c t i o n , 

but i t is ( s l i g h t l y ) broadened by s t r a i n and f i n i t e p a r t i c l e s ize ; 

( i i ) the instrumental p r o f i l e g is measured at a pos i t i on on the s ine-sca le 

d i f f e r e n t from that of the desired exact instrumental p r o f i l e g . 

In general the approximate instrumental p r o f i l e is the convolut ion o f 

f and q . The Fourier coe f f i c i en ts of the approximate instrumental p r o f i l e o m r r r 

a r e , acco rd i ng to e q . ( 1 . 1 ) , equal t o t h e p r o d u c t o f t h e F o u r i e r c o e f f i c i e n t s 

G (n) o f the f u n c t i o n g and F (n) o f t h e f u n c t i o n f : where F (n) i s m 3m o o o 

no rma l i zed such t h a t F (o) = 1 . o 

Tak ing G(o) = G (o) = 1 and us i ng e q . ( 1 .1 ) i t f o l l o w s f o r t h e a p p r o x i m a t e 

F o u r i e r c o e f f i c i e n t s o f t h e pure p r o f i l e wh ich are o b t a i n e d in p r a c t i c e 

c („\ - G(n) F(n) , „ ., 
F m ( n ) ~ G - T n T r T n T ( 2 J ) 

m o 

In order to f i nd the re la t i on between F (n) and F(n) , G(n) must be related 

to G (n) , which means that G(n) must be known as a func t ion of s inB. m ' 

Recently we proposed the fo l lowing model fo r the instrumental p r o f i l e 1 5 . 

The instrumental l i ne p r o f i l e g ( x ) , w i th x defined on a s i n 8 - s c a l e 1 6 , 

is taken as the sum of the a. and ct„ components. The shape and pos i t i on of 

the components is re lated to an instrumental p r o f i l e g (x) intermediate 

between that o f the a. and cu components, g (x) is considered as the convolu t ion 

of the spectral p r o f i l e g (x) of the intermediate wavelength d i s t r i b u t i o n 

and the p r o f i l e g ' (x ) due to the broadening caused by the instrumental 

cond i t ions . For g (x) the general ly accepted Cauchy wavelength d i s t r i b u t i o n 

is adopted 2 ' 1 7 . This leads to 
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— — 1 1 1 1 

0 400 800 1200 1600 
■- L(A) 

Fig. 1. Calculated and experimental Fourier coefficients as a function of 

the distance L = n <X >/2a, perpendicular to the reflecting planes, 

for the (444) reflection of silicon recorded with the CuKo. doublet. 

Full lines: the cosine and sine coefficients calculated from eq. (2.2) 
i -4 o with G (n) = 1 and w - 6.5 x 10 A . a 

The symbols • and V denote the cosine and sine coefficients respectii>ely 

of the experimental profile. Divergence and receiving slits were 

0.5 and 0.05 mm respectively. Soller slits with 4 divergence were 

used. A standard silicon powder sample [Nat. Bur. of Standards SRM 640] 

was applied. 
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G(n) = G (n) 7—=■ lexp - inRa + Rexp inajexp - -r-p-c 1+R r r 2da (2.2) 

where G (n) is the Fourier coefficient of g (x) normalized such that G (o) = 1 ; c c c 

a = it (<X„> - <A >)/d(l+R)a where <A"-> and <X > are the centroids of the a.. 

and a„ wavelength distributions respectively, d is the spacing of the 

reflecting planes and a is the period on a sinG-scale used for the calculation 

of the Fourier coefficients; w is the width at half height of the intermediate 

wavelength distribution g (X) . The centroid of g (x) is given by <X > = 

(<A1> + R<X2>)/(1+R). 

In this paper the validity of eq. (2.2) is experimentally verified. It may 

be assumed that the instrumental broadening of a high angle reflection is 

entirely due to the X-ray spectrum used13. Then g (x) is a delta-function 

and G (n) = 1 (the centroid of g (x) chosen at x = o) . From Fig. 1 it is 

concluded that eq. (2.2) gives a proper description of the spectral broadening, 

in particular for the smaller values of n, which are of interest in size-strain 

analysis. 

G (n) is obtained from eq. (2.2) replacing G (n) by G (n) and d by d , m - i v ' t - a c 7 c , m ' m 

the spacing of the reflecting planes in the approximate standard specimen. 

If d is chosen sufficiently close to d it can be shown15 for the 

broadening due to the instrumental factors that for not too large n and 

not too smal 1 6 

G n 

G' (n) 
c,m 

(2.3) 

where the centroids of the g-profile and of the g -profile (which are at different 

sine values) are identified with the origin of the x-axis. With eqs. (2.1), 

(2.2) and (2.3) the Fourier coefficient F(n) of the pure line profile can 

be calculated. 

57 



1.9 

In the f o l l o w i n g the consequences f o r s i z e - s t r a i n a n a l y s i s w i l l be 

i n v e s t i g a t e d . 

3. The e f f e c t of an approximate i ns t rumen ta l l i n e p r o f i l e in s i z e - s t r a i n 

a n a l y s i s 

F o l l o w i n g the Warren-Averbach a n a l y s i s 3 ' " 4 the norma l i zed F o u r i e r 

c o e f f i c i e n t s F (n ) /F (o ) o f a s t r u c t u r a l l y broadened p r o f i l e can be w r i t t e n 

as t h e p r o d u c t of a " s i z e " Four ie r c o e f f i c i e n t A (n) which is r ea l and 

independen t of the o rde r 1 o f the r e f l e c t i o n and a " d i s t o r t i o n " F o u r i e r 

c o e f f i c i e n t F D ( n , l ) = A D ( n , l ) + i B ° ( n , l ) . 

I t s h o u l d be remarked t h a t in the Warren-Averbach a n a l y s i s the F o u r i e r 

s e r i e s e v a l u a t i o n of the pure (001) l i n e p r o f i l e is per formed over the 

range l - £ t o 1+i of the v a r i a b l e h , = 2 a , s i n 6 / < A >, where a . i s the spacing 

o f t he (001 ) p l a n e s 1 8 . In t h i s paper the Fou r i e r a n a l y s i s is per formed on 

a s i n e - s c a l e over a range a = A / 2 a , . 

The f o l l o w i n g express ion was g iven f o r A ( n , l ) 

l n A D ( n , l ) = - 2 i r 2 n 2 l 2 <e 2 (n )> ( 3 - D 

2 
where <e (n)> is the mean square strain in the specimen. If (at least) two 

S 2 orders of a reflection are available A (n) and <e (n)> can be found separately 

from a plot of 1nA(n,1) versus 1 . Recently Delhez and Mittemeijer19 have 
2 

shown that plotting A(n,l) versus 1 is more accurate. The relations between 

measured and true values for particle size and mean square strain and the 

conclusions presented in this paper are the same for both methods of 

separation. 

By power series expansion the term in brackets of eq. (2.2) can be 

approximated: 

[exp - inRa + Rexp ina] = (1+R) [1 - n2Ra2/2] (3.2) 
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T h u s , w i t h i n the a p p r o x i m a t i o n u s e d , t h i s f a c t o r i s r e a l . 

Assuming the s i n e c o e f f i c i e n t s B ( n , l ) o f t he s t a n d a r d specimen t o be 

z e r o and us ing the r e l a t i o n s d = a 0 / l and 2 a a , = <X > one o b t a i n s f rom 
3 3 c 

e q s . ( 2 . 1 ) , (2 .2 ) and ( 2 . 3 ) w i t h eq . (3-2) 

. , „ , , , . ^5^ „MI^J^J^ (33) 
ra A b ( n ) A ° ( n , l ) <J > i V l r B 

o o c 

where 3 = 2 T T 2 ( < A 2 > - <X^>) R/(1+R) <A c > 2 and r = d / d . From eq. (3 -3 ) i t i s 
2 clear that a plot of InA (n,l) versus 1 does not result in a determination r m 

of A (n)/A (n) and A (n,l)/A (n,l) separately, because of the factor 
Trn . Since all quantities in the last two factors of eq. (3-3) 

< A > C 
are known a corrected Fourier coefficient can be defined 
e xP <X > 

2 2 2 .corr, , N . / ,v irnlw(l-r) 1-n 1 r 3 t ■> >,\ A (n,l = A (n,l exp —-r-^-—'■ r—s—*■ (3.4) m m r <A > , 2,2rt c 1-n 1 8 

Using eq. (3-1), from eqs. (3-3) and (3.4) it is obtained 

lnA
corr(n,l) = In ̂ M- - 2v2

n
2\2 [<e2(n)> - <e2(n)>] (3-5) 

m AS(n) ° 
o 

2 
where <e (n)> i s the mean square s t r a i n in the s t a n d a r d spec imen. F o l l o w i n g 

Delhez and M i t t e m e i j e r 1 9 t he e x p r e s s i o n (3 .5 ) s h o u l d be r e p l a c e d by 

S S „ c o r r / ,v A (n) A (n) „ 2 2 .2 r 2, ■> „ 2 / N , / , ,-> 
A ( n , l ) = c - c 2TT n 1 [<e (n)> - <e (n)>J ( 3 . o ) 
m AS(n) AS(n) ° 

o o 

A plot of lnAcorr(n,l) versus 1 [eq. (3-5)] and a plot of A^orr(n,l) versus 
l2 [eq. (3-6)] both yield 
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AS(n) = AS(n)/AS(n) (3-7) 2 0 

m o 

and <e (n)> = <e (n)> - <e (n)> (3-8) 
m o 

The mean partiele size and the partiele size distribution may be obtained from 

eq. (3.7)3. N-, the mean particle size expressed in units a,, is obtained 

from dA (n)/dn (for n ->• o) = -1/N-. Then the relation between the measured 

particle size N, , the true particle size N, and the particle size N of r 3,m ' 3 3,0 
the standard specimen follows from (3-7) 

;N3,m
)_1 - ( V 1 " (N3,0rl (3'9) 

In an X-ray diffraction study of deformation in Ag-Si alloys by Zemitis, 

Kidron and Cohen21 formulae related to eq. (3.8) and eq. (3-9) were used. 

These equations were applied for relative determinations. From the treatment 

given in this paper it may be concluded that accurate relative determinations 

using eqs. (3.8) and (3-9) are possible even in the case that the line profile 

under investigation and the line profile of the reference specimen are at 

different sinö-values, provided the correction implied by eq. (3.^) has been 

performed. Furthermore from these relations the accuracy of size-strain 

analysis can be estimated. 

If the corrections implied by eq. (3.^) and eqs. (3.8) and (3.9) are 

ignored errors in the values calculated for particle size and mean square 

strain will occur. Especially the accuracy of the mean square strain determined 

is heavily affected. A preliminary calculation already showed errors in the 

order of 50% to be possible22. In that calculation only the difference between 

the widths (w) of the spectral components of ideal and approximate instrumental 

profile were taken into account. In this paper also the influence of the 
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difference in doublet separation between ideal and approximate instrumental 
profile and the influence of structural broadening by the standard specimen 
is considered. From the complete equations it follows that the error mentioned 
can be even larger. 

From eq. (3.3) it follows 

dA (n,l) 
dn 

TTI w ( 1 ■ 

3,m 
:3.10) 

<A > c 

which means that N, can be determinated directly from the A (n,l) values. 3 ,m ' m 
Omittance of the spectral term in eq. (3-10) produces errors of a few 
percent in the value calculated for the particle size. 

Finally, because determinations of particle size and strain can be performed 
independently of distortion [eq. (3-9)] and particle size [eq. (3-8)] in the 
standard specimen, it might be suggested that, for example with a view to 
extinction problems, for the determination of particle size a sligthly 
deformed standard specimen should be used and for the determination of 
distortion colloids as a standard specimen should be used. 
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Analysis 

of X-ray Diffraction Line Broadening 

of Specimens 

with Concentration Variations 

The broadening of X-ray diffraction line profiles Is analysed for three 

types of specimens containing concentration variations: 

- powder samples where the concentration variation occurs within coherently 

diffracting crystallites or domains; 

- powder blends where the concentration variations occur across the contact 

places of the particles (each particle consists of a number of crystallites 

or domains) ; 

- monocrystals where the concentration variation extends over many coherently 

diffracting domains. 



I! .10 

A note on the kinematical theory of x-ray diffraction from 
concentration profiles 

E. J. Mittemeijer and R. Delhez 
Laboratory of Metallurgy, Delft University of Technology, Rotterdamseweg 137 Delft, The Netherlands 
(Received 14 November 1975) 

A note is presented on the kinematical theory of x-ray diffraction from a diffusion zone in a 
monocrystalline system as given by Houska. Assuming a linear variation of spacing in a coherently 
diffracting domain it is possible to simplify the treatment of diffraction from a diffusion zone by definition 
of one factor which characterizes the shape of the intensity function. This treatment may have special 
importance for certain types of powder samples in which the same concentration profile is present in each 
particle. 

PACS numbers: 61.10.D, 61.70.W 

A theoretical treatment of diffraction from a diffusion 
zone in a monocrystalline system has been given by 
Houska. l He discusses the two cases of a very small 
domain and of a large domain and he considers the 
shape of the intensity function in each case. It will be 
shown here that the treatment of diffraction from a 
diffusion zone may be simplified defining a single 
factor which characterizes the shape of the intensity 
function for all cases including those of Houska. This 
may be useful for certain types of powder samples. 

Applying the well-known Warren-Averbach theory2 

we arrive at the following Fourier se r ies for the dif
fracted intensity of a coherently diffracting domain in 
which a lattice spacing variation due to a concentration 
profile is present: 

N3-I 

P{h3)=C Z F{n)exp{2mnh3), (1) 

where 

F(n) 
ATs-i- lnl 

= Z exp[27Tf(A„ ,-on. (2) 

the case of War ren ' s strain broadening. Similar ex
pressions for F{n) have been obtained by Borie4 and 
Houska.1 

In practice the sine in the denominator of F{n) may 
always be approximated by its argument. The r e 
placement of the summation in Eq. (1) by an integration 
is justified in practice too. Hence it follows for the 
diffracted intensity (JV3 - l a W , ) : 

Orthorhombic axis have been used, which transform 
reflections of {hkl) type into (OOZ) type. 3 The reciprocal 
lattice vector is defined by h3b3, where | b31 = 1/1 (a3) | . 
The number of diffracting lattice planes is N3. The 
displacement of the lattice plane m3 from its reference 
position w3(a3) is Am (a,,). The quantity C is not of 
interest here. If it is assumed that the interplanar 
spacing increases linearly—with the fraction ö—from 
a3 up to (N3-2)öa3 + a3, we obtain after some calculations 
for the Fourier coefficient F{n): 

F{n) = sinnbü(Ni- lnl)/sinirönZ. (3) 

In this case "long-range" displacements exist, unlike in 

P{h3) = C f 
•S -V-

3 siMtönl{N3- \n\) 
Tönl exj?{2mnh3) dn. (4) 

By de f in i t ion of t h e f a c t o r S = ölN\ and a r e p l a c e m e n t of 
v a r i a b l e n by x = n/N3 E q . (4) can b e r e w r i t t e n 

P{h3) = CN*f1 SinVlfx ~lX]) exv[2irix{N3h3))dx. 

(5) 

We now introduce the notion of comparable graphs for 
the shape of the intensity function of a particle with 
lattice spacing var ia t ions . As is well known, the 
intensity function of a particle without lattice spacing 
variation is given by C sm2irN3h3/sm2irh3 having an 
absolute maximum proportional to N3 and a width 
proportional to N'1. Let us define a function which 
characterizes—independent of the total amount of dif
fracting mater ia l—the shape of the intensity function 
of a particle without lattice spacing variation. This can 
be realized by dividing the intensity values by CN3 and 
multiplying the variable h3 by N3. In a similar way the 
intensity function of a particle with lattice spacing 
variations is normalized. We then obtain 

- W ) - / / sinnSxCl - \x\) 
itSx exp{2irixh3)dx, (6) 

where P"{h"3) = P{h3)/CN3
2 with #; = V V 
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FIG. 1. The decrease in top intensity T versus the shape 
factor S. 

Houska investigated the case of small domains, where 
particle size broadening dominates, and the case of 
large domains, where lattice spacing variation broad
ening dominates. However, the shape of the normalized 
diffraction profile is only adequately described by 
combination of Ö, I and N3 in the factor S = 5W3

2, which 
characterizes the intensity function for all cases 
including those of Houska. 

It is possible to give a simple description of the 
diffraction profile of a particle with lattice spacing 
variations. We define T = 1 -P"(/i!j = lNa), which r e 
presents the decrease in top intensity of the normalized 
intensity function. The relation T=f(S) was computed 
and is shown in Fig. 1. From Fig. 1 it follows that for 
small values of S (S < 1. 5) T is a parabolic function of 
S [a series expansion of Eq. (6) results in T = TT2S2/180]. 
Since T is small in this region of S, the shape of the 
profile is approximately the ideal one. For larger 
values of S (2 <S < 4. 5) T varies linearly with S. In this 
region the subsidiary maxima rise at the cost of the 
originally absolute maximum at h3 = l. We did not 
succeed in deriving a simple analytical expression for 
the approximate linear dependency of T as a function of 
S. In the last region (S> 6) T varies approximately 
inversely proportional to S [T» 1 - 1/S; see Eqs. 
(7)—(11)]. In this region the profile has approximately 
a rectangular shape [cf. Fig. 3(c) of Houska1]. 

J. Appl. Phys., Vol. 47, No. 4, April 1976 

Recently Wagendristel and Wolf5 determined con
centration profiles in CuNi-powder samples applying 
x-ray diffraction. Applying their technique it should be 
possible to examine powder samples where the same 
concentration profile is present in each coherently 
diffracting particle. Such powder samples may be 
obtained by the method of Kulifay,6 also applied by 
Dessing7 in preparing AuPt catalysts. The diffraction 
profiles of these powder samples may be described by 
the shape factor S as has been done in Fig. 1. 

The authors are indebted to Professor H.J.A. 
Duparc, Professor B. Okkerse, and Dr. F.W. Schapink 
for helpful discussions on the manuscript. Financial 
support of the "Stichting voor Fundamenteel Onderzoek 
der Materie (F.O.M.)", is gratefully acknowledged. 

Defining a3 and a3 as the two outermost interplanar 
spacings present, it follows for the difference 
Aa = a^-a 3 that 

Aa=(W3-2)5a3 = A'3öa3. (7) 

The distance I AH I =A/i3lb3l along the reciprocal lattice 
vector, where in the case of a (OOl)-reflection in
tensity can be found, conforms to 

I AH| = A/;31b31 = 1(1/1 a;j | - 1/1 a31). (8) 

Using Eqs. (7) and (8) it is found for the shape factor 
S = 5W| that 

S = A/vV3 |a3 | / |{a3) | . (9) 

Because the diffraction profile is of rectangular shape 
and the integrated intensity equals the constant CAr

3, 
it follows for the top intensity of the normalized dif
fraction profile that 

P\hl = /Ar
3) = CN3/M3CN* = l/A/i3A'3. (10) 

Applying Eqs. (9) and (10) it is finally found that 

T = l-P"{iq=lN3)=l- [a||,/1 (a3>| S = l - 1 'S. (11) 

'C.R. Houska, J. Appl. Phys. 41, B9 (1970). 
2B.E. Warren, X-Ray Diffraction (Addison-Wesley, Reading, 
Mass. , 1969), pp. 2G4ff. 

3A.R. Stokes and A. J.C. Wilson, Proc. Cambridge Philos. 
Soc. 40, 197 (1944). 

4B. Borie, Acta Crystallogr. 13, 452 (1900). 
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Abstract 

An analysis is given of the X-ray d i f f r a c t i o n l ine broadening caused 

by concentration var iat ions occurr ing w i t h i n coherently d i f f r a c t i n g 

c r y s t a l l i t e s . The sine Fourier coe f f i c i en t s of the l ine p r o f i l e are 

employed. The method is applied to s in te red and unsintered AuPt a l loy 

ca ta l ys ts . In the i n t e r i o r of the c r y s t a l l i t e s of the sintered specimen 

the concentration maintained a constant value which very wel l agreed 

w i th the average composition. The surface region was enriched by gold, 

in agreement with experimental resul ts from other methods and wi th 

theoret ica l pred ic t ions. Concentration var ia t ions in the unsintered 

specimen were much larger. The c r y s t a l l i t e s consisted of a platinum-

r ich nucleus surrounded by a go ld - r i ch shel l as may be expected from 

the preparation method (chemical reduct ion of platinum and gold ions 

in s o l u t i o n ) . In addi t ion a method f o r correct ion of the "hook"-ef fect 

in l i ne p r o f i l e analysis is suggested. 
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1. Introduction 

Concentration va r ia t i ons correspond to l a t t i c e parameter va r ia t i ons and -

according to Bragg's law - may therefore be analyzed by X-ray d i f f r a c t i o n . 

Such analyses were made f o r concentrat ion va r i a t i ons occurr ing over distances 

many times larger than the dimensions o f the coherent ly d i f f r a c t i n g domains 

or c r ys ta l l i t es [ e . g . r e f s . 1 and 2 ] . To our knowledge u n t i l now no X-ray 

d i f f rac t i on inves t iga t ion o f concentrat ion va r i a t i ons occurr ing wi th i n 

the c r y s t a l l i t e s has been car r ied out . 

I t is well known that deviat ions from the average composit ion can occur 

in al loy ca ta lys ts . The concentrat ion inhomogeneity is l oca l i zed w i t h i n the 

c r ys ta l l i t es because s i g n i f i c a n t var ia t ions of composit ion on a macroscale 

can usually be dismissed3 . 

The purpose of t h i s paper is to present a method f o r the analysis of X-ray 

d i f f rac t ion l i ne broadening caused by concentrat ion va r ia t i ons w i t h i n c r y s t a l l i t e s . 

The method w i l l be appl ied to AuPt a l l oy c a t a l y s t s . 

2. Theory1* 

Part ic le s i ze , cold work and concentrat ion v a r i a t i o n s cont r ibu te to the X-ray 

d i f f rac t ion l ine broadening. In th is paper spacing changes due to concentrat ion 

variat ions are considered on ly . The presence of s t r a i n from another o r i g i n is 

not considered, which is j u s t i f i e d for a l l oy c a t a l y s t s . Further the composition 

dependence of the s t ruc tu re fac tor is not taken in to account. This is no 

serious l i m i t a t i o n , since in many cases the s t r uc tu re fac tors are approximately 

equal and/or the concentrat ion va r i a t i on usual ly covers only a part of the 

possible composition range. 

Recently the kinematical theory of X-ray d i f f r a c t i o n from a c r y s t a l l i t e 

with a l inear concentrat ion p r o f i l e has been developed5»6 . Non- l inear 

concentration p r o f i l e s w i l l be dealt w i th below. 
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App ly ing the wel 1-known Warren-Averbach t h e o r y 7 the f o l l o w i n g Fou r i e r 

se r i es is ob ta ined 6 f o r the d i f f r a c t e d i n t e n s i t y o f a b i n a r y A/B c r y s t a l l i t e 

in which a l a t t i c e spacing v a r i a t i o n due to a c o n c e n t r a t i o n p r o f i l e is present". 

N -1 

P ( h J = C I F(n)exp 2Trinh„ , (1) 
3 n - (N -1) 3 

N 3 - 1 - | n | 

where F(n) = I exp 2ni S (m, ,n ) (2) 
m3-t 

w i t h S (m,,n) = 3 ' ' 3 
c 3 A

m ~A
m J .UI f o r n ^ 0 m? rru+|n| 

In the f o l l o w i n g on ly p o s i t i v e va lues o f the harmonic number n w i l l be 

cons ide red . The q u a n t i t y C comprises the usual ang le dependent f a c t o r s 7 ' 8 . 

Orthorhombic axes have been used, wh ich t r a n s f o r m r e f l e c t i o n s o f ( h k l ) type 

i n t o (001) t y p e 9 . The r e c i p r o c a l l a t t i c e v e c t o r i s d e f i n e d by h_ b„ where 

aR.b_B = 1 (a . and a„ are the 001 spac ings o f the pure components A and B 

r e s p e c t i v e l y ) . The number o f d i f f r a c t i n g l a t t i c e p lanes is N . The displacement 

o f l a t t i c e plane m. from i t s r e f e r e n c e p o s i t i o n m_an i s A a n . In t h i s case r 3 3~B m, -B 

" l o n g - r a n g e " displacements e x i s t u n l i k e i n t he case o f Warren 's s t r a i n 

broadeni ng . 

By denot ing c. , as the a tomic f r a c t i o n o f component A in the k - t h l a t t i c e 

plane and using Végard 's law, which i s v a l i d f o r most b i n a r y s y s t e m s 1 0 , i t 

f o l l o w s 

m,+n 

S c ( m 3 ' n ) = 6 a l , C A , k > ( 3 ) 

k=m-+1 ' 

where 6g = (|aft| - |aB|)/|aB| 
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The Fou r i e r c o e f f i c i e n t F(n) = A(n) + i B (n) [ e q . ( 2 ) ] can be w r i t t e n as 

the product 

F(n) = A S ( n ) F C ( n , l ) , (i j) 

where A S (n ) = N R / N (5) 

and F ( n , l ) = <exp 2ir i 1 S (m ,n )> . (6) 

2 
A (n) , the " s i z e " F o u r i e r c o e f f i c i e n t , i s rea l and i ndependen t o f t h e o r d e r 

1 o f the r e f l e c t i o n i n c o n t r a s t t o the " c o n c e n t r a t i o n " F o u r i e r c o e f f i c i e n t 

c c c 

F (n,l) = A (n,l) + iB (n,l). N denotes the number of pairs of lattice planes 

a distance n planes apart. The average in eq. (6) is the average over such 
pa i rs , 

Q 
F ( n , l ) is app rox ima ted f o r sma l l v a l u e s o f n [ c . f . e q . ( 3 ) ] by 

F C ( n , l ) = 1 + 2 i r i l < S (m , n ) > - 2 T T 2 1 2 < S (m n ) 2 > (7) 
O j C j 

and thus A ( n , l ) = A S (n ) - A S ( n ) 2 ï r 2 l 2 < S (m , n ) 2 > (8) 

and B ( n , l ) = AS (n)2Tr l < S ( m , , n ) > (9) 
c 3 

Eq. (9) makes e v i d e n t t h a t the presence o f c o n c e n t r a t i o n v a r i a t i o n s w i t h i n 

c r y s t a l l i t e s g i ves r i s e t o non -ze ro s i n e F o u r i e r c o e f f i c i e n t s i n d i c a t i n g 

asymmetr ica l l i n e b r o a d e n i n g . 

Obv ious ly i n v e s t i g a t i o n o f <S (m-,,n)> i s more e a s i l y done than o f <? ( m 0 3 n ) 2 > 
' 3 c 3 c 3 

There fo re in the f o l l o w i n g i t is a t t emp ted t o o b t a i n i n f o r m a t i o n on t h e 
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concentration profile from the sine Fourier coefficients B(n,l) of the line 

profile. 

Use of eq. (9) necessitates knowledge of the "particle size" Fourier 
c 

c o e f f i c i e n t A (n) : I f two o r d e r s , 1 . and 1 „ , o f a r e f l e c t i o n are a v a i l a b l e 
C 

values o f A (n) [and <S ( m - , n ) 2 > ] are o b t a i n e d by p l o t t i n g A ( n , l ) versus 

l 2 [ c . f . eq . (8) and see a l s o r e f . 1 1 ] . The p a r t i c l e s i z e H f o l l o w s from 

{ - ( d A S C n ) / d n ) | n + o } - 1 . 

<S (m, ,n)> can be r e w r i t t e n 

i 3 . n - 1 
<S (m_,n)> = ~ - I (A -A ) = -rr-— y (A.. , -A ) . (10) 

c v 3 ' N'-n L m_+n m ' N -n L N . - l - m , m_ 
3 m =o 3 3 3 m3=o 3 3 3 

Vie s h a l l r e s t r i c t ourse lves to symmet r i ca l c o n c e n t r a t i o n p r o f i l e s , which 

c o n d i t i o n is usua l l y met i n p r a c t i c e . Then 

A., , = 6 N, c - A , (11! 
N.-1-m a 3 m -1 

where c is the known average c o m p o s i t i o n o f the c r y s t a l l i t e . S u b s t i t u t i o n o f 

eq. (11) i n to eq . (10) leads t o 

< S c ( m 3 , n ) > = F L { n 8 a N 3 c - f ( n ) ) (12) 

n-2 
where f ( n ) = A ., + 2 \ A , (13) 

k=o 

Combination o f eqs . (9) and (12) f i n a l l y r e s u l t s in 

_ B ( n , l ) N, - n 
f ( n ) = n 6 N c - - 5 - -2 . [\k) 

* A S (n ) 2TT1 

Ik 



11.11 

A l l f a c t o r s a t t h e r i g h t hand s i d e o f e q . (1A) a r e known . Hence f ( n ) can be 

c a l c u l a t e d f o r s u c c e s s i v e va lues o f n (n = 1 , 2 . . . ) . T h e n , as f o l l o w s f r o m 

eq . ( 1 3 ) , the An va lues (n = 0 , 1 , 2 , . . . . ) can be c a l c u l a t e d f rom the f { n ) 

values a p p l y i n g the r e c u r s i v e e q u a t i o n 

An = f ( n + l ) - f ( n ) - A n - 1 (15) 

n n 
Because A = 6 £ c . , [ c . f . e q . ( 3 ) ] a l s o £ c. . can be c a l c u l a t e d , 

k=o k=o ' 
imp ly ing the d e t e r m i n a t i o n o f the c o n c e n t r a t i o n p r o f i l e . I t s h o u l d be no ted 

t ha t the above d e r i v a t i o n o n l y ho lds f o r no t t o o l a r g e v a l u e s o f n [ c . f . e q . 

(7) and s e c t i o n A ] . 

3. Exper imenta l p rocedu re 

Supported AuPt c a t a l y s t s were p repa red by a d d i n g a s o l u t i o n o f g o l d and 

p la t i num c h l o r i d e s i n aqua r e g i a t o a suspens ion o f s i l i c a i n a h y d r a z i n e 

s o l u t i o n a t + 80 C a c c o r d i n g to K u l i f a y 1 2 > * 3 . The powders were s i n t e r e d i n 

a H„ atmosphere d u r i n g 15 h a t ^00 C. 

The 200 en ^00 CuKa l i n e p r o f i l e s were measured i n s t e p s o f 1 -3 .10 °20 

app l y i ng the p r e s e t - t i m e method w i t h a Siemens w - d i f f r a c t o m e t e r equ ipped 

w i t h a g r a p h i t e monochromator . Background r a d i a t i o n was removed by l i n e a r 

i n t e r p o l a t i o n . The a „ -componen t was e l i m i n a t e d a c c o r d i n g t o Delhez and 

Mi t temei j e r 1 I + . The deconvo l u t i o n method o f S t o k e s 1 5 was a p p l i e d u s i n g a 

Au s tandard powder samp le . The d i f f e r e n c e i n s p e c t r a l b r o a d e n i n g between 

the Au s tandard powder sample and t h e AuPt powder samples i n v e s t i g a t e d 

was taken i n t o account a c c o r d i n g t o de K e i j s e r and M i t t e m e i j e r 1 6 . The a n g l e 

dependence o f t h e L o r e n t z and p o l a r i z a t i o n f a c t o r s was c o r r e c t e d f o r 

cor respond ing t o the r u l e s s e t o u t i n r e f . 17 . 
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28 ( d e g r e e s ) 

/ V 

29 (degrees! 

- 26 (deqiees) 

Fig. 1. 400 a -line profiles of the Au standard powder sample (a), the sintered 

AuPt [9 at% Pt] powder specimen (b) and the unsintered AuPt [14 at% Pt] 

powder specimen (c). 
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k. Resul ts and d i s c u s s i o n 

The F i g s , l a , b and c show the ^00 a - l i n e p r o f i l e s o f t h e Au s t a n d a r d 

powder sample, a s i n t e r e d AuPt c a t a l y s t (9 at% Pt) and an u n s i n t e r e d 

AuPt c a t a l y s t (14 at% Pt) r e s p e c t i v e l y . I t i s seen t h a t bo th AuPt 

specimens g i ve r i s e t o c o n s i d e r a b l e l i n e b r o a d e n i n g . In the s i n t e r e d 

specimen no l a r g e c o n c e n t r a t i o n v a r i a t i o n s w i t h i n t he c r y s t a l l i t e s a r e 

expec ted . The l i n e p r o f i l e shou ld then be ma in l y s y m m e t r i c a l l y broadened 

due to smal l p a r t i c l e s i z e , as i s obse rved . The l i n e p r o f i l e o f the 

uns in te red specimen is s u b s t a n t i a l l y a s y m m e t r i c a l l y b roadened wh ich is 

i n d i c a t i v e [ c . f . e q . ( 9 ) ] o f c o n s i d e r a b l e c o n c e n t r a t i o n v a r i a t i o n s . 

On the bas is o f e q . ( lA ) f ( n ) va lues can be c a l c u l a t e d . I t can be e a s i l y 

shown t h a t t h e o r e t i c a l l y { f ( n ) / n } | , = o . From the example shown in F i q . 
'n+o r 3 

2 i t f o l l o w s t h a t t h i s i s n o t observed i n p r a c t i c e . T h i s i s a t t r i b u t e d t o 

the s o - c a l l e d " h o o k " - e f f e c t 8 > 1 8 . The f i r s t c o s i n e F o u r i e r c o e f f i c i e n t A 
o 

of the measured l i n e p r o f i l e , wh ich is used f o r n o r m a l i z a t i o n o f a l l F o u r i e r 

c o e f f i c i e n t s F(n) , is u s u a l l y de termined too s m a l l . T h i s d e f e c t i s o f t e n 

asc r ibed t o a background l e v e l e s t i m a t e d too h i g h ow ing to o v e r l a p p i n g o f 

long t a i l s o f n e i g h b o u r i n g r e f l e c t i o n s . The usual method o f c o r r e c t i o n f o r 

the " h o o k " - e f f e c t c o n s i s t s o f e x t r a p o l a t i n g the s t r a i g h t p o r t i o n o f the 

cosine Fou r i e r c o e f f i c i e n t cu rve a t smal l va lues o f n t o n = o 8 . T h i s method 

is o f t e n i n v a l i d a t e d because o f the absence o f such a s t r a i g h t p o r t i o n . 

I f B ' ( n , l ) and B ( n , l ) denote the s i n e F o u r i e r c o e f f i c i e n t s o b t a i n e d by 

n o r m a l i z a t i o n w i t h the e r ronous A' and the c o r r e c t A v a l u e s r e s p e c t i v e l y , 
O O r i t 

i t f o i l o w s 

A 
B ' ( n , l ) = - £ B ( n , l ) . (16) 
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before correction "hook-effect 
after correction "hook-effect 

- ko 

Fig. 2. {f(n)/n}/& versus n as obtained from the deconvoluted 
200 line profile of the sintered AuPt specimen before 
(dashed curve) and after (bold curve) correction of 
the "hook"-effect [6 is a constant; c.f. eq. (3)]. 
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From eqs. (1'f) and (16) i t is then obtained 

^ - I , = H 1 c ( 1 - i (17) 
n 'n+o a 3 A' 

o 

Hence from the in tercept of the ordinate the correct A value can be deduced. 
o 

The f (n ) /n values a f t e r the correct ion for the "hook" -e f fee t are also shown 

in Fig. 2. I t is suggested that the method based on eq. (17) , which also 

holds i f no concentration var ia t ions are present a t a l l , may be a useful 

a l ternat ive for the usual correct ion for the "hook " -e f f ec t . 
After carrying out the correct ion for the "hook" -e f fec t according to eq. 

n 
(17) the " in tegra ted" concentration p r o f i l e | a _ | . £ cp , was recurs ive ly 

k=o ' 
calculated from the f (n) -va lues by applying eq. (15) [a_ is the f i c t i t u o u s 

uni t ce l l parameter perpendicular to the r e f l ec t i ng planes: c . f . r e f . 8] • 

The results for the s in tered and unsintered specimens are shown in F igs. 3a 
n 

and b. The concentration profiles calculated from the I a, I . 7 c.,. , data 
f 1„^1 L p t , k 

k=o 
are shown in Figs, ka and b. 

For the ca lcu la t ion of the concentration p r o f i l e s the 200 l i ne p r o f i l e s 

were employed instead of the AOO l i ne p ro f i l es because of the higher counting 

accuracy a t ta ined. Using eq. (0) , from both orders of the r e f l e c t i o n the 

pa r t i c le sizes were calculated to be 137 A and 60 A f o r the sintered and 

unsintered specimen respect ive ly . 

The results for the s in tered specimen [Figs. 3a and ha] show that in the i n t e 

r i o r of the c r y s t a l l i t e the concentration maintains a constant value of 9 at% 

Pt, which agrees very wel l w i th the average composit ion. In the surface region 

enrichment by gold is observed. This is in agreement w i th Auger e lect ron 

spectroscopical 19 and hydrogen adsorbt ion2 0 data. The enrichment of the 

surface region by the component wi th the lower heat of subl imation ( i . e . 

gold) was also t heo re t i ca l l y p red ic ted 2 1 » 2 2 . 
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Ftg. The "integrated" concentration J ^ [= \a_7\. \ 
Mo 'Pt> 'Pt z-8 tne 

atomic fraction platinum and a_,, is the fictiïuous unit cell parametei 

perpendicular to the reflecting planes'] versus the distance L 

perpendicular to the reflecting planes for the sintered (a) and 

unsintered specimen (b). 

particle s ize: 60A 

" 16 
particle size : 137 A 

i i „ 

^ . -9% 

i 
2C „ 30 
— L(A) 

S 2i 

Fig. 4. The atomic fraction platinum cp versus the distance L perpendicular 

to the reflecting planes for the sintered (a) and unsintered specimen 

(b). 
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The r e s u l t s f o r the u n s i n t e r e d specimen [ F i g s . 3b and hb] show t h a t the 

c o n c e n t r a t i o n v a r i a t i o n s are much l a r g e r than in the s i n t e r e d spec imen. For 

those c o n c e n t r a t i o n v a r i a t i o n s n e i t h e r o t h e r e x p e r i m e n t a l d a t a no r t h e o r e t i c a l 

p r e d i c t i o n s e x i s t . S ince the specimens are p repared by chemica l r e d u c t i o n 

[ c . f . s e c t i o n 3 ] , i t may be expec ted t h a t the nuc leus o f t he c r y s t a l l i t e 

should be p l a t i n u m - r i c h , su r rounded by a g o l d - r i c h s h e l l . T h i s co r responds 

w i t h the expe r imen ta l o b s e r v a t i o n . The p l a t i n u m - e n r i c h m e n t o f the s u r f a c e , 

as compared to the average c o m p o s i t i o n , is not u n d e r s t o o d a t p r e s e n t . A l t h o u g h 

in our o p i n i o n t h i s f e a t u r e is no a r t i f a c t o f the measurements , i t i s no ted 

t h a t the X-ray data f o r the u n s i n t e r e d specimen were l e s s a c c u r a t e ow ing to 

a lower coun t i ng accuracy a r i s i n g f rom the e x t r e m e l y broadened n a t u r e o f the 

l i n e p r o f i l e [ c . f . F i g . 1 ] . 

F i n a l l y i t i s remarked t h a t f o r the specimens i n v e s t i g a t e d the average 

c o n c e n t r a t i o n as de te rm ined f rom the c o n c e n t r a t i o n p r o f i l e c a l c u l a t e d e q u a l l e d 

the va lue expected f rom specimen p r e p a r a t i o n . 
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Abstract 

A new nondestruct ive method - based on computer s imulat ion of X-ray 

d i f f r a c t i o n l i ne p ro f i l es - is proposed to characterize homogenizat ion 

in compacted binary powder b lends . As a parameter to character ize the 

stage of homogenization the r e l a t i v e peak posi t ion is proposed. This 

parameter is easy to determine in p rac t i ce : during homogenizat ion the 

pos i t ion of an X-ray d i f f r a c t i o n maximum is t raced. As compared to other 

methods the present one has the f o l l ow ing advantages: ( i ) i t is fast and 

simple and ( i i ) i t allows a more severe tes t of the model of i n terd i f fus ion 

app l ied . Experiments were performed w i th compacted blends of copper and 

nickel powders at 800, 900 and 1000 C. At the s t a r t of homogenization 

d i f f us ion was very f as t . Experiments at lower temperatures revealed that 

th is was due to surface d i f f u s i o n at the contact places between the copper 

and nickel p a r t i c l e s wi th an a c t i v a t i o n energy of about 12 kcal /mol . 

Because of the s e n s i t i v i t y of the r e l a t i v e peak pos i t ion to the i nterdi f f us ion 

model adopted i t was shown tha t the general ly accepted concentr ic sphere 

model: nucleus of nickel and s h e l l of copper, should be modif ied to include 

a preal loyed she l l at the copper /n icke l in ter face at t = 0. Then good 

correspondence between theory and experiment is obtained. F ina l l y i t was 

found that in the temperature range applied one d i f fus ion mechanism is 

dominant w i t h an ac t iva t ion energy of 32 kcal /mol , i nd ica t ing grain boundary 

di f f u s i o n . 
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1. I n t r o d u c t i o n 

The f a b r i c a t i o n o f a l l o y s by d i f f u s i o n a l h o m o g e n i z a t i o n o f compacted powder 

blends is t e c h n o l o g i c a l l y i m p o r t a n t [ 1 ] . To c o n t r o l such processes c h a r a c t e r i z a t i o n 

o f the i n t e r d i f f u s i o n o c c u r r i n g in the powder b l e n d i s n e c e s s a r y . 

X-ray d i f f r a c t i o n l i n e p r o f i l e a n a l y s i s appears t o be a power fu l q u a n t i t a t i v e 

n o n d e s t r u c t i v e method t o de te rm ine c o n c e n t r a t i o n p r o f i l e s : A c o n c e n t r a t i o n 

p r o f i l e corresponds t o a l a t t i c e parameter p r o f i l e and - a c c o r d i n g to B r a g g ' s 

law - a spectrum o f l a t t i c e parameters causes l i n e b r o a d e n i n g . 

In recent years a t t e n t i o n has been p a i d t o the deve lopment o f t h e t h e o r y 

o f d i f f r a c t i o n f rom c o n c e n t r a t i o n p r o f i l e s in m o n o c r y s t a l 1 i ne systems [ 2 , 3 ] . 

For powder specimens a method f o r the i n t e r p r e t a t i o n o f l i n e b r oaden i ng 

r e s u l t i n g f rom b i n a r y i n t e r d i f f u s i o n was proposed by Rudman [h]. Th i s t e c h n i q u e 

has been a p p l i e d on i n t e r d i f f u s e d b lends o f copper and n i c k e l powders [ 1 , 5 , 6 ] • 

From these s t u d i e s i t appeared t h a t a c o n c e n t r i c s p h e r e gemometry may a f f o r d 

the best d e s c r i p t i o n o f i n t e r d i f f u s i o n i n compacts o f b l e n d e d meta l powders : t h e 

minor component is r e p r e s e n t e d by a s p h e r i c a l p a r t i c l e , the ma jo r component 

by a un i fo rm s h e l l around the s p h e r e . 

The purpose of t h i s paper i s to propose a new method t o ana l yse i n t e r d i f f u s i o n 

in compacted powder b l e n d s . The method is based on computer s i m u l a t i o n s o f the 

X-ray d i f f r a c t i o n l i n e p r o f i l e s . A new parameter c h a r a c t e r i z i n g the s t a g e o f 

homogenizat ion w i l l be p r o p o s e d : t h e r e l a t i v e peak p o s i t i o n . The method has 

the f o l l o w i n g advan tages : 

( i ) S imu la t i ons a re s i m p l e and have t o be done o n l y once f o r a s y s t e m ; 

( i i ) The r e l a t i v e peak p o s i t i o n is d i r e c t l y a v a i l a b l e f r o m expe r imen t and 

can be measured i n a ve ry s h o r t t i m e . Thus d i f f u s i o n processes may be 

f o l l owed i n s i t u ; 
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( i i i ) As compared t o Rudman's "degree o f i n t e r d i f f u s i o n " - wh ich i s ob ta ined 

by an e l a b o r a t e c a l c u l a t i o n - the r e l a t i v e peak p o s i t i o n i s more 

s e n s i t i v e f o r the ac tua l d i f f u s i o n mode l . 

Severa l r e s u l t s on the homogenizat ion i n b lends o f copper and n i c k e l 

powders w i l l be p resen ted . Argument ( i i i ) r e s u l t e d in a m o d i f i c a t i o n o f the 

usual c o n c e n t r i c sphere model . 

2 . Exper imenta l procedure 

2 . 1 . Sample p r e p a r a t i o n 

Commercia l ly a v a i l a b l e pure powders were used: N i c k e l ( K o c h - L i g h t ; 8500 W; 

<if» ~ 11* ym) ; Copper (Koch -L igh t ; 8223 h ; <<j» = 35 ym) . The powders were 

reduced i n a 98% Ar/2% H. atmosphere a t 350-^00°C d u r i n g 1 ,h . No measurable 

s i n t e r i n g o c c u r r e d . Po r t i ons of the p o w d e r s , a l l w i t h 30 a tomic pe rcen t N i , 

were t h o r o u g h l y mixed by tumbl ing t o g e t h e r f o r about 12 h . The powder blends 

were c o l d pressed a t (8 .28 + 0 .02 )10 8 N/m 2 . Discs were o b t a i n e d w i t h a 

d iamete r o f about 13 mm and a t h i ckness o f about 2 mm. 

The d i f f u s i o n anneals were performed i n a 98% Ar/2% H„ atmosphere in a 

f u r n a c e c o n t r o l l e d a u t o m a t i c a l l y to + 2 C. The tempera tures a p p l i e d were 

800, 900 and 1000 C. The annea l ing t imes were c o r r e c t e d f o r the t ime needed 

f o r t he specimens to warm up [ 7 ] . A f t e r d i f f u s i o n a s u r f a c e l a y e r (100-150 ym 

t h i c k ) was removed by g r i n d i n g and mechanical p o l i s h i n g . The co l d work thus 

induced was removed by an anneal a t 500°C f o r 10 m i n . No i n t e r d i f f u s i o n 

o c c u r r e d d u r i n g t h i s r e h e a t i n g . 

2 . 2 . D i f f r a c t o m e t r y 

L ine p r o f i l e s were measured in s teps o f 0.01 29 a p p l y i n g the p r e s e t - t i m e 

method w i t h a Siemens o i - d i f f r a c t o m e t e r , equipped w i t h a g r a p h i t e monochromator. 
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The 220 reflection was measured with CuKa radiation because (i) it is a 

good compromise between high intensity and angular (concentration) resolution 

and (ii) no overlap with neighbouring Ka and Kg reflections occurs. 

Angle position corrections due to specimen transparency, flat specimen, 

3° axial divergence (Soller slits were used) and specimen displacement were 

performed according to Wilson [8], Background radiation was removed by linear 

interpolation. The a„ component was eliminated according to Delhez and 

Mittemeijer [9]. The angle dependence of the Lorentz and polarization factors 

was corrected for according to the rules set out in [10]. The angle dependence 

of the structure factor F was taken into account as F = x f... + (1-x) f~ , 
Ni Cu 

where x is the a tomic f r a c t i o n n i c k e l . The ang le dependencies o f the a t o m i c 

s c a t t e r i n g f a c t o r s f... and f_ were o b t a i n e d f rom [ 1 1 1 . 3 N i Cu 

3- Rudman's method 

In t h i s paper we i n t e n d to weigh the l i n e p r o f i l e s i m u l a t i o n method ( s e c t i o n s 

5 and 6) a g a i n s t t h e Rudman method [k]. We a l s o s l i g h t l y m o d i f i e d the Rudman 

techn ique . T h e r e f o r e i t is a p p r o p r i a t e to ske t ch b r i e f l y o u r v e r s i o n o f t h e 

Rudman a n a l y s i s . 

I f p a r t i c l e s i z e and s t r a i n b roaden ing are n e g l e c t e d and s i s g i v e n by 

2 s i n e / A [ = 1 / d ( x ) , where d (x ) is the i n t e r p l a n a r s p a c i n g ] , the volume f r a c t i o n 

p (x )8x of compos i t i ons between x and x + 3x f o l l o w s f rom ( c . f . [ 12 ] ) 

- 3 d ( x ) ( / 2 
3x 

'1' d z ( x ) 
_ _ — v- W 

p ( x ) 3 x - Cv fir >■■ l ( s ) 3 x ( 3 - D 

where C, i s a cons tan t ( i n c l u d i n g the a b s o r b t i o n f a c t o r wh i ch i s a p p r o x i m a t e l y 

c o n s t a n t ) , v ( x ) is the u n i t c e l l volume and I ( s ) i s the i n t e n s i t y c o r r e c t e d 
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O 1 

Fig. 1. The dependence of the degree of interdiffusion F on Dt, where D is the 
diffusion coefficient and t the annealing time, according to the 
original concentric sphere model and the modified one (c.f. section 6.2), 

t(min) 

15 
15 
15 

T(°C) 

63^ 
664 
694 

F 

0.41 

0.46 

0.49 

D(cm2/s) 

2.0 x 10"11 

2.6 x 10"11 

3.0 x 10"11 

Table 1. 

Results of the experiments at relatively low temperatures, t - time of diffusion, 
T - annealing temperature, F - degree of interdiffusion and D - diffusion 
coefficient. 
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according to sect ion 2.2. I t should be pointed out that the previous 

invest igators [ 1 , k - 6] did not consider the concentrat ion dependence 

of the uni t ce l l volume. This implies that these authors d id not correct f o r 

a 3% in tens i ty lapse in the l ine p ro f i l es of t h e i r Cu/Ni powder specimens. 

An e f fec t i ve penetrat ion depth y(x) is defined 

x 
y(x) = J p(x)9x (3.2) 

o 

and then a p lo t of x versus y is analogous to normal concentrat ion-penetrat ion 

curves. 

Rudman [k] proposed the degree of i n t e r d i f f u s i o n F as a parameter t o 

characterize the stage of homogenization. F is def ined by the r a t i o of 

the quanti ty of material which has crossed the Matano-interface a f te r a 

given d i f fus ion time to the quant i ty of mater ial which w i l l cross in i n f i n i t e 

time: 

x(y=yM) x=i ^ ( y = y M
) 

(yM-y)dx + j (y-yM)dx 2J(yM-y)dx 
x(y=YM) x=o ( 3 _ 3 ) 

* Y M + d - y M ) ( i - x ) 2xyM 

where yM represents the Matano-interface and x the average composition of the 

sample. For the concentric sphere model the ratio F is calculated analytically 

in the Appendix [let A. -* o and A~ ■* o in eq. (A-2) ] in contrast with 

previous [5, 6] graphical integrations. The dependence of F on Dt, where 

D is the interdiffusion coefficient and t is the annealing time, is shown 

in Fig. 1. From the definition of F it is clear that this parameter is rather 

insensitive to considerable deviations from the concentric sphere model as 

will be illustrated in section 6. 



8 h 800"C 

2. 220 a1 line profiles of an interdiffused Cu/Ni powder specimen for 
various annealing times at 800 C. 

3. Concentration-effective penetration curves as calculated according to 
the method outlined in section 3 from the line profiles of Fig. 2. x is 
the atomic fraction nickel and y is the effectice penetration distance 
(eq. 3.2). 
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k. Results wi th the Rudman method 

Fig. 2 shows a . - l i n e p ro f i l es of a Cu/Ni powder specimen for various 

stages of i n te rd i f f us ion . In F ig . 3 the corresponding concentrat ion-

e f fec t i ve penetrat ion curves are given [eqs. (3.1) and ( 3 . 2 ) ] * . The degree o f 

i n te rd i f fus ion F can be obtained by numerical i n teg ra t ion of the concentrat ion-

e f fec t i ve penetrat ion curves [eq. (3 -3 ) ] - The resu l ts are summarized in 

F ig . 4. 

Adopting the concentric-sphere model a Dt value can be assigned to each 

experimental F value (F ig . 1 ) . In F ig . 5 the Dt values obtained are p lot ted 

versus t . I f the concentr ic sphere model is idea l ly sui ted to describe 

in te rd i f fus ion in these powder specimens, s t r a i g h t l inesshould have been 

obtained, wi th slopes corresponding to the respect ive d i f f us ion c o e f f i c i e n t s . 

Clearly th is is not the case. 

From Fig. 5 i t is seen that at the s t a r t of homogenizat ion d i f f us ion is 

very fas t . This e f fec t was investigated by add i t iona l experiments at rather 

low temperatures, the resul ts of which are gathered in tab le 1. Considering 

the i nsens i t i v i t y of F to changes in the model of d i f f u s i o n ( c . f . sections 

3, 6.2) Dt values may be assigned to the F-values in the same way as before. 

* The behaviour of these curves in the immediate neighbourhood of y = o and 

y = 1 is not phys ica l ly s i g n i f i c a n t , because cu-e l iminat ion [9] does not 

el iminate completely the broadening caused by the X-ray spectrum and 

the instrumental condi t ions. In p r inc ipa l deconvolution techniques [13] 

should give bet ter r esu l t s . However, in pract ive resul ts obtained a f ter 

deconvolution and a f t e r a ? -e l im ina t ion show only small d i f ferences in 

the degree of i n t e rd i f f us i on [14 ] . 
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O 5 10 15 20 25, 
VU min*) 

Fig. 4. The observed variation of the degree of interdi f fusion F as a function 
of the annealing time t for Cu/Ni powder specimens interdiffused at 
800, 900 and 1000°C. 

Fig. 5. Graphs of Dt versus tj Dt values are calculated according to the 
concentric sphere model from Fig. 1. Note that straight lines should 
have been obtained, with slopes corrsponding to the respective 
diffusion coefficients, if the concentric sphere model would hold. 
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Assuming an A r r h e n i u s - t y p e t e m p e r a t u r e dependence the a c t i v a t i o n energy o f 

the f a s t d i f f u s i o n process is es t ima ted t o be 12 k c a l / m o l . As compared 

w i t h data on volume d i f f u s i o n [15 ] t h i s a c t i v a t i o n energy i n d i c a t e s s u r f a c e 

d i f f u s i o n [ 1 6 ] . At the c o n t a c t p laces between the copper and n i c k e l p a r t i c l e s 

su r face d i f f u s i o n c o n t r i b u t e s s i g n i f i c a n t l y a t the s t a r t o f the homogenizat i on 

at 800, 900 and 1000 C. The l o c a l c h a r a c t e r o f t h i s p rocess is demons t ra ted 

by the a1 l i n e p r o f i l e o f t h e Cu/Ni powder specimen annea led a t 63A C f o r 

15 m in . ( F i g . 6 ) . A p a r t f rom the n i c k e l and copper peak two n e i g h b o u r i n g 

maxima can be o b s e r v e d , wh ich show t h a t homogen iza t i on o c c u r r e d l o c a l l y 

not a f f e c t i n g the b u l k o f t he copper and n i c k e l p a r t i c l e s . 

From F i g . 5 i t i s seen t h a t a t l a rge homogenizat i on t imes the appa ren t 

d i f f u s i o n c o e f f i c i e n t s become s m a l l . Acco rd ing t o Heckel e . a . [ 1 ] t h i s 

i l l u s t r a t e s the e f f e c t s o f n o n - i d e a l m i x i n g and n o n - u n i f o r m p a r t i c l e s i z e s . 

In s e c t i o n 7 an approach on the bas is o f an e f f e c t i v e p a r t i c l e s i z e w i l l be 

presented to deal w i t h t h i s p rob lem. 

5. L ine p r o f i l e s i m u l a t i o n method 

Let us d i v i d e the r a d i a l c o n c e n t r a t i o n p r o f i l e i n t he c o n c e n t r i c sphere 

in segments ( s h e l l s ) c o r r e s p o n d i n g to a c o n s t a n t change o f c o n c e n t r a t i o n . 

Each segment k w i l l d i f f r a c t a t a c e r t a i n s ( = 2 s i n ö / A ) - v a l u e , say s, . We 

assume t ha t a l l the segments g i v e r i s e t o a d i f f r a c t e d p r o f i l e o f t he same 

shape. This imp l i es t h a t t he s t r u c t u r a l b roaden ing o f a segment owing t o 

i t s c o n c e n t r a t i o n v a r i a t i o n is n e g l e c t e d as compared t o the s p e c t r a l and 

ins t rumen ta l b r o a d e n i n g . The i n t e n s i t y o f the p r o f i l e o f segment k w i l l be 

p r o p o r t i o n a l t o the amount o f m a t e r i a l o f segment k. Then f o r the powder 

specimen the p r o f i l e i k ( s ) o f segment k can be w r i t t e n as 

, k ( s ) = C 2 ^ ^ ( R - V l ) 3 - ( R - r k ) 3 } f ( s - s k ) ( 5 .1 ) 
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73 

0.25h 634°C 

77 
-~ 20 

2?£#. 6. 220 a, Zins profile taken from a Cu/Ni powder specimen annealed at 
634°C for 15 min. 

Fig. 7. Computer simulations of 220 a? line profiles of Cu/Ni powder specimens 
for various stages of interdiƒfusion according to the concentric sphere 
model. The behaviour of the copper-side peak maximum on annealing is 
indicated by the dashed curve. 
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where C„ is a c o n s t a n t ( i n c l u d i n g the a b s o r b t i o n f a c t o r w h i c h is a p p r o x i m a t e l y 

c o n s t a n t ) , v, i s the average u n i t c e l l volume o f segment k, R is the rad ius 

o f the c o n c e n t r i c s p h e r e , the r a d i i r, and r, e n c l o s e segment k in the 

sphere and f desc r i bes the shape o f the d i f f r a c t e d p r o f i l e such t h a t f ( o ) = 1 . 

The t o t a l l i n e p r o f i l e o f the powder specimen w i l l be the sum o f the 

p r o f i l e s o f a l l segments. D i v i d i n g the i n t e n s i t i e s by t he peak i n t e n s i t y I 

o f the major component b e f o r e i n t e r d i f f u s i o n , the t o t a l l i n e p r o f i l e is g i v e n 

by 

v 2 

i k U Ë l l . { ( R _ r )3 _ ( R - r . ) 3 } . f ( s - s . ) (5 .2 ) 
' o { R 3 - ( R - r B ) 3 } k v 2 k

 k _ 1 k k 

In o rder to o b t a i n t he shape f u n c t i o n f the a 1 l i n e p r o f i l e o f a s t a n d a r d 

n i c k e l powder specimen was d e t e r m i n e d . The f u l l w i d t h a t h a l f maximum was 

found to be 0.8 x 10 A . Acco rd ing to Edwards and L a n g f o r d [ 17 ] t he 

c o n t r i b u t i o n o f the s p e c t r a l b roaden ing to t h i s w i d t h i s ( 0 . 5 - 0 .7) x 10 A . 

Hence the s p e c t r a l b roaden ing dominates over the b r o a d e n i n g due t o t h e 

ins t rumen ta l c o n d i t i o n s . I t is g e n e r a l l y accepted t h a t the s p e c t r a l a . 

component can be d e s c r i b e d by a Cauchy - f unc t i on [ 1 8 ] . From the above we 

conclude t h a t a reasonab le a p p r o x i m a t i o n t o the shape f u n c t i o n Is g i ven by 

a Cauchy - func t i on hav ing a f u l l w i d t h a t h a l f maximum o f 0 .8 x 10 A 

Resul ts o f s i m u l a t i o n s o f the 220 l i n e p r o f i l e o f an i n t e r d i f f u s e d Cu/Nl 

powder specimen on t h e b a s i s o f eq . (5 .2 ) a re shown i n F i g . J for v a r i o u s 

stages o f i n t e r d i f f u s i o n ( t h e co r respond ing c o n c e n t r a t i o n p r o f i l e s were 

c a l c u l a t e d acco rd i ng t o the c o n c e n t r i c sphere m o d e l ) . 

We propose to c h a r a c t e r i z e homogenizat ion by the r e l a t i v e peak p o s i t i o n 

p de f i ned as r r 

P r = ( P - P 0 ) / ( P . - P 0 ) ( 5 . 3 ) 
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/Dt(iim) 

Fig. 8. The relative peak position p as a function of vui 
according to the original concentric sphere model 
and the modified one (a.f. section 6.2). 

/T(min2) 

Fig. 9. The observed variation of the relative peak position 
p as a function of the annealing time t for Cu/Ni 
powder specimens interdiffused at 
1000°C. 

900 and 
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where p is the a c t u a l peak p o s i t i o n and p and p c o r r e s p o n d to the peak 

p o s i t i o n s a t the s t a r t and a t the end o f homogenizat i on r e s p e c t i v e l y . pro 

can be c a l c u l a t e d f rom the mean c o m p o s i t i o n . 

In our case (0 .3 a tom ic f r a c t i o n n i c k e l ) i t i s c l e a r t h a t the c o p p e r - s i d e 

peak should be t r a c e d d u r i n g i n t e r d i f f u s i o n : in F i g . 7 the b e h a v i o u r o f the 

copper -s ide peak maximum on annea l i ng is a l s o i n d i c a t e d (dashed c u r v e ) . 

On the bas is o f t he l i n e p r o f i l e s i m u l a t i o n s a c c o r d i n g t o the c o n c e n t r i c 

sphere model the r e l a t i v e peak p o s i t i o n is p l o t t e d as a f u n c t i o n o f Dt i n 

F i g . 8. This p l o t p lays the same r o l e in our method as F i g . 1 i n the Rudman 

method: once the va lue o f p is e s t a b l i s h e d the v a l u e o f Dt a c c o r d i n g t o t he 

c o n c e n t r i c sphere model i s o b t a i n e d . I t is c l e a r t h a t t he r e l a t i v e peak p o s i t i o n 

is much e a s i e r as w e l l as much f a s t e r t o de te rm ine t han the degree o f 

i n t e r d i f f u s i o n ( c . f . s e c t i o n 3 ) . 

6 . Results w i t h the l i n e p r o f i l e s i m u l a t i o n method 

6 . 1 . Comparison w i t h t he Rudman method 

Expe r imen ta l l y de te rm ined va lues f o r the r e l a t i v e peak p o s i t i o n a re 

presented as a f u n c t i o n o f annea l i ng t ime and t e m p e r a t u r e i n F i g . 9- Using 

F i g . 8 a Dt va lue can be ass igned t o each p v a l u e a c c o r d i n g to the c o n c e n t r i c 

sphere model , f rom wh ich graphs o f Dt versus t (as g i v e n i n F i g . 5 f o r the 

Rudman method) can be c o n s t r u c t e d . Then the same c o n c l u s i o n s as o b t a i n e d 

be fo re can be reached by s i m i l a r r e a s o n i n g . 

Genera l l y i t can be s a i d t h a t the c o n c l u s i o n s w h i c h are o b t a i n e d by the 

Rudman method can a l s o be p r o v i d e d by the l i n e p r o f i l e s i m u l a t i o n me thod , 

which method is much s i m p l e r and f a s t e r to a p p l y . 

6 . 2 . A m o d i f i c a t i o n t o the c o n c e n t r i c sphere model 

N o t w i t h s t a n d i n g the above, d i f f e r e n c e s in r e s u l t s e x i s t between the Rudman 
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Fig. 10. The relative peak position p as a function 
of the degree of interdiffusion F for the 
original concentric sphere model (dashed 
curve) and the modified one (bold curve). 
The experimental points are also shown. 

E 
Q -22 

9.0 
— lx104(K"') 

Fig. 11. Ln D versus 1/T. Only the 
ratios of the diffusion 
coefficients are physically 
significant. The given values 
of the diffusion coefficients 
result from the definition of 
a = 1 (c.f. Fig. 12). This 
does not affect the 
determination of the 
activation energy. 

Dt/a2 

Fig. 12. The effective particle size 
a as a function of Dt/a2^ 
where a is the radius of the 
nucleus. The effective 
particle size was arbitrarely 
set equal to 1 for the 
experiment at 800 C with 15 
minutes annealing time. 
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method and the l i n e p r o f i l e s i m u l a t i o n method: the dashed l i n e i n F i g . 10 

represents the r e l a t i o n between the r e l a t i v e peak p o s i t i o n p and the degree 

of i n t e r d i f f u s i o n F a c c o r d i n g to the c o n c e n t r i c sphere model [p ->• Dt ( F i g . 8 ) ; 

Dt ■+ F ( F i g . 1 ) ] . The expe r imen ta l p o i n t s are a l s o i n d i c a t e d . The 

correspondence between exper imen t and the c o n c e n t r i c sphere model i s n o t 

very s a t i s f a c t o r y , because a l l expe r imen ta l p o i n t s l i e above the dashed 

cu rve . 

Now we r e c a l l the f a s t s u r f a c e d i f f u s i o n process wh ich occurs a t t he 

s t a r t o f t he homogen iza t ion a t 800, 900 and 1000°C, as is shown is s e c t i o n h. 

The t ime r e q u i r e d t o e s t a b l i s h l o c a l homogenizat ion a t the c o n t a c t p laces 

between the copper and n i c k e l p a r t i c l e s by s u r f a c e d i f f u s i o n may be n e g l e c t e d 

w i t h respec t t o the t o t a l a n n e a l i n g t imes a t these t e m p e r a t u r e s . I t was 

assumed t h a t an i n i t i a l c o n c e n t r a t i o n p r o f i l e i n t h e c o n c e n t r i c sphere model 

w i t h a p r e a l l o y e d s h e l l a t the c o p p e r / n i c k e l i n t e r f a c e a t t = o migh t g i v e a 

b e t t e r d e s c r i p t i o n o f t he homogenizat ion behav iou r observed a t these 

tempera tu res . Th is model has been worked o u t i n t h e Append i x . For t he 

p resen t case a d d i t i o n a l assumpt ions were made: ( i ) Homogenizat ion i n t h e 

p r e a l l o y e d s h e l l was c o n s i d e r e d as comp le ted , ( i i ) The t h i c k n e s s (A.. + A„) 

o f the p r e a l l o y e d s h e l l was es t ima ted f rom the low t empe ra tu re exper imen ts 

repor ted i n s e c t i o n k by (A. + A~) 2 * 2Dt - 2vim, where the r a d i a l d imens ions 

A, and A„ were taken e q u a l . The dependence o f F on Dt a c c o r d i n g to t h i s 

mod i f i ed c o n c e n t r i c sphere model i s a l s o p l o t t e d i n F i g . 1 . I t f o l l o w s t h a t 

in the range o f F va lues wh ich covers a l l expe r imen ts ( 0 . 4 5 - 0 . 9 0 ) the 

d i f f e r e n c e s in Dt va lues between the o r i g i n a l c o n c e n t r i c sphe re model and 

the m o d i f i e d one a re n e g l i g i b l e . This i l l u s t r a t e s the i n s e n s i t i v i t y o f the 

degree of i n t e r d i f f u s i o n t o d e v i a t i o n s f rom the c o n c e n t r i c sphere mode l ,as was 

mentioned in s e c t i o n 3. The r e l a t i v e peak p o s i t i o n i s much more s e n s i t i v e 

t o such d e v i a t i o n s as f o l l o w s f rom F i g . 8. In F i g . 10 the r e l a t i o n between 

p and F f o r the m o d i f i e d c o n c e n t r i c sphere model i s a l s o g i v e n ( b o l d l i n e ) . 
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I t can be seen t ha t a good correspondence e x i s t s between the p r e d i c t i o n s o f 

the m o d i f i e d c o n c e n t r i c sphere model and the exper imen ts . 

7. A c t i v a t i o n energy and d i f f u s i o n mechanism 

Wi thou t knowing the ac tua l d i f f u s i o n geometry in the powder specimens 

employed i t is p o s s i b l e to determine the a c t i v a t i o n energy o f the d i f f u s i o n 

p rocess . Assuming one d i f f u s i o n mechanism to be dominant , i t i s recogn ized 

t h a t equal values o f the r e l a t i v e peak p o s i t i o n at d i f f e r e n t tempera tu res 

imply i d e n t i c a l stages o f homogenizat ion in the powder spec imen. Hence the 

r a t i o s o f the d i f f u s i o n c o e f f i c i e n t s at these temperatures are g i v e n by the 

r a t i o s o f the annea l ing t i m e s , which can be ob ta ined by i n t e r p o l a t i o n i n 

F i g . 9- From an A r r h e n i u s - p l o t the a c t i v a t i o n energy can be o b t a i n e d ( F i g . 1 1 ) . 

Q. = 32 kca l /mo l 

As compared w i t h data on volume d i f f u s i o n [15] t h i s a c t i v a t i o n energy i n d i c a t e s 

g r a i n boundary d i f f u s i o n [ 1 6 ] . Th is agrees w i t h prev ious r e s u l t s on 

p o l y c r y s t a l 1 i n e Cu/Ni specimens [ 5 , 1 9 ] . The r e s u l t c o n t r a d i c t s the s t a t e m e n t 

o f Heckel [ 1 , 6] who claims volume d i f f u s i o n to be dominant ; however no 

a c t i v a t i o n energy was repo r ted . 

In s e c t i o n k the decrease in the apparent d i f f u s i o n c o e f f i c i e n t s at l a r g e 

annea l i ng t imes was noted ( c . f . F i g . 5 ) - This was a t t r i b u t e d t o d e v i a t i o n s 

in the powder specimen from the d i f f u s i o n geometry adop ted : l a r g e r d i f f u s i o n 

d i s t ances ( e . g . cont iguous n i c k e l p a r t i c l e s ) become dominant a t longer 

d i f f u s i o n t imes causing a p rog ress i ve decrease o f the r a t e o f h o m o g e n i z a t i o n . 

Th is problem can be d e a l t w i t h as f o l l o w s . 

In the case o f a c o n c e n t r a t i o n independent d i f f u s i o n c o e f f i c i e n t F i c k ' s 
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second law can be solved fo r concentric sphere geometries in terms of the 

dimensionless parameter D t /a 2 , where a is the radius of the nucleus (= n icke l 

p a r t i c l e ) . Because at one annealing temperature the d i f f u s i o n c o e f f i c i e n t 

should be constant, the homogenizat ion of non- idea l ly mixed powders w i t h 

non-uniform pa r t i c l e sizes can be described by vary ing the radius a on annealing 

to accord wi th the (modified) concentric sphere model. We now introduce an 

e f fec t ive p a r t i c l e s ize a , as suggested by Heckel [ 6 ] . A f te r choosing a 

reference pa r t i c l e size a , i t is possible fo r experiments w i th d i f f e r e n t 

annealing times at the same temperature to ca lcu la te the e f f e c t i v e p a r t i c l e 

size a = a/a in such a way that D remains constant. The resu l ts at d i f f e r e n t e r 

annealing temperatures can be re la ted , because equal values of the r e l a t i v e 

peak posi t ion point to iden t ica l stages of homogenizati on. This implies that 

at the same values of the re la t i ve peak pos i t ion one s ing le e f f ec t i ve p a r t i c l e 

size operates. In th is way e f f ec t i ve p a r t i c l e sizes at d i f f e r e n t temperatures 

can be brought into accordance, see F ig . 12. I t is seen that a l l e f f e c t i v e 

par t i c le sizes observed l i e approximately on a s ing le curve. This i l l u s t r a t e s 

that one single d i f f us ion mechanism is dominant in the temperature range 

appl ied, as was assumed for the determination of the ac t i va t i on energy. 
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Append ix . The mod i f i ed c o n c e n t r i c sphere model 

M e t a l l o g r a p h i c ev idence [ 5 , 6] i n d i c a t e d t h a t the geometry i n b i n a r y powder 

specimens may be descr ibed by the c o n c e n t r i c sphere geometry . A p e r f e c t 

d i s t r i b u t i o n of the minor component A ( i n our case n i c k e l ) in t he m a t r i x o f the 

major component B ( i n our case copper) is assumed. Then a c o n c e n t r i c sphere w i t h 

A and B c o n s t i t u t i n g the sphere and the s h e l l r e s p e c t i v e l y may be a reasonable 

a p p r o x i m a t i o n o f r e a l i t y . 

A genera l s o l u t i o n to F i c k ' s second law w i t h a c o n c e n t r a t i o n independent 

d i f f u s i o n c o e f f i c i e n t f o r d i f f u s i o n i n a sphere w i t h impermeable s u r f a c e was 

g i ven by Crank (eq. S.hj in [ 2 0 ] ) . In our case the c o n c e n t r a t i o n d i s t r i b u t i o n 

f ( r ) a t t = o is g iven by 

o < r < a f ( r ) = 1 and a < r < b f ( r ) = o (case l ) 

where a and b are the r a d i i o f the nucleus and the c o n c e n t r i c sphere respect ive ly . 

In s e c t i o n 6.2 i t is shown t ha t a more r e a l i s t i c d e s c r i p t i o n o f the 

homogenizat ion behav iour is ob ta ined i f a p r e a l l o y e d s h e l l a t the A/B i n t e r f a c e 

i s t hough t to be present at t = o. To a f i r s t approx imat ion i t i s assumed t h a t 

homogenizat ion in the p r e a l l o y e d s h e l l leads t o c. = 0 . 5 ( b e t t e r app rox ima t ions 

cause second order c o r r e c t i o n s ) . Then f o r the i n i t i a l c o n c e n t r a t i o n d i s t r i b u t i o n 

f ( r ) i t f o l l o w s 

o < r < a - A1 f ( r ) = l ; a - A 1 < r < a + A „ f ( r ) = c, 

and a + A2 < r < b f ( r ) = o , (case I l ) 

where A- + A» is the radial dimension of the prealloyed shell and 

cL = [a3 - (a-A1)3]/[(a+A2)3 - ( a - A ^ ] . 
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Eva lua t i on o f the i n t e g r a l s in Crank 's f o r m u l a y i e l d s f o r case l i 

a 3 2 
-) = — + — £ e x p ( - D t a 2 ) 

b3 b r n=1 s i n 2 a b 

x ■=— { ( a - A - ) c o s a (a-A.,) + (a+A„ )cos a (a+A0) + za i n i z n z n 

s i n a ( a -A - ) s i n a (a+A0) 
D 1_ D L. } (A - ! ) 

where c ( r ) is the volume f r a c t i o n o f m a t e r i a l A and a is t h e n - t h p o s i t i v e r o o t 

o f the t r anscenden ta l e q u a t i o n bet co t ba = 1 . ^ n n 

The q u a n t i t y o f m a t e r i a l m which has c rossed t h e i n t e r f a c e a f t e r a g i v e n 

d i f f u s i o n t ime t and the q u a n t i t y o f m a t e r i a l m w h i c h w i l l c ross i n i n f i n i t e 

t ime f o l l o w f rom 

a/b 1 

( 
a/b 

mt = ^ ( 1 - C ) ( £ ) 2 d(£) + hv c(£)2 d(£) 

8ir a 3 /.. a 3 \ 
m» = (1 ) 

3b3 b 3 

The deqree of i n t e r d i f f us i on F = mVm can be c a l c u l a t e d f rom 
£ 00 

F = 1 - 1ÏL- I e x p ( - D t a 2 ) ? x 
bHm , s i n z a b 

00 n=1 n 

1 
x { (a -A . , ) cos cx„(a-A 0 )cos a „ ( a + A 0 ) + 

2a2 2 v ^ « n , u ^ 2 , ^ . « n v D . U 2 y 

n 

s i n a ( a - A . ) s i n a (a+A„) s i n a a 
n i n Z 1 r n - , / f t n \ } x {a cos a a - i ( A - 2 ; 

The fo rmu lae f o r the o r i g i n a l c o n c e n t r i c sphere model (case l ) f o l l o w 

immediate ly f rom the f o r m u l a e f o r the m o d i f i e d c o n c e n t r i c sphe re model (case I ! ) 
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I -f A - -*■ o and A„ -*■ o in eqs. (A-1) and (A-2) . 

The dependence o f F on Dt , as c a l c u l a t e d f rom eq. ( A - 2 ) , is p l o t t e d f o r both 

models in F i g . 1 . 
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Abstract 

X-ray diffraction line profile analysis is used to study interdiffusion at 

500, 575 and 650 C occurring in compacted RbCl/KCl powder blends. Two methods 

for the interpretation of the diffusion-induced line broadening are applied: 

the method of Rudman and a recently developed line profile simulation method. 

With respect to the determination of concentration profiles a„-elimination and 

deconvolution of the X-ray line profiles are compared. The fast diffusion 

observed at the start of homogenizat ion is ascribed to surface diffusion at the 

contact places between the RbCl and KC1 particles with an activation energy of 

about 8 kcal/mol, whereas later on volume diffusion is shown to be dominant 

with an activation energy of h2 kcal/mol. Results of the line profile simulation 

method indicate that the concentric sphere model has a limited applicability 

to depict homogenizat ion in powder blends of salts. 

Durch Analyse der Röntgenbeugungsprofilen wird die Interdiffusion bei 500, 

575 und 650 C in RbCl/KC1-Press 1ingen untersucht. Die Deutung der Konzentrations-

verlauf-bedingten Linienverbreiterung erfolgt durch Anwendung der Rudman-Methode 

und einer kürzlich entwickelten Linienprofi1simul at ionsmethode. Entfaltung und 

a„-Elimination der RöntgenbeugungsprofiIe werden bei der Bestimmung der Konzen

trat ionsvertei 1 ung verglichen. Die Anfangsdiffusion ist schnell: Oberflachen-

diffusion mit einer Aktivierungsenergie von etwa 8 kcal/Mol; spater herrscht 

Volumendiffusion mit einer Aktivierungsenergie von kl kcal/Mol vor. Ergebnisse 

der LinienprofiIsimulat ionsmethode zeigen, dass das konzentrische Kugelmodell 

nur beschrankt guitig ist zur Beschreibung der Diffusion in gepressten Misch-

pulversalzen. 
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1 . I n t r o d u c t ion 

L a t t i c e parameter v a r i a t i o n s broaden X- ray d i f f r a c t i o n l i n e p r o f i l e s . 

There fo re l i n e p r o f i l e a n a l y s i s appears to be a p o w e r f u l n o n d e s t r u c t i v e 

q u a n t i t a t i v e method t o s tudy c o n c e n t r a t i o n p r o f i l e s . For monoc rys ta l 1 ine 

specimens theo ry o f d i f f r a c t i o n f rom c o n c e n t r a t i o n p r o f i l e s was developed 

in [ 1 , 2 ] . For powder specimens the i n t e r p r e t a t i o n o f t he l i n e b roaden ing 

r e s u l t i n g f rom b i n a r y i n t e r d i f f u s ion is p o s s i b l e a c c o r d i n g t o t he Rudman 

method [3 ] and a r e c e n t l y developed l i n e p r o f i l e s i m u l a t i o n method [ ' * ] . 

Powder specimens are e a s i e r to p repare than s i n g l e c r y s t a l s and o f t e n have 

impor tan t t e c h n o l o g i c a l i m p l i c a t i o n s [ 5 , 6 ] . C o n s i d e r a b l e a t t e n t i o n has been 

pa id to homogenizat ion im compacted metal powder b lends [k, 5 , 7~ 1 0 ] . From 

these s t u d i e s i t appeared t h a t a c o n c e n t r i c sphere model p r o v i d e s the best 

d e s c r i p t i o n o f i n t e r d i f f u s i o n i n mixed powders: one o f the components is 

represented by a s p h e r i c a l p a r t i c l e , the o t h e r component by a u n i f o r m s h e l l 

around t h i s sphere . 

I t i s the purpose o f t h i s paper to demonst ra te t h a t X - r a y d i f f r a c t i o n may 

be an impor tan t t o o l f o r s t u d y i n g d i f f u s i o n in non -me ta l powder sys tems. In 

c o n t r a s t w i t h c u r r e n t methods in research on d i f f u s i o n t h i s t echn ique is 

n o n d e s t r u c t i v e and f a s t . The d i f f e r e n c e s w i t h p r e v i o u s l y i n v e s t i g a t e d metal 

powder systems w i l l be o u t l i n e d . 

2. Exper imenta l p rocedure 

2 . 1 . Sample p r e p a r a t i o n 

Commercial ly a v a i l a b l e pure powders were used : RbCl (Merck p . a . ; 

<<j>> K 35 ym) ; KCL (Merck p . a . ; < <j>> - 35 ym) . Both powders were d r i e d a t 

150 C d u r i n g 12 h . Equ ia tom ic p o r t i o n s were t h o r o u g h l y mixed by t umb l i ng 
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t o g e t h e r f o r 12 h . In c o n t r a s t w i t h metal powder specimens a t e x t u r e developed 

d u r i n g compress ion: c r y s t a l l i t e s o f KC1 in a s u r f a c e l a y e r o f the specimen 

showed a tendency t o a l i g n t h e i r {100} p lanes p a r a l l e l t o the s u r f a c e . The re fo re 

t h i s s u r f a c e l aye r was removed a f t e r d i f f u s i o n . In case the powder b lend was 

c o l d pressed a t 9.81 107 N/m2 the X- ray d i f f r a c t i o n p a t t e r n s r e v e a l e d 

c o n s i d e r a b l e homogen iza t ion . By m i l l i n g a b lend o f Cu and Ni powders an 

analogous phenomenon was observed [ 1 1 ] . Because o f t h i s a l l powder b lends 

were c o l d pressed a t 2.^5 107 N/m2 where no p r e a l l o y i n g was o b s e r v e d . Discs 

were o b t a i n e d w i t h a d iameter o f about 13 mm and a t h i c k n e s s o f about 2 mm. 

The d i f f u s i o n anneals were per formed in a fu rnace c o n t r o l l e d a u t o m a t i c a l l y 

t o + 5 C The temperatures a p p l i e d were 500, 575 and 650 C. The annea l i ng 

t imes were c o r r e c t e d f o r the t ime needed f o r the specimens t o warm up [ 1 2 ] . 

A f t e r d i f f u s i o n a su r f ace layer (170-200 ym) was removed by t u r n i n g o f f 

c a u t i o u s l y . The co ld work thus induced was e l i m i n a t e d by an anneal a t 250 C 

f o r 30 m i n . No measurable i n t e r d i f f u s i o n o c c u r r e d d u r i n g t h i s r e h e a t i n g . 

2 . 2 . D i f f r a c t o m e t r y 

o L ine p r o f i l e s were measured in s teps o f 0.01 26 a p p l y i n g t h e p r e s e t - t i m e 

method w i t h a Siemens u - d i f f r a c t o m e t e r , equipped w i t h a g r a p h i t e monochroma t o r . 

The 220 r e f l e c t i o n was measured w i t h CuKa r a d i a t i o n because ( i ) i t is a 

good compromise between h igh i n t e n s i t y and angu la r ( c o n c e n t r a t i o n ) r e s o l u t i o n 

and ( i i ) no o v e r l a p w i t h ne ighbou r i ng Ka and K3 r e f l e c t i o n o c c u r s . 

Angle p o s i t i o n c o r r e c t i o n s due t o specimen t r anspa rency , f 1 a t spec imen, 

3 a x i a l d ivergence ( S o l l e r s l i t s were used) and specimen d i sp lacemen t were 

per fo rmed accord ing to Wi lson [ 1 3 ] . Background r a d i a t i o n was removed by 

l i n e a r i n t e r p o l a t i o n . The cu component was e l i m i n a t e d a c c o r d i n g t o Delhez 

and M i t t e m e i j e r [1*0 . The d e c o n v o l u t i o n method o f Stokes [15] was a p p l i e d 

us ing RbCl s tandard powder samples. The ang le dependence o f t h e Lo ren t z and 

p o l a r i z a t i o n f a c t o r s was c o r r e c t e d f o r acco rd ing to the ru l es se t ou t in [ 1 6 ] . 
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The angle dependence o f the s t r u c t u r e f a c t o r S was taken i n t o account as 

S = x f K r , + ( 1 " X ) f o h r i w n e r e x i s t n e molar f r a c t i o n KC1. The ang le 

dependencies o f the a tom ic s c a t t e r i n g f a c t o r s f.._. and f_. „ . were o b t a i n e d 
KCI RbCl 

from [ 1 7 ] . 

3. Methods o f p r o f i l e a n a l y s i s 

3 . 1 . Rudman's method 

A m o d i f i e d v e r s i o n o f t h e o r i g i n a l Rudman method [ 3 ] w i l l be a p p l i e d in 

t h i s paper. The volume f r a c t i o n p ( x ) 3 x o f c o m p o s i t i o n s between x and x + 9x 

can be c a l c u l a t e d f rom the l i n e p r o f i l e ( c . f . [ 1 8 ] ) . in c o n t r a s t w i t h t h e 

prev ious i n v e s t i g a t o r s [ 3 , 5, 7~10] the compos i t i on , dependence o f t he u n i t 

c e l l volume is taken i n t o a c c o u n t * ) . An e f f e c t i v e p e n e t r a t i o n parameter y ( x ) 

is de f i ned 

x 

y ( x ) = f p ( x ) 8 x (3 .1 ) 
o 

and then a p l o t o f x versus y is analogous to normal c o n c e n t r a t i o n - p e n e t r a t i o n 

cu rves . 

Rudman [ 3 ] proposed t h e degree o f i n t e r d i f f u s i o n F as a parameter t o 

c h a r a c t e r i z e the s tage o f homogen Iza t i on . F i s d e f i n e d by t h e r a t i o o f t he 

q u a n t i t y o f m a t e r i a l wh ich has crossed t h e Matano i n t e r f a c e a f t e r a g i v e n 

d i f f u s i o n t ime t o t h e q u a n t i t y o f m a t e r i a l wh ich w i l l c ross ' in i n f i n i t e t ime 

The compos i t i on dependence o f the u n i t c e l l volume causes a 15% i n t e n s i t y 

lapse in the l i n e p r o f i l e s o f RbCl/KCl powder spec imens . A c o r r e s p o n d i n g 

3% i n t e n s i t y l apse i n the l i n e p r o f i l e s o f Cu/Ni powder specimens was n o t 

co r rec ted f o r in [ 3 , 5 , 7 , 8 ] . 
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x(y=YM) x -1 x ( y=y M ) 

I (yM-y)dx + J (y-yM)dx 2j(yM-y)dx 
x=o x (y=y ) x=o 

F = _ Ë = - — (3.2) 
x y M + ( 1 ~ V ( l - x ) 2xyM 

where yM denotes the M a t a n o - i n t e r f a c e and x t he average compos i t i on o f the 

sample. Using the c o n c e n t r i c sphere model the degree o f i n t e r d i f f u s i o n can 

be c a l c u l a t e d . From the d e f i n i t i o n o f F i t i s c l e a r t h a t t h i s parameter is 

i n s e n s i t i v e to cons ide rab le d e v i a t i o n s f rom the c o n c e n t r i c sphere model, 

which may occur in p r a c t i c e . 

3 . 2 . L ine p r o f i l e s i m u l a t i o n method 

A f t e r d i v i s i o n o f the c o n c e n t r a t i o n p r o f i l e i n t o segments cor respond ing to 

a cons tan t change in c o n c e n t r a t i o n , the t o t a l l i n e p r o f i l e i s g i ven by the 

sum o f the p r o f i l e s o f a l l segments. The shape o f each segment p r o f i l e is 

desc r i bed by a Cauchy f u n c t i o n w i t h a f u l l w i d t h a t h a l f maximum o f 

1.2 10 A as f o l l o w e d from measurements o f RbCl s t anda rd powder specimen. 

(A d e t a i l e d d e s c r i p t i o n o f the l i n e p r o f i l e s i m u l a t i o n method is g iven in [4 ] ] 

The s tage o f homogenizat ion can be c h a r a c t e r i z e d by the r e l a t i v e peak 

p o s i t i o n p 

P r = (P"P 0 ) (P t t -P 0 ) (3-3) 

where p is the actual peak position and p and p correspond to the peak 

positions at the start and at the end of homogenization respectively, p 

can be calculated from the mean composition. On annealing the position of 

an X-ray diffraction maximum is traced. The observed dependence of p on 

annealing time and temperature can be related to the calculated dependence 

obtained from line profile simulations. The relative peak position is much 

easier as well as much faster to determine than the degree of interdiffusion 
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and is sensitive to deviations from the concentric sphere geometry which may 

occur in practice. 

k. Results and discussion 

From the line profiles (corrected according to section 2.2; an example 

is shown in Fig. 1) it immediately follows that RbCl is much faster contaminated 

by K than KC1 by Rb . This indicatesahigher intrinsic diffusivlty for K 
+ compared to Rb in agreement with [19]. 

4.1. Determination of concentration profiles and degrees of interdiffusion 

Deconvolution potentially is the best method for purification of 

experimentally determined line profiles, but often only a- elimination is 

or can be employed. If considerable amounts of pure'component material are 

still present after annealing, deconvolution is inappropriate because the 

Fourier series of the deconvoluted line profile diverges due to the presence 

Fig. 1. Deconvoluted 220-line profile of a HbCl/KCl powder blend after a 

diffusion anneal of Ih at 500 C. The unfolded line profile was smoothed 

to remove spurious oscillations. 
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of 6 - func t ions . The di f ference between concentra t ion p r o f i l e s obta ined from 

l i n e p r o f i l e s pur i f i ed e i t h e r by deconvolution [15] or by a„ e l i m i n a t i o n []h] 

is shown in Fig. 2 . The a. e l imina t ion does not remove a l l ins t rumenta l and 

s p e c t r a l broadening. Therefore the behaviour of the corresponding concen t ra t ion 

p r o f i l e in the neighbourhood of y = o and y = 1 is not phys i ca l l y s i g n i f i c a n t : 

the range of compositions seems to be wider than in r e a l i t y . 

For our experiments at 500, 575 and 650 C the c o n c e n t r a t i o n - e f f e c t i v e 

p e n e t r a t i o n curves , as ca lcu la ted according to sec t ion 3 . 1 , were obta ined 

from the deconvoluted l ine p r o f i l e s , except for the experiment of 0.25 h a t 

500 C where the concentra t ion p r o f i l e was obtained from the a~ e l imina ted 

1ine p r o f i l e . 

The degrees of in te rd i f fus ion F, obtained from the c o n c e n t r a t i o n - e f f e c t i v e 

p e n e t r a t i o n curves according to eq. ( 3 . 2 ) , are gathered in t a b l e 1. The 

incomplete removal of instrumental and spec t ra l broadening by ou e l i m i n a t i o n 

leads to an apparent ly enhanced in t e rd i f fu s ion at the s t a r t of homogenizat ion 

1.0 

05 

deconvolution 
a.2 elimination 

Fig. 2. Concentration-effective penetration curves calculated for the 

experiment at 650 C for 4h from the a„-eliminated line profile 

(dashed curve) and the deconvoluted line profile (bold curve), x is 

the molar fraction KCl and y is the effective penetration distance. 
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and an a p p a r e n t l y r e t a r d e d i n t e r d i f f u s i o n near the end o f homogen 1 z a t i o n . 

I f F and F, denote the degrees o f i n t e r d i f f u s i o n o b t a i n e d a f t e r an a2 d 2 

e l i m i n a t i o n and a f t e r d e c o n v o l u t i o n r e s p e c t i v e l y , we expec t F > F, f o r 

sma l l F and F < F f o r l a r g e F. Th is cor responds w i t h the e x p e r i m e n t a l 
a 2 d 

f i n d i n g ( t a b l e 1 ) . Up t o now t h i s behav iou r has n e i t h e r been recogn i zed 

nor observed in the l i t e r a t u r e where the r e s u l t s o f cu e l i m i n a t i o n and 

d e c o n v o l u t i o n were compared [ 3 , 8 ] . Fur thermore i t can be conc luded t h a t 

f o r about 50/50 b lends d e c o n v o l u t i o n shou ld be p r e f e r r e d o v e r cu e l i m i n a t i o n 

i f i t is expected t h a t F > 0 . 4 . Hence some r e s u l t s o b t a i n e d i n [ 8 , 9 ] may 

be i n a c c u r a t e . 

T 

t(h) 

0.25 

1.0 

2.0 

4.0 

500°C 

F F. p c*2 d rr 

0.32 0.29* 0.03 

0.45 0.44 0.19 

0.53 0.52 0.40 

0.60 0.60 0.78 

575°C 

F F, p ct„ d r r 

0.55 0.54 0.75 

0.71 0.72 0.91 

0.78 0.79 0.93 

0.83 0.84 0.94 

650°C 

F F , p a2 d rr 

0.78 0.79 0.93 

0.86 0.88 0.96 

0.89 0.91 0.97 

0.89 0.92 0.97 

* u n r e l i a b l e va l ue (see t e x t ) 

Table 1. 

Degrees of interdiffusion as calculated from a9-eliminated line profiles (F ) 
and deconvoluted line profiles (F_,) and the relative peak position p . T is 
the annealing temperature and t is the annealing time. 
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10 -F 

I 
0.5-

oofc 1 1 1 
0 4 8 12 

- VD"U[jm) 

Fig. '6. The dependence of the degree of interdiƒ'fusion F on dt, where D is the 

diffusion coefficient and t is the annealing time, according to the 

concentric sphere model for the RbCl/KCl powder specimens: the 

spherical KCl nucleus with <<$>> = 35 \im, is surrounded by a uniform 

RbCl shell of 5.1 \im thickness from the equi-atomic proportion 

RbCl/KCl. 

— - K M 

Fig. 4. Graphs of Dt versus t. De Dt values are calculated according to the 

concentric sphere model from Fig. 3. Note that straight lines should 

have been obtained, with slopes corresponding to the respective 

diffusion coefficients, if the concentric sphere model would hold. 
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t(min) 

15 

15 

15 

T(°C) 

373 

A+00 

khl 

F 

0 . 2 0 

0 . 2 3 

0 . 2 5 
_ —.... . 

D(cm2/s) 

1.7 x 10" 1 1 

2.1 x 10" 1 1 

2.5 x 10" 1 1 

Table 2. 

Results of the experiments at lower temperatures. T is the annealing 
temperature, t is the annealing time, F is the degree of interdi f fusion 
and D is the diffusion coefficient. 

k.2. Influence of s u r f a c e d i f fus ion 

For the c o n c e n t r i c sphe re model* the F versus Dt c u r v e , wi th D i s the 

di f fus ion c o e f f i c i e n t and t is the anneal ing t ime , can be c a l c u l a t e d and 

I t is shown in F ig . 3- Using t h i s f igu re a Dt va lue can be ass igned to each 

experimental F v a l u e . In F ig . k the Dt va lues o b t a i n e d a re p l o t t e d ve r sus 

t . If the c o n c e n t r i c sphere model is i d e a l l y s u i t e d t o d e s c r i b e i n t e r d i f f u s i o n 

in these powder specimens , s t r a i g h t l ines should have been o b t a i n e d , wi th 

s lopes corresponding to the r e s p e c t i v e d i f fus ion c o e f f i c i e n t s . This is not 

the case . 

From Fig. h follows t h a t d i f fus ion is very f a s t a t the s t a r t of homogen i z a t i on . 

This e f f ec t was i n v e s t i g a t e d by a d d i t i o n a l exper iments a t lower t e m p e r a t u r e s , 

the r e s u l t s of which a r e ga thered in t a b l e 2 . Owing to the i n s e n s i t i v i t y of 

* In case t h e r e a re equal po r t i ons of both components i t Is g e n e r a l l y 

assumed [7 , 8, 9] t h a t t he ma te r i a l wi th the lower m e l t i n g po in t ( i . e . RbCl) 

envelopes the p a r t i c l e s of the ma te r i a l with the h ighe r me l t ing p o i n t ( i . e . 

KCl) at the s t a r t of homogenizat ion. 
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106 1.12 

Fig. 5. Ln D versus 1/T. Only the ratios of the diffusion ooeffiaients are 
physically significant. The absolute values of the diffusion 
coefficients result from the definition of a - 1 (c.f. Fig. 6). 
This does not affect the determination of the activation energy. 
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F to changes in the model of d i f fus ion [k] Dt values may be assigned to the F 

values in the same way as before. Assuming an Arrhenius type temperature 

dependence the ac t i va t i on energy of the fas t d i f f u s i on process is estimated 

to be 8 kcal /mol . Compared wi th data on volume d i f f u s i o n [19] th i s a c t i v a t i o n 

energy indicates surface d i f f us ion [20 ] . At the contact places between the 

RbCl and KC1 par t i c les surface d i f f us ion contr ibutes s i g n i f i c a n t l y a t the 

s ta r t of homogenizat ion of 500, 575 and 650 C. 

Jf.3. Act ivat ion energy and d i f f us ion mechanism 

I f one d i f fus ion mechanism is dominant, equal values of the degree of 

in terd i f fus ion at d i f f e r e n t temperatures imply i den t i ca l stages of homogenizati on 

in the powder specimen. Hence the rat ios of the d i f f u s i o n c o e f f i c i e n t s at these 

temperatures are given by the rat ios of the annealing t imes, which can be 

obtained by in te rpo la t ion from table 1. From an Arrhenius p lo t the a c t i v a t i o n 

energy can be obtained ( F i g , 5) 

Q. = kl kca l /mo l . 

This value agrees w i th other data fo r volume d i f f u s i o n in the RbCl/KCl system 

[19 ] . In view of resul ts obtained on i n t e r d i f f u s i o n in Cu/Ni powder specimens 

at comparable annealing temperatures, where a dominant g ra in boundary d i f f u s i o n 

was found [k, 7] > t h i s seems su rp r i s i ng . However i t was exper imental ly shown 

[6] that grain boundaries do not enhance the cat ion d i f f u s i v i t i e s o f these 

sa l t s . 

From Fig . h fol lows that at large annealing times the apparent d i f f u s i o n 

coef f ic ients become sma l l . This may be a t t r i bu ted to deviat ions in the powder 

specimen from the d i f f us i on geometry adopted: larger d i f f u s i o n distances ( e . g . 

contiguous KC1 pa r t i c l es ) become dominant at longer d i f f u s i o n times causing a 
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500 'C 
575-C 
650'C 

Dt/a2 

Fig. 6. The effective particle size a as a function of Dt/a2, where a is the 
radius of the KCl nucleus. The effective particle size was arbitrarily 
set equal to 1 for the experiment at 500 C with 15 ruin, annealing time. 

Fig. 7. The relative peak position p as a function of the degree of 
interdiffusion F for the original concentric sphere model (dashed 
curve) and the modified one (bold curve). For the latter the thickness 
of the prealloyed shell was estimated from the experiments at lower 
temperatures by ^2Dt at about 4-\im. The experimental data are plotted 
too. 
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progressive decrease of the rate of homogenization. The actual d i f f u s i o n 

geometry can be described by means of an e f f ec t i ve p a r t i c l e s ize [ 8 ] . For 

experiments w i th d i f f e r e n t annealing times at the same temperature the 

d i f fus ion coe f f i c i en t should be constant. This is accomplished by varying 

the e f fec t ive p a r t i c l e s ize a = a/a , where a is an a r b i t r a r i l y chosen 

reference pa r t i c l e size and a is the radius of the KC1 nucleus*. The resul ts 

at d i f fe rent annealing temperatures can be re la ted , because equal values of 

the degree of i n t e r d i f f u s i o n point to ident ica l stages of homogenization . 

This implies that at the same values of F one s ing le e f f e c t i v e p a r t i c l e size 

operates. In th is way e f f ec t i ve pa r t i c l e sizes at d i f f e r e n t temperatures can 

be brought in to accordance, see F ig . 6. I t is seen tha t a l l e f f e c t i v e p a r t i c l e 

sizes observed l i e on a s ing le curve. This i l l u s t r a t e s that one s ing le 

d i f fus ion mechanism is dominant in the temperature range app l i ed , as was 

assumed for the determination of the ac t i va t ion energy. 

k.h. Deficiencies of the concentr ic sphere model 

To invest igate the v a l i d i t y of the concentr ic sphere model resu l ts obtained 

from the re la t i ve peak pos i t ion and the degree of i n t e r d i f f u s i o n w i l l be 

in te r re la ted . The re la t i on between p and F calcu lated for the concentr ic 
r r 

sphere model is p lo t ted in Fig. 7 (dashed curve) together w i th the experimental 

data: theory does not agree s a t i s f a c t o r i l y w i th experiment. Recal l ing the f a s t 

surface d i f fus ion process at the s t a r t of homogenization ( c . f . sect ion h .2) 

a better descr ipt ion of the d i f fus ion behaviour may be obtained i f a 

prealloyed layer at the inter face of both components is assumed to be present 

at t = o. Such a modi f icat ion to the concentr ic sphere model hardly e f fec ts 

* This is j u s t i f i e d by the fac t , that F ick 's second law w i th a concentrat ion 

independent d i f f us ion coe f f i c i en t can be solved f o r concentr ic sphere 

geometries in terms of the dimension less parameter Dt /a 2 
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the dependence o f F on Dt in the range o f F values o f i n t e r e s t , b u t i t does 

change the dependence of p on Dt (see s e c t i o n 3 ) . For the RbCl/KCL powder 

b lends i n v e s t i g a t e d the r e l a t i o n between p and F accord ing t o t h i s m o d i f i e d 

c o n c e n t r i c sphere model is a lso p l o t t e d in F i g . 7 (bo ld c u r v e ) . A l though the 

presence o f a p r e a l l o y e d s h e l l is an improvement f o r the f i r s t s tages o f 

homogenizat i o n , no improvement is observed f o r the l a t e r s t a g e s . Two o t h e r 

models have been proposed in the l i t e r a t u r e : an a l t e r n a t e l a y e r i n g o f sheets 

o f the two components [21] and an a l t e r n a t e packing o f cubes [ 2 2 ] , where the 

lam inar t h i ckness and the cube edge are a d j u s t a b l e parameters [ 7 ] . Only the 

l a t t e r model ( r e s t r i c t e d t o e q u i - a t o m i c powder blends)seems to be o f i n t e r e s t 

f o r these s a l t s , because RbCl and KC1 c leave along the {001} f a c e s . Then a 

{100} t e x t u r e should have been p r e s e n t , but t h i s was not observed w i t h our 

specimens (see s e c t i o n 2 . 1 ) . 

For an o v e r a l l d e s c r i p t i o n o f homogenizat ion the c o n c e n t r i c sphere geometry 

remains a t t r a c t i v e because i t is a p p l i c a b l e t o powder blends o f any average 

compos i t i on and the e x p e r i m e n t a l l y de te rm inab le p a r t i c l e s i z e o f one o f the 

components en te rs i n t o the e q u a t i o n s . 
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A b s t r a c t 

The in s i tu nondes t ruc t i ve d e t e r m i n a t i o n o f the c o n c e n t r a t i o n p r o f i l e in a 

smal l e p i t a x i a l b i na ry d i f f u s i o n couple by X- ray d i f f r a c t i o n l i n e p r o f i l e 

a n a l y s i s is cons ide red . On the bas is o f the work by Houska and c o l l a b o r a t o r s a 

d i r e c t method is presented f o r the d e t e r m i n a t i o n o f the c o n c e n t r a t i o n p r o f i l e 

f rom an X-ray i n t e n s i t y band. The method has the advantages t h a t o n l y a s i n g l e 

o rder o f the r e f l e c t i o n is r equ i red and t h a t n e i t h e r i t e r a t i v e nor t r i a l and 

e r r o r c a l c u l a t i o n s are necessary as compared t o p rev ious methods. I t is f u r t h e r 

shown t h a t l i n e a r i n t e r p o l a t i o n between both e x t r e m e t i e s o f t he i n t e n s i t y band 

is a poor approx imat ion t o the ac tua l background p r o f i l e . The background main ly 

c o n s i s t s o f Thermal D i f f use S c a t t e r i n g (TDS) which peaks a t the Bragg p o s i t i o n s 

and may c o n t r i b u t e s i g n i f i c a n t l y to the i n t e g r a t e d i n t e n s i t i e s measured. An 

i t e r a t i v e method is proposed t o c a l c u l a t e the TDS background . Both the d i r e c t 

method f o r de te rm in ing the c o n c e n t r a t i o n p r o f i l e and the c a l c u l a t i o n and. 

subsequent e l i m i n a t i o n o f the TDS background are a p p l i e d to exper imen ts w i t h 

Cu/Ni b i c r y s t a l s where the copper is e i t h e r e l e c t r o c r y s t a l 1 i z e d o r depos i ted f rom 

the vapour phase onto the 111 n i c k e l s u b s t r a t e . 
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Concen t ra t i on v a r i a t i o n s correspond t o l a t t i c e paramete r v a r i a t i o n s and -

acco rd ing t o B ragg 's law - may t h e r e f o r e be ana l yzed by a p p l i c a t i o n o f 

d i f f r a c t i o n methods. These a re h i g h l y a t t r a c t i v e , because i n s i t u n o n d e s t r u c t i v e 

i n v e s t i g a t i o n s are p o s s i b l e . Small d i f f u s i o n zones a r e a c c e s s i b l e , w h i c h is o f 

g rea t t e c h n o l o g i c a l impor tance in v iew o f the many a p p l i c a t i o n s o f 

m i c r o e l e c t r o n i c d e v i c e s . 

X-ray d i f f r a c t i o n methods have been a p p l i e d t o powder specimens f o r 

c o n c e n t r a t i o n v a r i a t i o n s o c c u r r i n g over d i s t a n c e s many t imes the s i z e o f t he 

cohe ren t l y d i f f r a c t i n g domains o r c r y s t a l l i t e s 1 - 1 1 as w e l l as f o r c o n c e n t r a t i o n 

v a r i a t i o n s o c c u r r i n g w i t h i n the c o h e r e n t l y d i f f r a c t i n g c r y s t a l l i t e s 5 . 

S o l i d s t a t e i n t e r d i f f u s i o n i s commonly s t u d i e d u s i n g specimens w i t h a p l a n e 

geometry ( c . f . F i g . 1 ) . The power o f X- ray d i f f r a c t i o n f o r s t u d y i n g 

i n t e r d i f f u s i o n in e p i t a x i a l b i m e t a l l i c d i f f u s i o n coup les was demons t ra ted by 

Houska and c o l l a b o r a t o r s 6 " 1 0 . Two d i f f e r e n t p rocedures were employed f o r t h e 

d e t e r m i n a t i o n o f c o n c e n t r a t i o n p r o f i l e s f rom X- ray d i f f r a c t i o n l i n e p r o f i l e s : 

( i ) An i t e r a t i v e method us i ng two o r more o r d e r s o f a r e f l e c t i o n and ( i i ) a 

computer s i m u l a t i o n method where the l i n e p r o f i l e i s c a l c u l a t e d f rom an assumed 

c o n c e n t r a t i o n p r o f i l e , wh i ch is m o d i f i e d u n t i l s a t i s f a c t o r y agreement e x i s t s 

between s i m u l a t i o n and expe r imen t ( t h i s method i s a l s o a p p l i e d i n r e f s . 11 and 1 2 ) . 

The need f o r a t l e a s t two o r d e r s o f a r e f l e c t i o n and t h e i t e r a t i v e n a t u r e o f t h e 

procedure in the f i r s t method and the t r i a l and e r r o r a d a p t a t i o n o f the 

c o n c e n t r a t i o n p r o f i l e assumed i n the second method may be c o n s i d e r e d as 

d isadvantages o f t he methods ment ioned . 

The purpose o f t h i s paper is to ex tend the work by Houska and co -wo rke rs by 

p ropos ing a d i r e c t method f o r the d e t e r m i n a t i o n o f t h e c o n c e n t r a t i o n p r o f i l e f r o m 

a s i n g l e o rde r o f a r e f l e c t i o n . Moreover i t w i l l be shown t h a t t he c o n c e n t r a t i o n 

p r o f i l e c a l c u l a t e d may be s t r o n g l y i n f l u e n c e d by t h e mode o f background 
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.: 

tin. 1, Schematic representation of 
specimen and diffraction 
geometry. 
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e l i m i n a t i o n . V/hen the background i s ma in l y d e t e r m i n e d by Thermal D i f f u s e 

S c a t t e r i n g (TDS), t h e background p r o f i l e s h o u l d be c a l c u l a t e d i n s t e a d o f 

e l i m i n a t e d by some i n t e r p o l a t i o n p rocedure between the a r b i t r a r i l y chosen 

ex t reme t ies of the l i n e p r o f i l e . 

2 . T h e o r e t i c a l c o n s i d e r a t i o n s 

2 . 1 . De te rm ina t i on o f the c o n c e n t r a t i o n p r o f i l e 

Consider the geometry o f F i g . 1 : the specimen may be t h o u g h t to c o n s i s t o f a 

se r i es o f segments p a r a l l e l to the f r e e s u r f a c e by a d o p t i n g some f i x e d change 

in c o n c e n t r a t i o n ; t he c o m p o s i t i o n o f each segment may be c o n s i d e r e d c o n s t a n t . I n 

t h i s way the g r a d u a l change in compos i t i on i s a p p r o x i m a t e d by a s e r i e s o f s t e p s 

as is commonly done. 

App ly ing t he k i n e m a t i c a l d i f f r a c t i o n t h e o r y 1 3 t h e f o l l o w i n g e x p r e s s i o n i s 

ob ta ined f o r t h e i n t e g r a t e d i n t e n s i t y P o f segment m e x t e n d i n g f rom the 

p e n e t r a t i o n d i s t a n c e y , t o y : 1 7 m - l ' m 

P = P . C . L P . F 2 . — . A .V ( 1 ) 
m o m m 2

 m m 

where P is the power in the p r i m a r y beam; C = r 2 . X 3 , w i t h r and \ be ing t h e 

c l a s s i c a l rad ius o f t he e l e c t r o n and the X - r a y w a v e l e n g t h r e s p e c t i v e l y ; LP 

comprises the L o r e n t z and p o l a r i z a t i o n f a c t o r s ; F2 i s t he squared modulus o f t h e 

s t r u c t u r e f a c t o r ( i n c l u d i n g the D e b i j e - W a l l e r f a c t o r ) and v is the u n i t c e l l 
j J m 

volume. The a b s o r b t i o n by the segments 1 t o m-1 is d e s c r i b e d by 

_2 m _ 1 

A = exp . —-. — T y . Ay. (2) 
m ^ s i n 6 . 1 i i 

m i=1 

and the a b s o r b t i o n i n segment m is i n c l u d e d in 
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V = g J 1 - exp . - v ~ - y Ay ) / 2y (3) 
m Jm r s i n A 'm 'm m 

where 6 i s the anqle o f i n c i d e n c e , y is the l i n e a r a b s o r b t i o n c o e f f i c i e n t and 
m ■' ' ' m 

Ay = y - Y r n _ i - The o r i e n t a t i o n f a c t o r g (0 £ g £ 1) i s i n t r o d u c e d , s ince in 

the specimens employed i n p r a c t i c e o f t e n on ly a f r a c t i o n o f the m a t e r i a l is in 

e p i t a x i a l p o s i t i o n 6 » 1 1 ' 1 2 . 

Houska and c o l l a b o r a t o r s 6 " 1 0 approx imated the product A V w i t h 
f r mm 

9m
 Aym o Yrm 

A V = 7 7 ^ exP. - ^ V y(y)dy W 

whe 

0 

re y ' = (y + y ) / 2 l k . I t shou ld be noted t ha t the app rox ima t i on (k) is m m-1 m 

o n l y v a l i d f o r smal l va lues o f the th i ckness Ay o f the segment. In case the 
m 

segments extend over several microns, as can be the case for the end regions of 
the concentration profile, the procedures based on eq. [k) cannot be used. 

In this paper a direct method will be applied for the determination of the 
concentration profile: 

■ M + Ay, ( 1 - 1 , 2, ) (5a) 

where according to eqs . (1-3) 

-sin 9. P. .v?.2y. 
Ayi = Ty— 1 ln{1 _ P .C.LP..^.A!.g.} (5b) 

* i o i i i J i 

In t h i s way the c o n c e n t r a t i o n p r o f i l e can be r e c u r s i v e l y c a l c u l a t e d , s t a r t i n g 

f rom the f r e e su r face (y = 0) , when the power P in the pr imary beam is known. 

P can be ob ta ined e i t h e r by d i r e c t measurement 1 5» 1 6 o r by i n d i r e c t c a l c u l a t i o n 1 

The d i r e c t method has the advantages t h a t n e i t h e r i t e r a t i v e nor t r i a l and e r r o r 

p rocedures are r equ i r ed and t h a t on ly a s i n g l e o rder o f a r e f l e c t i o n is r equ i r ed 

The l a t t e r aspect may be o f g rea t p r a c t i c a l impor tance; s ince the p e n e t r a t i o n 
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depth depends on the Bragg angle, the re f l ec t i on to be measured can be chosen in 

re la t i on to the p la t ing thickness applied to provide optimal information ( t h i n 

p l a t i n g : low order, t h i ck p l a t i n g : high o rde r ) , as w i l l be i l l u s t r a t e d in 

section h. 

2.2. El iminat ion of the background 

Commonly the i n tens i t i es measured are corrected fo r background radiat ion by 

applying a l i nea r i n te rpo la t i on between both extremeties of the in tens i t y bands6 . . 

The background regions of a Cu/Ni b ic rys ta l before d i f fus ion-annea l ing are shown 

in F ig . 2. Note that the signs of the slopes of the background p r o f i l e at both 

sides o f each Bragg re f l e c t i on are opposite, and that no constant background 

level is reached. Therefore a l inear background is a poor approximation to the 

actual background p r o f i l e . The type of background observed (F ig . 2) is 

cha rac te r i s t i c fo r Thermal Dif fuse Scatter ing (TDS).. 

TDS contr ibutes s i g n i f i c a n t l y to the integrated i n t e n s i t i e s measured, as is 

i l l u s t r a t e d by the fo l low ing calculat ions of the r a t i o a (= integrated TDS 

in tens i t y / i n teg ra ted kinematical in tens i ty ) fo r copper and n icke l in the 222 up 

to 555 MoKa l ine p ro f i l es at room temperature (Cu/Ni b i c r ys ta l s and MoKa 

rad ia t ion were employed in th is invest igat ion as we l l as previous s t u d i e s 6 " 8 » 1 0 ) . 

The resul ts are gathered in table 1. These ca lcu la t ions are based on the 

approximate, ana ly t i ca l expression for f i r s t order TDS (higher order TDS can be 

neglected) derived by Nilsson fo r cubic s ingle c r y s t a l s 1 8 . The usefulness of the 

Nilsson approach was demonstrated by numerical c a l c u l a t i o n s 1 9 ' 2 0 and by 

experimental evidence2 1 . 

In the fo l lowing ca lcu la t ion of the background of an i n tens i t y band from a 

d i f f us i on zone i t is assumed that the background consists dominantly of TDS. 

Since the TDS-prof i le from each segment extends over the whole 26-range 

inves t iga ted , over lap should be taken in to account. The background fo r segment i 

is determined by the t o ta l TDS cont r ibut ion from a l l M segments, so we have 
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Fig. 2. The 444 MoKa intensity band recorded from a Cu/iH bicrystal before 

diffusion-annealing. The intensity scale for the background regions 

is 50x larger than for the Bragg reflections. The TDS character of 

the background is less pronounced for lH3 since the integrated 

kinematicdl Bragg intensity and a are smaller (c.f. Table 1). 

222 

333 

444 

555 

integration 

range 26 

1.08° 

1.77° 

2.79° 

4.97° 

Cu IH 
in % 

9.4 5.9 

21.0 13.1 

27.6 23.2 

59.5 35.4 

integration 

range 26 

.54° 

.885° 

1.395° 

2.485° 

a.~, a,.. 
LU iH 

in % 

5.6 3.5 

12. 6 7.8 

22.5 13.9 

35.6 21.1 

Table 1. 

The ratio a (= integrated TDS intensity/integrated kinematiaal 

intensity) for Cu and Ni at room temperature in the 222, 233, 

444 and 555 MoKa line profiles according to Nils son's formula}^ 

The elastic constants needed are taken from ref. 22. The 28 

integration ranges given are 1/2 and 1/4 respectively of the 

separation of the Cu and Ni Bragg positions. The DJ integration 

range is 10 . 
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M 
b = I a,. P . , (6) 

j = 1 U J 

where a. . denotes the r a t i o o f the i n t e g r a t e d TDS i n t e n s i t y o f segment j a t the 

2f) range o f segment i t o t h e i n t e g r a t e d i n t e n s i t y P. ( w i t h o u t background b . ) o f 

segment j . The a . . va lues can be c a l c u l a t e d f rom t h e N i l s s o n f o r m u l a 1 8 . Because 

the P. values a r e unknown, the b. va l ues cannot be d e t e r m i n e d d i r e c t l y . By 

assuming t h a t the main c o n t r i b u t i o n to TDS in segment j o r i g i n a t e s f rom segment 

j a f i r s t e s t i m a t e o f the background is o b t a i n e d f r o m 

M a. . 

b l = I ^ J _ P t ( 7 ) 
' J-l ' + a j j J 

where P. i s the obse rved i n t e n s i t y ( i n c l u d i n g backg round b . ) o f segment j . S i n c e 

the TDS p r o f i l e s o f the d i f f e r e n t segments o v e r l a p , b } is an o v e r e s t i m a t e . Then 

the f o l l o w i n g i t e r a t i v e method can be a p p l i e d t o d e t e r m i n e the i n t e g r a t e d 

i ntens i t i e s : 

P^= P S bk (8a) 
i l l 

1^1 M i 
bk+1 = I a.. Pk (8b) 

J-1 ' J J 

The c o r r e c t va lues o f b. and P. a re approached a l t e r n a t i n g l y by under - and 

ove res t ima tes (k = 1 , 2 , . . . . ) . C a l c u l a t i o n s s h o u l d be c o n t i n u e d u n t i l a l l 

segments g i v e r i s e t o P. o r b. va lues w h i c h d i f f e r l e s s than an a r b i t r a r i l y f i x e d 

f r a c t i o n f rom the p r e v i o u s se t o b t a i n e d In t he i t e r a t i v e p r o c e d u r e . I t was f o u n d 

t ha t no rma l l y 3-10 i t e r a t i o n s (depending on the r e f l e c t i o n c o n s i d e r e d ) s u f f i c e i f 

f o r any segment a 5% d i f f e r e n c e between the l a s t two i t e r a t i o n s i s a l l o w e d . 

In our o p i n i o n t he c a l c u l a t i o n o f the background i n the manner proposed above 

g ives a p h y s i c a l l y more sound base f o r the c a l c u l a t i o n o f c o n c e n t r a t i o n p r o f i l e s 

from X-ray d i f f r a c t i o n l i n e p r o f i l e s than a l i n e a r i n t e r p o l a t i o n p r o c e d u r e . T h i s 
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will he illustrated in section h. 

3- Experimental procedure 

3 . 1 . Sample preparation 

Mechanically polished nickel monocrystals wi th a 111 surface were 

e lect ropol ished un t i l they were microscopical ly f l a t and no deformation was 

detectable wi th opt ica l and scanning electron microscopy and X-ray d i f f r a c t i o n . 

Two types of specimens w i l l be considered: 

( i ) Thick specimens (about 1^ ym copper) were prepared by e lec t rocrys ta l1 iza t ion 

of copper from a p lat ing bath prepared and pur i f ied according to Schultze2 3 . 

A l l e lec t rop la t ing was done under a p las t i c hood to prevent dust 

contamination. The current density applied was 0.5 mA/cm2 (= about 100 A/min). 

The thickness of the deposited layer was determined by an X-ray fluorescence 

techn ique2 t t . 

( i i ) Thin specimens (about 2 ym copper) were prepared by vapour deposit ion of 

-5 copper in a be l l j a r in a vacuum of about 10 Torr. The thickness of the 

deposited f i lmwas measured wi th a Deposition Control Master Omni I I (Sloan). 

The temperature of the nickel .substrate was 250 C; the deposit ion rate was 

100 R/min. 

The specimens were dif fusion-annealed in a N. f i l l e d fused quartz capsule at 

temperatures in the range 550-925°C, 

3 .2 . Di f f ractometry 

Before and after interdiffusion occurred the intensity bands were stepscanned, 

applying MoKa radiation, with a Siemens w-diffractometer equipped with a quartz 

crystal monochromator. Because of the mosaic structure of the sample, at each 

value of the angle 2fl, intensity measurements should be performed over a range of 

angles u and x> the w axis being perpendicular to the diffractometer plane and 
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the x axis being in the plane of diffraction perpendicular to the w axis. 

Integration over x 's established by removing the Soller slits thus allowing 

for + k axial divergence. Integration over w is performed by rocking the 

crystal. The integrated Intensity at each 26 position was taken as the integrated 

intensity of the rocking curve. The rocking curves were measured in the following 

way: the angular velocity of the u scan was automatically changed from 0.5 °/s 

to a lower velocity (usually 0.02 °/s) when the counting rate exceeded a 

predefined level, since the error due to counting statistics is lowered when 

counting time increases with counting rate 2 5. 

Angle position correctionsdue to specimen displacement were performed 

according to V.'ilson26. The n„ component was eliminated according to Delhez and 

Mittemeijer 2 7 and the ratio R[= I (max)/l (max)] was determined for each 

intensity b a n d 2 8 . The angle dependence of the Lorentz and polarization factors 

was corrected f o r 2 9 . The angle dependence of the structure factor was taken into 

account as F = x F... + ( 1 - X ) F where x is the atomic fraction nickel; the angle 

dependence of the structure factors FM. and F„ (and also the data for the r N i Cu 

corresponding Debije-Waller factors) were obtained from ref. 30. 

h. Results and Discussion 

In Fig. 3a the 555 MoKOL intensity band of a specimen with a thick Cu layer 

(c.f. section 3-1) is shown after a diffusion anneal of 1 h at 925 C. From the 

integrated intensities measured before interdiffusion it was found that for this 

specimen the orientation factor g = 1, indicating perfect epitaxy. 

To calculate the concentration profile according to the direct method 

outlined in section 2.1 the intensity band was divided into 20 segments over the 

2A range between the pure copper and pure nickel positions, denoted by 26- and 

2B... respectively. The integrated intensity of each segment was determined. In 

accordance with the experience of Houska and co-workers7 we found that 
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Fig. 3. (a): The 555 MoKa* intensity band recorded from a thick Cu/Ni 
bicrystal diffusion-annealed for 1 h at 925 C; a linear 
background is indicated; (b): the corresponding histogram 
of integrated intensities of the segments into which the 
intensity band is divided; the not hatched area represents 
the TDS background calculated; the background level as 
obtained from linear interpolation is also indicated; 
(c): the concentration profiles as calculated for the 
background corrections according to the TDS calculation (O) 
and the linear interpolation (&) respectively. 
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Fig. Zc. See opposite page for figure caption. 
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Fig. 4. The concentration profiles as calculated from the 222 (+)y 333 (x.), 
444 (U) and 555 (O) MoKa-, intensity bands for the Cu/Ni bierystal 
diffusion-annealed for 1 h at 925 C. It should be noted:, that the 
lower the order of the reflection the smaller part of the concentration 
profile which can be obtained reliably, owing to decreasing penevation 
depths of the X-rays. 
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p u r i f i c a t i o n o f the measured p r o f i l e s by deconvo lu t i on appeared unsuccess fu l . 

The re fo re only a9 e l i m i n a t i o n was employed which imp l i es t h a t some ins t rumenta l 

broadening remains in the p r o f i l e and consequent ly i n t e n s i t y d i f f r a c t e d by 

m a t e r i a l in the d i f f u s i o n zone may be found o u t s i d e the 2 ^ - 2 ^ . range. Since 

t h i s w i l l a f f e c t in p a r t i c u l a r the i n t e g r a t e d i n t e n s i t i e s o f the f i r s t and o f the 

l a s t segment6 , the i n teg ra ted i n t e n s i t i e s o f these two segments were obta ined by 

i n t e g r a t i o n s s t a r t i n g a t 2 ( ^ - ^ 2 0 ' and f i n i s h i n g a t 20^ . + A.28' r espec t i ve l y 

where A28' was chosen as 0.15 x ( 2 6 ^ - - 2 6 C L | ) . The choice o f A2B' i s a r b i t r a r y , 

p rov ided t ha t a l l the i n t e n s i t y d i f f r a c t e d by the m a t e r i a l in the d i f f u s i o n zone 

o u t s i d e the 2f l c '2Qu- range is inc luded (see a l so b e l o w ) . 

Next the i n teg ra ted TDS background i n t e n s i t i e s were c a l c u l a t e d accord ing t o 

the method proposed in sec t i on 2 . 2 3 1 . The r e s u l t s are p resen ted in the form o f a 

h is togram in F i g . 3b. In t h i s f i g u r e a l so the background l e v e l i s i nd i ca ted as 

ob ta ined from a l i n e a r i n t e r p o l a t i o n between the (2BC -A2R' ) and (2Rj,.+A28') 

posi t i o n s . 

The concen t ra t ion p r o f i l e s c a l c u l a t e d from the i n t e g r a t e d i n t e n s i t i e s 

c o r r e c t e d f o r the TDS background as we l l as c o r r e c t e d f o r the l i n e a r background 

are shown in F i g . 3c. A large d iscrepancy is observed . The r e s u l t s ob ta ined by 

the l i n e a r background are i n c o n s i s t e n t w i t h the va lues o f the d i f f u s i o n 

c o e f f i c i e n t 3 2 and the anneal ing t ime . Any l i n e a r background is a r b i t r a r y and 

lacks a phys ica l basis ( c . f . d i s cuss ion o f F i g . 2 in s e c t i o n 2 . 2 ) . 

Fur ther evidence in favour o f the TDS background c o r r e c t i o n can be o b t a i n e d 

from F i g . k where the concen t ra t i on p r o f i l e s are p l o t t e d as c a l c u l a t e d from t h e 

222, 333, W en 555 i n t e n s i t y bands a f t e r e l i m i n a t i o n o f the r e s p e c t i v e TDS 

background p r o f i l e s . For t h i s t h i c k specimen i t should be no ted t h a t the lower 

the o rder o f the r e f l e c t i o n the sma l le r the p a r t o f the c o n c e n t r a t i o n p r o f i l e 

which can be obta ined r e l i a b l y , owing to decreas ing p e n e t r a t i o n depths of t h e 

X-rays (This s t resses the need f o r a method where the c o n c e n t r a t i o n p r o f i l e i s 

ob ta ined from a s i n g l e order of the r e f l e c t i o n ) . I t i s seen f rom F i g . k t h a t the 
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results of the in tens i t y bands coincide very wel l as fa r as penetrat ion depths 

of the X-rays al low comparison. 

I t was found that large changes in A29' (100?; or more) do not a f fec t the 

concentration p ro f i l es ca lcu la ted , ind icat ing also that the method of the TDS 

background ca lcu la t ion is sound. 

Fig. 5a shows the 222 MoKa in tens i ty band of a specimen wi th a th in Cu layer 

( c . f . section 3.1) a f t e r a d i f f us ion anneal of 16 h at 550 C. From the 

integrated in tens i t i es measured before i n t e r d i f f u s i o n i t was found that the 

or ienta t ion factor g = 0.70 for the vapour deposited copper layer. For the 

calculat ion of the concentrat ion p r o f i l e i t was assumed that g in eq. (5-6) was 

constant (0.70) for the segments in the region o r i g i n a l l y occupied by the pure 

copper layer ( In the nickel region g = 1) , because previous experiments did not 

show a concentration dependence of g 3 3 . The TDS background calculated is shown 

in Fig. 5t>. F ina l ly the concentration p r o f i l e ca lcu la ted is p lo t ted in F ig . 5c 

together wi th the concentrat ion p r o f i l e calculated from the 333 in tens i ty band. 

The results for both orders coincide s a t i s f a c t o r i l y espec ia l ly in the surface 

region; at r e l a t i ve l y large penetration depths some disagreement is observed. 

The result from the 222 in tens i t y band, however, is considered to be the most 

r e l i ab l e , since the TDS calcu lat ions revealed that in the 26 region 

corresponding to the larger penetration depths about 60% of the d i f f r ac ted 

in tens i ty in the 333 in tens i t y band is TDS, whereas th i s percentage is 25 f o r 

the 222 in tensi ty band. With respect to the TDS background the 111 i n tens i t y 

band would be even more useful but the ef fects of instrumental broadening are 

too large. The 222 in tens i t y band is the best compromise. 

The fact that the vapour deposited layer is not as pe r fec t l y ep i tax ia l as the 

e lect rocrysta l 1 ized one34 may have af fected the shape of the concentrat ion 

p r o f i l e determined, especia l ly at th is r e l a t i v e l y low annealing temperature (see 

also refs. 11 and 12). However a discussion on the d i f f u s i o n process tak ing 

place is beyong the scope of the present paper3 5 . 
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Fig. 5. (a): The 222 MoKa-, intensity band recorded from a 
thin Cu/Ni bicrystal diffusion-annealed for 16 h at 
550 C; (b): the corresponding histogram of integrated 
intensities of the segments into which the intensity 
band is divided; the not hatched area represents the 
TDS background calculated; (a): the concentration 
profiles as calculated from the 222 (+) and 333 (y.) 
MoKa intensity bands. 
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Fig. ba. See opposite page for figure accption. 

Conc lud ing : ( i ) In p r a c t i c e a s i n g l e o r d e r o f t he r e f l e c t i o n may be s e l e c t e d 

which can be used most p r o f i t a b l y f o r the c a l c u l a t i o n o f t h e c o n c e n t r a t i o n 

p r o f i l e . Hence a method wh i ch needs o n l y one o r d e r o f the r e f l e c t i o n s h o u l d be 

f avou red . The d i r e c t method proposed in t h i s paper a v o i d s t h e t r i a l and e r r o r 

c a l c u l a t i o n s employed i n t h e computer s i m u l a t i o n me thod , ( i i ) The backg round 

main ly c o n s i s t s o f TDS w h i c h can be e l i m i n a t e d a c c o r d i n g t o s e c t i o n 2 . 2 . 
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