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N a v o d i l o a v t o r j e m 

P r o s i m o avtor je , d a pri pr iprav i rokop isa za o b j a v o č l anka dos led -
n o u p o š t e v a j o nas ledn ja navod i la : 
- Č l anek m o r a biti izv i rno de lo , ki ni bi lo v dan i obl ik i še n ik jer 

ob jav l jeno. Del i č l anka so lahko že bili p o d a n i kot referat . 
- Av to r naj o d d a č lanek oz. besed i l o n a p i s a n o na računa ln ik z 

ure jevaln ik i besed i l : 
- VVORDSTAR, verz i ja 4, 5, 6, 7 z a D O S 
- W O R D za D O S ali W I N D O W S . 
Č e avtor besed i l a ne m o r e dostav i t i v prej naš te t ih ob l i kah , naj 
poš l je besed i lo u re jeno v A S C I I fo rmatu . 
P ros imo av to r je , d a poš l je jo d i ske to z o z n a k o da to teke in raču-
na ln išk im i zp i som te da to teke na pap i r ju . F o r m u l e so lahko v 
da to tek i s a m o n a z n a č e n e , na izp isu pa ročno izp isane. 

Ce lo ten rokop is č l a n k a o b s e g a : 
- nas lov č l anka (v s l o v e n s k e m in a n g l e š k e m jez iku) , 
- poda t ke o av to r ju , 
- povze tek (v s l o v e n s k e m in a n g l e š k e m jez iku) , 
- k l j učne b e s e d e (v s l o v e n s k e m in a n g l e š k e m jez iku) , 
- besed i l o č lanka , 
- p reg ledn ice , t abe le , 
- s l ike ( r isbe ali fo tograf i je ) , 
- podp i se k s l i kam (v s l o v e n s k e m in a n g l e š k e m jez iku) , 
- p reg led l i terature. 

Č l a n e k naj bi bil č im krajš i in naj ne bi p resega l 5 - 7 t i skan ih 
s t rani , p reg ledn i č lanek 12 strani , p r i spevek s posve tovan j pa 
3 - 5 t i skan ih s t rani . 

O b v e z n a je raba mersk ih enot , ki j ih d o l o č a z a k o n o mersk ih eno -
tah in meri l ih, t j . eno t m e d n a r o d n e g a s i s t ema SI. 

E n a č b e se označu je j o o b desn i s t ran i besed i l a s t e k o č o š tev i lko 
v okrog l ih ok lepa j ih . 

P reg ledn ice ( tabele) je t reba nap isat i na p o s e b n i h l istih in ne m e d 
besed i l om. 
V p reg ledn i cah naj se - k jer j e le m o g o č e - ne uporab l ja jo 
i zp i sana i m e n a ve l ič in , a m p a k us t rezn i s imbo l i . 
S l ike (r isbe ali fo togra f i je ) mo ra jo biti p r i l ožene p o s e b e j in ne 
vs tav l j ene (ali na lep l jene) m e d besed i l om . R isbe naj b o d o izde-
lane p rav i l oma p o v e č a n e v mer i lu 2:1. 
Z a v s e sl ike po fo togra fsk ih posne tk i h je po t rebno pri ložit i i zv i rne 
fo tograf i je , ki so ost re , kon t ras tne in p r imerno ve l ike . 

Vs i podp is i k s l i kam (v s l o v e n s k e m in a n g l e š k e m jez iku) naj b o d o 
zbran i na p o s e b n e m l istu in ne m e d besed i l om. 

V p reg ledu l i terature naj bo v s a k vir oš tev i l čen s t e k o č o š tev i lko 
v og la t ih ok lepa j ih (ki j ih upo rab l j amo tud i m e d besed i l om , kadar 
se že l imo sk l icevat i na do ločen i l i terarni vir). 

V s a k vir m o r a biti o p r e m l j e n s podatk i , ki o m o g o č a j o bra lcu , d a 
g a l ahko po išče : 
kn j ige : - avtor , nas lov kn j ige, ime za l ožbe in kraj ter leto izda je 
(po pot reb i tud i d o l o č e n e st rani ) : 
H. Ibach and H. Lu th , So l id S ta te Phys ics , Spr inger , Ber l in 1991, 
p. 2 4 5 
č lank i : - av tor , nas lov č lanka , ime revi je in kraj i zha jan ja , letnik, 
leto, š tev i l ka ter s t ran i : 
H. J. G r a b k e , K o v i n e z l i t ine tehno log i je , 27, 1993 , 1 - 2 , 9 

Avtor j i naj rokop isu č l a n k a pr i lož i jo povze tek v o m e j e n e m o b s e g u 
do 10 vrst ic v s l o v e n s k e m in a n g l e š k e m jez iku . 

R o k o p i s u mora jo biti d o d a n i tud i podatk i o av to r ju : 
- ime in p r i imek, a k a d e m s k i nas lov in pok l ic , ime d e l o v n e orga-

n izac i je v kater i de la , nas lov s tanovan ja , t e l e fonska š tev i lka, 
E -ma i l in š tev i l ka fax-a . 

U redn iš t vo K Z T 
- od loča o s p r e j e m u č l anka za ob javo , 
- poskrb i za s t r okovne o c e n e in moreb i tne p red loge za k ra jšan je 

ali i zpopo ln i tev , 
- poskrb i za j e z i k o v n e korek tu re . 

I ns t ruc t ions to A u t h o r s 

A u t h o r s are k ind ly r eques ted to p repa re t he manusc r i p t s acco rd -
ing to t he fol lovving ins t ruc t ions: 
- T h e pape r mus t be or ig inal , u n p u b l i s h e d a n d proper ly p r e p a r e d 

for pr int ing. 
- Manusc r i p t s s h o u l d be t y p e d vvith d o u b l e spac ing and vvide 

ma rg i ns on n u m b e r e d p a g e s a n d shou l d be subm i t t ed on f lop-
py d isk in f o r m of: 

- V V O R D S T A R , ve rs ion 4, 5, 6, 7 for D O S , 
- VVORD for D O S or VVINDOVVS, 
- A S C I I text vvithout fo rmu lae , in vvhich č a s e f o r m u l a e shou ld be 

c lear ly vvritten by h a n d in the pr in ted c o p y . 

P repara t ion of Manusc r ip t : 
- the pape r t i t le (in Eng l i sh a n d S l o v e n i a n L a n g u a g e ) * 
- au thor (s ) n a m e ( s ) a n d af f i l ia t ion(s) 
- the tex t of t he Abs t rac t (in Eng l i sh a n d S l o v e n i a n L a n g u a g e ) * 
- key vvords (in Eng l i sh a n d S loven ian L a n g u a g e ) * 
- t he tex t of the pape r (in Eng l ish a n d S l o v e n i a n L a n g u a g e ) * 
- t a b l e s (in Eng l i sh Language ) 
- f i gu res (dravvings or pho tog raphs ) 
- cap t i ons to f igu res (in Eng l ish a n d S l o v e n i a n Language ) * 
- cap t i ons to t ab les (in Engl ish) 
- acknovv ledgemen t 
- r e fe rences 

* T h e Edi tor ia l Boa rd wil l p rov ide for the t rans la t ion in S loven ian 
L a n g u a g e for fo re ign au thors . 

T h e length of pub l i shed pape rs shou l d not e x c e e d 5 - 7 j ou rna l 
pages , of revievv pape rs 12 j ou rna l p a g e s a n d of con t r ibu ted 
p a p e r s 3 - 5 jou rna l pages . 

T h e in ternat iona l s y s t e m uni ts (SI) shou l d be used . 
Equa t i ons shou l d be n u m b e r e d sequen t ia l l y o n the r igh t -hand 
s ide in r ound b racke ts . 

T a b l e s shou l d be t y p e d on s e p a r a t e s h e e t s at t he e n d of m a n u -
scr ipt . T h e y shou l d h a v e a desc r ip t i ve cap t i on exp la in ing dis-
p layed data . 

F igu res (dravvings or pho tog raphs ) shou l d be n u m b e r e d a n d the i r 
cap t i ons l isted t oge the r at the e n d of t he manusc r ip t . T h e dravv-
ings for the l ine f igu res shou l d be tvvice t he s ize t h a n in the pr int . 
F igu res have to be or ig inal , s h a r p a n d wel l con t ras ted , e n c l o s e d 
sepa ra te l y to t he text . 

R e f e r e n c e s m u s t be t y p e d in a sepa ra te re fe rence sec t ion at t he 
e n d of the manusc r i p t , vvith i tems re fe reed too in the text by 
n u m e r a l s in s q u a r e b racke ts . 

R e f e r e n c e s m u s t be p resen ted as follovvs: 
- b o o k s : au thor (s ) , t i t le, the pub l i sher , locat ion , year , page n u m -

bers 
H. Ibach a n d H. Lu th , So l id S ta te Phys i cs , Spr inger . Ber l in 
1991, p. 2 4 5 

- ar t ic les: au thor (s ) , a j ou rna l n a m e , v o l u m e , a year , i ssue n u m -
ber, p a g e 
H. J. G r a b k e , Kov ine zl i t ine theno log i je , 27 , 1993 , 1 - 2 , 9 

T h e abs t rac t (both in Eng l ish a n d in S l o v e n i a n L a n g u a g e ) shou l d 
not e x c e e d 2 0 0 vvords. 

T h e tit le p a g e s h o u l d con ta in e a c h au thor (s ) ful l n a m e s , af f i l iat ion 
vvith full add ress , E -ma i l n u m b e r , t e l e p h o n e a n d fax n u m b e r if 
ava i lab le . 

T h e Edi tor 
- wi l l dec ide if the pape r is a c c e p t e d for pub l i ca t ion , 
- wi l l t ake ca re of the re fe ree ing p rocess , 
- l a n g u a g e co r rec t ions . 

T h e m a n u s c r i p t s of p a p e r s a c c e p t e d for pub l i ca t ion are not re-
tu rned . 

Rokop is i č lankov os tane jo v arh ivu u redn iš tva Kov ine z l i t ine 
tehno log i je . 



K O V I N E 
Z L I T I N E 
TEHNOLOGIJE 
METALS ALLOYS TECHNOLOGIES 

KOVINE ZLITINE TEHNOLOGIJE 

Izdajatelj (Published for): 
Inštitut za kovinske materiale in tehnologije t jubljana 
Soizdajatelji (Associated Publishers): 
SŽ ŽJ ACRONI Jesenice, IMPOL Slovenska Bistrica, Institut Jožef Štefan, Kemijski inštitut Ljubljana, Koncem Slovenske Železarne, Metal 
Ravne, Talum Kidričevo 
Izdajanje KOVINE ZLITINE TEHNOLOGIJE sofinancira: Ministrstvo za znanost in tehnologijo Republike Slovenije 
(Journal METALS ALLOYS TECHNOLOGIES is financially supported by Ministrstvo za znanost in tehnologijo, Republika Slovenija) 
Glavni in odgovorni urednik (Editor-in-chief): 
prof. Franc Vodopivec, Inštitut za kovinske materiale in tehnologije Ljubljana, 1000 Ljubljana, Lepi pot 11, Slovenija 
Urednik (Editor): 
mag. Aleš Lagoja 
Tehnični urednik (Technical Editor): 
Jana Jamar 
Lektorji (Linguistic Advisers): 
dr. Jože Gasperič in Jana Jamar (slovenski jezik), prof. dr. Andrej Paulin (angleški jezik) 
Uredniški odbor (Editorial Board): 
doc. dr. Monika Jenko, prof. Jakob Lamut, prof. Vasilij Prešeren, prof. Jože Vižintin, prof. Stane Pejovnik, dipl. ing. Sudradjat Dai, Jana Jamar 
Mednarodni pridruženi člani uredniškega odbora (International Advisory Board): 
prof. Hans Jurgen Grabke, Max-Planck-lnstitut fur Eisenforschung, Dusseldorf, Deutschland 
prof. Thomas Bell, Faculty of Engineering School of Metallurgy and Materials, The University of Birmingham, Birmingham, UK 
prof. Jožef Zrnik, Technicka Univerzita, Hutnicka fakulteta, Košice, Slovakia 
prof. Ilija Mamuzič, Sveučilište u Zagrebu, Hrvatska 
prof. V. Lupine, Istituto per la Technologia dei Materiali Metallici non Tradizionali, Milano, Italia 
prof. Gunther Petzov, Max-Planck-lnstitut fur Metallforschung, Stuttgart, Deutschland 
prof. Hans-Eckart Oechsner, Universitat Darmstadt, Deutschland 
Izdajateljski svet (Editorial Advisory Board): 
prof. Marin Gabrovšek, prof. Blaženko Koroušič, prof. Ladislav Kosec, prof. Alojz Križman, prof. Tatjana Malavašič, dr. Tomaž Kosmač, 
prof. Leopold Vehovar, prof. Anton Smolej, dr. Boris Ule, doc. dr. Tomaž Kolenko, dr. Jelena Vojvodič-Gvardjančič 
Članki objavljeni v periodični publikaciji KOVINE ZLITINE TEHNOLOGIJE so indeksirani v mednarodnih sekundarnih virih: 
(Articles published in journal are indexed in international secondary periodicals and databases): 
- METALS ABSTRACTS 
- ENGINEERED MATERIALS ABSTRACTS 
- BUSINESS ALERT ABSTRACTS (STEELS, NONFERROUS, POLYMERS, CERAMICS, COMPOSITES) 
- CHEMICAL ABSTRACTS 
- ALUMINIUM INDUSTRY ABSTRACTS 
- REFERATIVNYJ ŽURNAL: METALLURGIJA 
Naslov uredništva (Editorial Address): 
KOVINE ZLITINE TEHNOLOGIJE 
IMT t jubl jana 
Lepi pot 11 
1000 Ljubljana, Slovenija 
Telefon:+386 61 125 11 61 
Telefax: +386 61 213 780 
Žiro račun: 50101-603-50316 IMT pri Agenciji Ljubljana 
Na INTERNET-u je revija KOVINE ZLITINE TEHNOLOGIJE dosegljiva na naslovu: http : // www. ctk. si /kovine/ 
( INTERNET LINK: http://www.ctk.si/kovine/) 
Elektronska pošta (E-mail): 
cobissimtlj @ ctklj.ctk.si 
Oblikovanje ovitka: Ignac Kofol 
Tisk (Print): Tiskarna PLANPRINT, Ljubljana 
Po mnenju Ministrastva za znanost in tehnologijo Republike Slovenije št. 23-335-92 z dne 09.06.1992 šteje KOVINE ZUTINE TEHNOLOGIJE med proizvode, za katere se plačuje 
5-odstotoi dg^ek od prometa proizvodom 





Laudation in honour of Professor Dr. EVanc Vodopivec 
on the occasion of his 65th birthday 

Professor Dr. Franc Vodopivec, scientific councillor, former director of Institute of Metals and Tech-
nology and member of the State Council of Republic Slovenia is celebrating his 65th birthday. This 
birthday is the occasion to look at the background and the development of this well known scientist 
and at the inf luence which his research work has in the field of elaboration, t ransformation and use 
of metals and alloys in Slovenia and abroad. 

F. Vodopivec was born in Rakitnik, a small village in the former Italy on 8th October 1931. Af te r 
f tnishing with distinction the secondary school education, he studied Metallurgy at the University of 
Ljubl jana. In 1956 he passed the final examinations and second degree thesis as the first of his class. 
During the university study he was for three years assistant-student for lectures of Mechanics and 
Kinematics . In 1956 he joined Metallurgical Institute, present Institute of Metals and Technology in 
Ljubl jana directed by the founder Professor Ciril Rekar. After the military service 1958/59 he re-
ceived through the International Agency of Atomic Energy in Vienna a scholarship f r o m the French 
Government . Working in the Institute de Recherche de la Siderurgie, in St .Germain en Laye, France, 
f rom 1960 to 1962 he prepared his Dr.-thesis and graduated in 1962 at the University of Pariš, France 
with the thesis: Study of the behaviour of arsenic and phosphorous by selective oxidation of iron 
alloys vvith low contents of both elements. 

He returned in 1962 to the Metallurgical Institute and worked as founder and head of the Laboratory 
for Metalography to 1972, head of Technology Department to 1978, assistant director to 1990 and 
director f rom 1990 to April 1996 when he retired. In 1992, Professor Vodopivec was elected in the 
Council State of Republic Slovenia by the community of researchers and engineers. 

He is the editor-in-chief of Slovenian scientific journal Metals Alloys Technologies since 1994. 

Professor Vodopivec is full of development špirit and creative ideas. He has been doing research work 
on the behaviour of metals in oxidative atmosphere, microstructure characterization of metals by op-
tical and electron microscopy, electron probe analysis, mechanical testing; behaviour of material in 
use at medium and high temperature, hot and cold working of metals, recovery, recrystallization and 
grain growth. His present research interest includes: ductile permanent magnet alloys, non oriented 
electrical steel sheets, grain growth induced by selective surface segregation, topology of microstruc-
ture and behaviour of metals in use. 

Professor Vodopivec has published over 150 papers in intemational journals and conferences and 
240 papers in Slovenian journals and conferences on topics of science, technology and use of metals 
and alloys. 

Professor Vodopivec has been supervisor to several Ph.D. and Master Degree students at the Univer-
sities of Ljubl jana, Maribor, Belgrade and Zagreb. He is also very active in the intemational academic 
field. He was a chairman of intemational scientific conferences and project evaluator in E U C O S T 
actions. 

He is the president of Slovenian Society of Materials, member of executive council of Slovenian 
Vacuum Society, member of Slovenian Electron and Microelectronics Society, Slovenian Society of 
Chemistry, Historical Society of Ljubl jana, chairman of the R & D group of the Slovenian Associat ion 
of Engineers, chairman of annual Conferences on Materials and Technologies f rom 1990 to present, 
and member of Vacuum Metallurgy scientific division of IUVSTA - International Union for Vacuum 
Science, Technique and Applications. He wrote in Slovenian newspaper several tens of articles of 



industrial and research policy. In 1978 he was awarded by the Boris Kidrič Foundation Award and in 
1984 the Boris Kidrič State Award for Science. 

His many projects were supported by 21 industrial societies and associations in Slovenia and the 
former Yugoslavia f r o m Metallurgy, over mechanical industry to power stations as well as the 
Slovenian and the Yugoslav governments . He was involved also in the projects of international 
cooperat ions EU R D actions and USA- Slovenia projects. 

He prepared forensic analysis of several industrial failures vvhich qualified Slovenian societies to win 
arbitration for retributions of damages f rom foreign companies suppliers of industrial equipment . 

His colleagues hope very much that he vvill instead of the retirement, take part in discussions, lectures 
and publicat ions. Most of ali we would like to wish him and his family many years to come in good 
health. 

Monika Jenko 
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Surface and Grain Boundary Segregation of 
Antimony and Tin - Effects on Steel Properties 

Segregacija antimona in kositra na površini in po mejah zrn 
- vpliv na lastnosti jekel 

H. J. Grabke1, Max-Planck-lnstitut, Dusseldorf, Germany 

Dedicated to Prof. Dr. F. Vodopivec on the occasion of his 65th birthday. 
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The tramp elements Sb and Sn have a strong tendency to surface segregation on iron. By LEED and AES surface structures and 
concentrations of Sb and Sn segregated on single crystal vvere determined. The surface segregation is strongly dependent on 
orientation. therefore recrystallization of steel sheet is affected since the surface energies of different grains are reduced to different 
extent - this effect may be used to obtain advantageous textures of electrical steel sheet and deep dravving steels. Surface 
segregation of Sb and Sn retards surface reaction kinetics as vvas shovvn for the gas carburization of čase hardening steels. 
Surface segregation of tin in creep cavities of turbine steels vvas shovvn to accelerate the creep fracture. The grain boundary 
segregation of both elements in iron is minor, and furthermore Sb and Sn are displaced from grain boundaries by carbon so that 
most steels are not endangered by grain boundary embrittlement due to Sb and Sn, but some low alloy turbine steels are 
susceptibie to temper and long-term embrittlement. 

Key vvords: surface and grain boundary segregation Fe-Sb alloys, Fe-Sn alloys, Fe-Sb-C alloys, Fe-Sn-C alloys, intergranular 
fracture embrittlement 

Elementa v sledeh Sb in Sn močno segregirata na površini železa. Površinska struktura in koncentracija Sb in Sn v segregirani 
plasti sta bili določeni z metodami LEED in AES. Površinska segregacija je odvisna od kristalografske orientacije, rekristalizacija 
jeklenih pločevin je aktivirana, ker imajo posamezna kristalna zrna različno znižano površinsko energijo - pojav se lahko uporabi za 
pridobivanje prednostnih tekstur elektro pločevin in pločevin za globoki vlek. Površinska segregacija Sb in Sn zavira kinetiko 
površinske reakcije kar je prikazano pri procesu naogljičevanja jekel. Površinska segregacija kositra v vdolbinah pri lezenju jekel za 
turbine povzroča pospešenje lezenja do preloma. Segregacija obeh elementov po mejah kristalnih zrn je v železu minimalna zato 
ker Sb in Sn na mejah zrn izpodrine ogljik. Tako večina jekel ni ogroženih zaradi krhkosti kristalnih mej. ki bi jih povzročala Sb in 
Sn, le nekatera nizka ogljična turbinska jekla so občutljiva na popuščno krhkost. 

Ključne besede: površinska segregacija, segregacija po mejah zrn, Fe-Sb zlitine. Fe-Sn zlitine, Fe-Sb-C, Fe-Sn-C, interkristalna 
krhkost 

1 I n t r o d u c t i o n 

1.1 The role of tramp elements in steels 

T h e e f f e c t s o f t h e s o - c a l l e d t r a m p e l e m e n t s in s t e e l s , 
N i , C u , P, S , P b , A s , S b , S n e t c . a r e g e n e r a l l y d e l e t e r i o u s , 
t he g r e a t e s t p r o b l e m s t h e y c a u s e a r e ' h o t s h o r t n e s s ' a n d 
' t e m p e r e m b r i t t l e m e n t ' o f s t e e l s . T h e h o t s h o r t n e s s , a 
l a c k o f h o t w o r k a b i l i t y c a n h a v e d i f f e r e n t r e a s o n s , o n e 
p o s s i b l e r e a s o n is t h e c o p p e r e n r i c h m e n t d u e to s u r f a c e 
s ca l i ng 1 - 2 . B e n e a t h t h e s c a l e t h e m o r e n o b l e e l e m e n t s C u , 
A s , S b , S n a r e e n r i c h e d a n d f o r m a l i q u i d p h a s e w h i c h 
c a u s e s s u r f a c e c r a c k i n g by g r a i n b o u n d a r y p e n e t r a t i o n . 
S b a n d S n g r e a t l y r e d u c e t h e s o l u b i l i t y o f C u in a u s t e n i t e 
a n d h e n c e l e a d to p r e c i p i t a t i o n o f a m o l t e n p h a s e a n d its 
g r a i n b o u n d a r y p e n e t r a t i o n , u n d e r c o n d i t i o n s o f m u c h 
l e s s e n r i c h m e n t a n d d o w n to l o w e r t e m p e r a t u r e s . T h e e n -
r i c h m e n t o f t r a m p e l e m e n t s b e l o w t h e o x i d e s c a l e u p o n 
r e h e a t i n g o r h o t r o l l i n g o f s t e e l s a n d c o u l d b e d e t e c t e d 
by e l e c t r o n m i c r o p r o b e ( E P M A ) . T h i s e n r i c h m e n t a l s o 
c a n h a v e s t r o n g e f f e c t s on t he s c a l e a d h e r e n c e a n d m o r -
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p h o l o g y as h a s b e e n s t u d i e d e x t e n s i v e l y b y F. V o d o p i v e c 
e t al . in vvork s t a r t e d at t h e I R S I D 3 1 1 : b y t h e p r e s e n c e o f 
t he m o r e n o b l e e l e m e n t s C u , N i , S b , A g , S t h e s c a l e a d -
h e r e n c e is e n h a n c e d vvhereas t h e e l e m e n t s S i , A l , P a n d 
B w h i c h a r e o x i d i z e d a n d f o r m s i l i c a t e , a l u m i n a t e , p h o s -
p h a t e o r b o r a t e l a y e r s c a u s e f o r m a t i o n o f v o i d s a n d c a v i -
t i e s at t h e s c a l e / m e t a l i n t e r f a c e . 

T h e o t h e r w a y o f e n r i c h m e n t w h i c h l e a d s t o d e l e t e r i -
o u s e f f e c t s o f t r a m p e l e m e n t s is e q u i l i b r i u m s e g r e g a t i o n , 
so t h e ' t e m p e r e m b r i t t l e m e n t ' is c a u s e d b y s e g r e g a t i o n o f 
P, Sn or S b in t h e t e m p e r a t u r e r a n g e 4 0 0 - 7 0 0 ° C t o t h e 
s t e e l g r a i n b o u n d a r i e s , e . g . d u r i n g s I o w c o o l i n g a f t e r 
t e m p e r i n g , bu t a l s o d u r i n g a p p l i c a t i o n o f s t e e l s in t h i s 
t e m p e r a t u r e r a n g e . It vvas s u s p e c t e d s i n c e l o n g t h a t t e m -
p e r e m b r i t t l e m e n t is c a u s e d b y g r a i n b o u n d a r y s e g r e g a -
t i o n , bu t th i s s u s p e c t c o u l d b e c o n f i r m e d o n l y a f t e r t h e 
a r r i v a l a n d s p r e a d i n g o f i n t e r f a c i a l a n a l y s i s b y A u g e r -
e l e c t r o n s p e c t r o s c o p y ( A E S ) i n t h e e i g h t i e s . B u t t h e 
t r a m p e l e m e n t s d o n o t h a v e o n l y d e l e t e r i o u s e f f e c t s , e . g . 
it is knovvn t ha t C u c a n e n h a n c e t h e r e s i s t a n c e a g a i n s t 
a t m o s p h e r i c c o r r o s i o n . E v e n p o s i t i v e e f f e c t s o f S b a n d 
Sn vvere d e t e c t e d a n d s t u d i e d at t h e I M T L j u b l j a n a a n d 
t h e M P I fiir E i s e n f o r s c h u n g D i i s s e l d o r f 1 2 " 2 0 , t h e s e t r a m p 
e l e m e n t s c a n i m p r o v e t h e t e x t u r e a n d m a g n e t i c p r o p e r -



t i e s o f n o n o r i e n t e d s i l i c o n s t e e l s h e e t s , c a u s e d b y s u r f a c e 

s e g r e g a t i o n a n d i t s e f f e c t o n s u r f a c e e n e r g i e s a s d i s -

c u s s e d in t h e f o l l o w i n g c h a p t e r . 

1.2 Fundamentals of surface and grain boundary segre-
gation 

In t h i s r ev ievv t h e equilibrium segregation o f S b a n d 

S n w i l l b e d e s c r i b e d a n d o n l y t h e e f f e c t s w i l l b e d i s -

c u s s e d w h i c h a r e c a u s e d b y e q u i l i b r i u m s u r f a c e a n d 

g r a i n b o u n d a r y s e g r e g a t i o n . M o s t e l e m e n t s w h i c h a r e 

d i s s o l v e d in i r o n t e n d t o e n r i c h a t e l e v a t e d t e m p e r a t u r e s 

a t s u r f a c e s , g r a i n b o u n d a r i e s a n d i n t e r f a c e s 2 1 " 2 5 , a n d d i s -

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

t e m p e r a t u r e . 

A ( d i s s o l v e d ) A ( s e g r e g a t e d ) (D 

T h e r e a r e d i f f e r e n t d r i v i n g f o r c e s f o r s u c h e q u i l i b -

r i u m s e g r e g a t i o n : 

1. f r e e b o n d s a t t h e s u r f a c e o r i n t e r f a c e c a n b e s a t u -

r a t e d b y i n t e r a c t i o n vvith t h e a t o m s A 

2 . t h e i r o n s u r f a c e m a y b e c o v e r e d w i t h a l a y e r o f 

a t o m s A w h i c h h a s a l o w e r s u r f a c e e n e r g y t h a n t h e i n i t i a l 

i r o n s u r f a c e 

3 . t h e r e l e a s e o f a t o m s A f r o m t h e b u l k s o l u t i o n l e a d s 

t o r e l e a s e o f e l a s t i c e n e r g y , e s p e c i a l l y i n t h e č a s e o f i n -

G i b b s 

I n a 

L a n g m u i r - Mc l e a n 

fl -
1 * K a 

O . 4_L 
R T * R 

l n a 

[ n a 

Figure 1: Schematic diagrams on the Gibbs isotherm (a-c) and the Langmuir-McLean isotherm (d-f) 
a) surface energy y vs activity a of the adsorbed or segregated element A, 
b) y vs In a and 
c) the latter plot for two orientations vvith different surface energies and different adsorption or segregation behaviour - upon increasing activity a 
and coverage 0 the surface firstly instable becomes stable, a reason for tertiary recrystallization or facetting, 
d) degree of coverage 0 vs activity of the absorbed or segregated element A, 
e) plot for the evaluation of studies at constant activity or concentration of the element A, 
f) isosteres for determination of the thermodynamic data at constant coverage 
Slika 1: Shematski diagrami Gibbsove izoterme (a-c) in Langmuir-McLeanove izoterme (d-f) 
a) površinska energija y v odvisnosti od aktivnosti a adsorbiranega ali segregiranega elementa A, b) y v odvisnosti od ln a in 
c) zadnji grafikon za dve orientaciji z različnimi površinskimi energijami in različno adsorbcijo oziroma segregacijo - po zvišanju aktivnosti a in 
pokritja © j e sprva nestabilna površina postala stabilna, vzrok za terciarno rekristalizacijo ali facetiranje, 
d) stopnja pokritja 0 v odvisnosti od adsorbiranega ali segregiranega elementa A, 
e) grafični prikaz za ovrednotenje študij pri konstantni aktivnosti ali koncentraciji elementa A, 
f) izostere za določitev termodinamičnih podatkov pri konstantnem številu atomov A 



t e r s t i t i a l a t o m s o r s u b s t i t u t i o n a l a t o m s l a r g e r t h a n t h e 
i r on a t o m s . 

T h e l a t t e r e f f e c t is c e r t a i n l y t r u e f o r S b a n d Sn s i n c e 
b o t h e l e m e n t s h a v e l a r g e a t o m s , c a u s i n g a s t r a in in t h e 
i r o n l a t t i c e a n d i n c r e a s e o f l a t t i c e p a r a m e t e r 2 6 . In f a c t , ali 
e q u i l i b r i u m s e g r e g a t i o n p r o c e s s e s s h o u l d l e ad to a d e -
c r e a s e in s u r f a c e e n e r g y ( o r i n t e r f a c i a l e n e r g y ) a c c o r d i n g 
t o G i b b s ' l a w 

d y 

d ln a, 
= - R T T 4 (2) 

w h e r e y i s t h e s u r f a c e e n e r g y , aA t h e t h e r m o d y n a m i c a c -
t i v i ty o f t h e s e g r e g a t i n g s p e c i e s A a n d T a t h e s u r f a c e 
c o n c e n t r a t i o n ( m o l / c m 2 ) , R g a s c o n s t a n t , T t e m p e r a t u r e 
( K ) ( F i g u r e l a - c ) . T h e e f f e c t o f a d s o r p t i o n or s e g r e g a -
t ion on s u r f a c e e n e r g y c a n b e m e a s u r e d b y t h e s o - c a l l e d 
z e r o c r e e p m e t h o d 2 7 b u t o n I y a t v e r y h i g h t e m p e r a t u r e s . 
O n e e x a m p l e o f t h e r e s u l t f o r a m e a s u r e m e n t on F e - S n 
f o i l s vvith d i f f e r e n t Sn c o n c e n t r a t i o n s at 1 4 2 0 ° C 2 8 ' 2 9 is 
g i v e n in F i g u r e 2 a . C o m b i n i n g s u c h a s t u d y w i t h m e a s -
u r i n g ' g r a i n b o u n d a r y g r o o v i n g ' , i .e . t h e d i h e d r a l a n g l e 
o f t he t h e r m a l l y e t c h e d g r a i n b o u n d a r y g r o o v e s at t he 
s u r f a c e g a v e t h e r a t i o o f t h e g r a i n b o u n d a r y to s u r f a c e 
e n e r g i e s a n d t h u s t h e d e p e n d e n c e o f g r a i n b o u n d a r y e n -
e r g y w a s d e r i v e d as a f u n c t i o n o f t h e b u l k t in c o n t e n t 
( F i g u r e 2 b ) . F r o m t h e s e ' G i b b s i s o t h e r m s ' a l s o t h e i s o -
t h e r m s f o r s u r f a c e r e s p . g r a i n b o u n d a r y s e g r e g a t i o n 
c o u l d b e d e r i v e d 2 7 " 2 9 . H o v v e v e r , t h e s e t e c h n i q u e s w e r e 
t i m e c o n s u m i n g , d i f f i c u l t a n d t e d i o u s a n d s i n c e t h e a r r i -
va l a n d s p r e a d i n g of A E S t h e y a r e n o m o r e u s e d . 

In m a n v c a s e s , s e g r e g a t i o n c a n b e d e s c r i b e d b y a 
s i m p l e e q u a t i o n , t h e L a n g m u i r - M c L e a n i s o t h e r m ( F i g -
u r e l d - f ) , d e s c r i b i n g s e g r e g a t i o n to a l i m i t e d n u m b e r o f 
s i t e s w h i c h l e a d s t o a m a x i m u m c o v e r a g e TA s a t w h e n ali 
s i t e s a r e o c c u p i e d , a n d w i t h a f r e e e n e r g y AGA w h i c h is 
i n d e p e n d e n t o f c o v e r a g e . 

T h e n t h e d e g r e e o f c o v e r a g e 

o = F A / r A 

is g i v e n b y 

0 A / ( 1 - 0 A ) = X a e x p ( - A G A / R T ) 

(3) 

(4) 

S i n c e A G A = A H A - T A S A ( 5 ) 

t h i s l e a d s to t h e f o r m o f t h e L a n g m u i r - M c L e a n e q u a t i o n 

l n -
©A 

1 - 0 . 

A H a A S , 

R T R 
• + ln x . (6) 

vvhich is u s e d t o d e r i v e t h e e n t h a l p y a n d e n t r o p y o f s e g -
r e g a t i o n f r o m m e a s u r e m e n t s o f © a a t a c o n s t a n t b u l k 
c o n c e n t r a t i o n x a o f t h e s e g r e g a t i n g s p e c i e s in d e p e n d -
e n c e o n t e m p e r a t u r e . S u c h m e a s u r e m e n t s h a v e b e e n 
c o n d u c t e d , e . g . f o r t h e s u r f a c e s e g r e g a t i o n o f C , Si , N , P 
a n d S o n i r o n a n d a l s o f o r t h e g r a i n b o u n d a r y s e g r e g a -
t i o n o f P, S b a n d S n ( s e e F i g u r e 6 a n d 8) . T h e s u r f a c e 
a n a l y s e s w e r e c o n d u c t e d b y A E S , o b s e r v i n g t he c o n c e n -
t r a t i o n s in s i t u o n s i n g l e o r p o l y c r y s t a l l i n e s u r f a c e s in 
d e p e n d e n c e o n t e m p e r a t u r e 3 0 " 4 0 . 

E.D. Hondros, 

M.P S e a h 

1 9 7 0 

0.2 04 

t in (wt .%) 

mt1 icrl 

t i n ( w t . % ) 

Figure 2: a) Surface energy and b) grain boundary energy of iron-tin 
alloys at 1420°C plotted as a function of the bulk tin content28,29 in (b) 
also the grain boundary segregation isotherm is given, which can be 
derived from the measurements 
Slika 2: a) površinska energija in b) energija kristalnih mej zlitine 
železo-kositer pri 1420°C kot funkcija vsebnosti kositra v osnovni 
zlitini28 '29 (b) podana je tudi izoterma segregacije po mejah zrn, ki jo 
lahko izračunamo iz meritev 

T h e g r a i n b o u n d a r y a n a l y s e s a r e a l s o p e r f o r m e d b y 
A E S , b u t a f t e r a n n e a l i n g t h e s p e c i m e n s f o r s u f f i c i e n t 
t i m e at e l e v a t e d t e m p e r a t u r e , t h e n i n t r o d u c i n g t h e m i n t o 
t h e U H V s y s t e m a n d f r a c t u r i n g i n - s i t u b y i m p a c t o r t e n -
s i l e t e s t 3 5 , 3 6 , 3 9 ' 4 0 . T h e a n a l y s i s o f i n t e r g r a n u l a r f r a c t u r e 
f a c e t s y i e l d s t he g r a i n b o u n d a r y c o n c e n t r a t i o n , a s s u m i n g 
t h a t t h e c o n t e n t o f i m p u r i t y A h a s b e e n d i s t r i b u t e d 
e q u a l l y to b o t h s i d e s u p o n f r a c t u r e . 

T h e s i t e s a n d s t r u c t u r e s a t t a i n e d in s u r f a c e s e g r e g a -
t i o n c a n b e e l u c i d a t e d u s i n g L E E D ( = l o w e n e r g y e l e c -
t ron d i f f r a c t i o n ) . In m o s t c a s e s t h e e l e m e n t s A a r e e n -
r i c h e d o n F e ( 1 0 0 ) u p to h a l f a m o n o l a y e r , c o r r e s p o n d i n g 
to a c ( 2 x 2 ) s t r u c t u r e , o n l y f o r o x y g e n a c o m p l e t e m o n o -
l a y e r a n d p ( l x l ) s t r u c t u r e is a t t a i n e d . A t g r a i n b o u n d a -
r ies r a t h e r h i g h c o v e r a g e s a r e p o s s i b l e , f o r P in f e r r i t e 
c o v e r a g e s n e a r l y u p t o o n e m o n o l a y e r h a v e b e e n o b -
s e r v e d . T h e o b s e r v a t i o n o f t h e L E E D s t r u c t u r e s o n s i n g l e 



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

t h e A E S m e a s u r e m e n t s , a l s o a t g r a i n b o u n d a r i e s , s i n c e 

t h e c o v e r a g e f o r t h e s a t u r a t e d L E E D s t r u c t u r e s i n 

k n o w n . 

F u r t h e r i n f o r m a t i o n o n s e g r e g a t e d s p e c i e s c a n b e o b -

t a i n e d u s i n g p h o t o e l e c t r o n s p e c t r o s c o p y ( X P S ) , t h e p h o -

t o l i n e s o b t a i n e d c a n i n d i c a t e t h e i o n i z a t i o n s t a t e o f i o n s 

a n d t h e c h a r g e t r a n s f e r b e t w e e n s u b s t r a t e a n d s e g r e g a t e d 

a t o m 4 ' " 4 5 . G e n e r a l l y , t h e r e is a t r a n s f e r o f n e g a t i v e 

c h a r g e ( e l e c t r o n s ) t o t h e s e g r e g a t e d a t o m s , w h i c h m e a n s 

t h a t t h e s e ( C , N , S , O , P e t c . ) a r e p r e s e n t a s n e g a t i v e l y 

c h a r g e d a t o m s ( a n i o n s ) o n t h e m e t a l s u r f a c e . T h i s m o s t 

p r o b a b ! y is a l s o t h e č a s e in t h e g r a i n b o u n d a r y s e g r e g a -

t i o n , a n d it is s u p p o s e d t h a t s u c h c h a r g e t r a n s f e r v v e a k e n s 

t h e c o h e s i o n o f g r a i n b o u n d a r i e s 4 6 ' 4 7 - l e a d i n g t o t e m p e r 

e m b r i t t l e m e n t o f s t e e l s . 

In t h e č a s e t h a t t w o e l e m e n t s a r e s e g r e g a t i n g s i m u l t a -

n e o u s l y t o a s u r f a c e o r a g r a i n b o u n d a r y , t h e r e i s g e n e r -

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

a m o u n t o f b o t h s p e c i e s in t h e s u r f a c e d e p e n d s o n t h e i r 

f r e e e n e r g y o f s e g r e g a t i o n a n d c o n c e n t r a t i o n s i n t h e 

b u l k . C a s e s o f c o m p e t i t i v e s e g r e g a t i o n h a v e b e e n s t u d i e d 

o n t h e i r o n s u r f a c e f o r c a r b o n a n d s i l i c o n 3 8 , a n d a t g r a i n 

b o u n d a r i e s : c a r b o n - p h o s p h o r u s 3 6 , c a r b o n - s u l f u r 4 8 , n i t r o -

g e n - p h o s p h o r u s 3 7 . . . T h e s i m p l e f o r m a l i s m f o r c o m p e t i -

t i v e s e g r e g a t i o n w i t h o u t f u r t h e r e n e r g e t i c i n t e r a c t i o n o f 

t h e s e g r e g a t i n g s p e c i e s i s g i v e n b y 

0 A / (1 - 0 A - 0 B ) = x A • e x p ( - A G a / R T ) ( 7 ) 

0 B / ( 1 - © A - 0 B ) = x B • e x p ( - A G B / R T ) ( 8 ) 

w h i c h c o u l d b e a p p l i e d in t h e c a s e s m e n t i o n e d a b o v e . In 

t h e l i t e r a t u r e o n t e m p e r e m b r i t t l e m e n t t h e r e i s a l o t o f 

f u s s a b o u t ' c o s e g r e g a t i o n ' , t h e m u t u a l l y e n h a n c e d s e g -

r e g a t i o n o f t w o s p e c i e s w h e r e a t t r a c t i v e e n e r g e t i c i n t e r -

a c t i o n i s t o b e a s s u m e d . I n s o m e c a s e s t h e e n h a n c e d 

s e g r e g a t i o n c a n b e e x p l a i n e d i n a d i f f e r e n t w a y - in 

o t h e r c a s e s w h i c h a r e i m p o r t a n t h e r e ( N i - S n , N i - S b ) 

f o r m a t i o n o f t w o - o r t h r e e - d i m e n s i o n a l p h a s e s a t t h e 

g r a i n b o u n d a r i e s m a y b e s u s p e c t e d ( s e e b e l o w , c h a p t e r s 

2 . 2 a n d 3 . 4 ) . 

1.3 Systems Fe-Sn and Fe-Sb 

T h e s o l i d s o l u t i o n s o f S n in a - F e vvere d e t e r m i n e d b y 

l a t t i c e p a r a m e t e r m e a s u r e m e n t s 4 9 , 5 0 . A c c o r d i n g l y , t h e 

s o l u b i l i t y r a n g e s f r o m a m a x i m u m a t 9 , 2 a t % ( 1 7 , 7 w t % ) 

at 9 0 0 ° C to 3 , 2 a t % ( 6 , 5 6 w t % ) at 6 0 0 ° C . T h e s o l u b i l i t y 

l i m i t in y - F e h a s b e e n d e t e r m i n e d 2 4 ' 2 6 t h e y - l o o p e x t e n d s 

t o 0 , 9 2 a t % ( 1 , 9 3 w t % ) . O w n i n v e s t i g a t i o n s o n F e - 0 , 0 5 4 

w t % S n a n d F e - 0 , 0 8 0 w t % S n [ u n p u b l i s h e d ] , h o w e v e r , 

s h o w e d p r e c i p i t a t i o n o f S n - r i c h p a r t i c l e s o n t h e g r a i n 

b o u n d a r i e s a f t e r l o n g - t e r m a n n e a l i n g at 5 5 0 ° C ; a c c o r d -

i n g l y , t h e r e a r e u n c e r t a i n t i e s o n t h e s o l u b i l i t y a t t e m p e r a -

t u r e s < 6 0 0 ° C . 

T h e s o l u b i l i t y o f S b in a - F e h a s b e e n d e t e r m i n e d b y 

s e v e r a l a u t h o r s , t h e r e s u l t s a r e i n s u b s t a n t i a l a g r e e -

m e n t 4 9 . T h e s o l u b i l i t y a t 9 0 0 ° C is 4 , 1 9 a t % S b ( 8 , 7 1 

w t % ) d e c r e a s i n g a t 6 0 0 ° C t o 2 , 5 8 a t % ( 5 , 4 6 w t % ) . T h e 

Y - l o o p e x t e n d s t i l l 1,1 a t % S b ( 2 , 3 6 w t % ) . 

E x p e r i m e n t a l a n d t h e o r e t i c a l s t u d i e s h a v e b e e n c o n -

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

a n t i m o n y s o l u b i l i t y , t h e y vvere f o u n d t o b e t h e l a r g e s t f o r 

M = T i , M n a n d N i a n d s m a l l f o r M = C r , C o . T h e p r e s -

e n c e o f N i e . g . r e d u c e s t h e s o l u b i l i t y s t r o n g l y , t h e p h a s e 

p r e c i p i t a t i n g is a h e x a g o n a l N i A s t y p e : F e 9 6 S b 2 N i 2 . A 

c u b i c C a F e i t y p e F e 9 7 S b 2 T i is f o r m e d w i t h Ti , w h i c h r e -

d u c e s t h e s o l u b i l i t y a t 9 0 0 ° C to 1 , 9 1 a t % 5 2 . S t r o n g i n t e r -

a c t i o n o f N i a n d S b is a l s o o b s e r v e d in s u r f a c e s e g r e g a -

t i o n 5 3 . 

2 Interfacial segregation of Sn and Sb on and in 
iron and steels 

2.1 Surface segregation of Sn and Sb on iron 

T h e s u r f a c e s e g r e g a t i o n o f t i n o n F e - S n s i n g l e c r y s -

t a l s h a s b e e n s t u d i e d in t h e t e m p e r a t u r e r a n g e 4 5 0 ° C to 

6 5 0 ° C , m a i n l y o n c r y s t a l s vvith r e l a t i v e l y h i g h S n c o n -

c e n t r a t i o n s s o t h a t a l w a y s s a t u r a t i o n c o v e r a g e s vvere o b -

s e r v e d , n o d e p e n d e n c e o f c o v e r a g e o n t e m p e r a t u r e , s o 

t h a t t h e s e g r e g a t i o n e n t h a l p y w a s n o t o b t a i n e d 5 4 5 5 . E a c h 

o f t h e l o w i n d e x o r i e n t a t i o n s e x h i b i t s a c h a r a c t e r i s t i c b e -

h a v i o u r o f t h e s e g r e g a t i n g S n , t h e c o v e r a g e s a t t a i n e d a r e 

g o v e r n e d b y s e g r e g a t i o n k i n e t i c s ( F i g u r e 3 a ) . A f t e r h e a t -

i n g t h e s p e c i m e n f o r a s h o r t t i m e a c ( 2 x 2 ) s t r u c t u r e is 

o b s e r v e d , c o r r e s p o n d i n g t o h a l f a m o n o l a y e r c o v e r a g e . 

B u t t h e s e g r e g a t i o n c o n t i n u e s w h i c h l e a d s t o a n o r d e r -

d i s o r d e r t r a n s i t i o n a n d a c o v e r a g e s o m e v v h a t h i g h e r t h a n 

a m o n o l a y e r ( c o r r e s p o n d i n g t o 1 ,4 • 1 0 1 5 a t o m s S n / c m 2 ) . 

T h e t r a n s i t i o n is a c c o m p a n i e d b y a s h i f t o f t h e p h o t o l i -

n e s o b s e r v e d b y X P S to v a l u e s c l o s e l y c o r r e s p o n d i n g t o 

t h e v a l u e s c h a r a c t e r i s t i c f o r p u r e e l e m e n t a l t i n , Figure 
3 b . M o s t p r o b a b l y t h e t r a n s i t i o n c a n b e e x p l a i n e d b y f o r -

m a t i o n o f a t w o - d i m e n s i o n a l n e a r l y c l o s e p a c k e d l a y e r 

o f t in o n F e ( 1 0 0 ) vvith a h i g h s u r f a c e m o b i l i t y . T h i s s e g -

r e g a t i o n b e h a v i o u r is d i f f e r e n t f r o m t h e s e g r e g a t i o n in 

m o s t s y s t e m s F e - A ( A = C , N , S , P, S b . . . ) vvh ich a l w a y s 

l e a d s t o a s a t u r a t i o n at a s u r f a c e c o v e r a g e o f 0 , 5 . T h e 

d r i v i n g f o r c e f o r t h e s e g r e g a t i o n o f t i n t o h i g h e r c o v e r -

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

t h e p r e s e n c e o f a l a y e r o f t i n . T h i s l a y e r a t h i g h c o v e r a g e 

h a s p r o p e r t i e s s i m i l a r t o a l a y e r o f p u r e m o l t e n t in o n 

i r o n , a s i n d i c a t e d b y t h e r e s u l t s o f t h e X P S m e a s u r e -

m e n t s . T h e s e g r e g a t i o n b e h a v i o u r o n F e - S n ( l l l ) is s i m i -

lar , t h e r e is a n i n f l e c t i o n p o i n t i n t h e k i n e t i c s vvhen t h e 

p ( l x l ) s t r u c t u r e vvith o n e m o n o l a y e r c o v e r a g e i s 

r e a c h e d , vvhich c o r r e s p o n d s t o 7 • 1 0 1 4 a t o m s S n / c m 2 o n 

F e ( l l l ) . A f t e r t h i s s u r f a c e s t r u c t u r e is r e a c h e d , f u r t h e r 

S n s e g r e g a t i o n o c c u r s , a n o r d e r - d i s o r d e r t r a n s i t i o n is o b -

s e r v e d a n d a S n m o n o l a y e r is a t t a i n e d . T h e s e g r e g a t i o n 

b e h a v i o u r is d i f f e r e n t o n F e - S n ( l l O ) , h e r e n o i n t e r m e d i -

a t e a d s o r p t i o n s t r u c t u r e s vvere o b s e r v e d , b u t o n l y s t r u c -

t u r e s vvith h i g h S n c o n t e n t , f i r s t l y a h e x a g o n a l s t r u c t u r e 

c o r r e s p o n d i n g t o o n e m o n o l a y e r o f g r e y t i n . U p o n f u r -



Figure 3: a) Kinetics of the tin surface segregation on Fe-4 wt% 
Sn(100) during heating to 650°C54, at the inflection point indicated the 
structuraJ phase transition from the ordered monolayer c(2x2)Sn to the 
disordered multilayer occurs; b) photolines observed during increasing 
surface concentration demonstrating the shift caused by the transition 
Sl ika 3: a) Kinetika površinske segregacije na zlitini Fe-4 ut.% 
Sn(100) med žarjenjem do 650°C54, prevoj označuje strukturni fazni 
prehod iz urejene monoplasti c(2x2)Sn v neurejeno večplastnost; b) 
fotolinije med naraščanjem površinske koncentracije prikazujejo 
kemijski premik, nastal zaradi prehoda 

t h e r s e g r e g a t i o n a s t r u c t u r e is f o r m e d w h i c h c o r r e s p o n d s 

t o a l a y e r o f t h e i n t e r m e t a l l i c c o m p o u n d F e S n of o n e u n i t 

celi t h i ckness , F i g u r e 4a. 
T h e s e g r e g a t i o n b e h a v i o u r o f S b o n F e - 4 w t % S b 5 5 ' 5 6 

is s i m i l a r o n t h e o r i e n t a t i o n s ( 1 0 0 ) a n d ( 1 1 1 ) t o t h e b e -

h a v i o u r o f t i n , o n b o t h o r i e n t a t i o n s o n o r d e r e d a d s o r p -

t i o n s t r u c t u r e is f o r m e d , c ( 2 x 2 ) o n ( 1 0 0 ) , s e e Figure 5, 
a n d p ( l x l ) o n ( 1 1 1 ) b u t u p o n c o n t i n u e d s e g r e g a t i o n n o 

e l e v a t e d S b s u r f a c e c o n c e n t r a t i o n w e r e o b s e r v e d , in c o n -

t r a s t t o S n . O n F e ( l 10) t h e p r e s e n c e o f S b c a u s e d f a c e t -

i n g , t h e L E E D p a t t e r n s i n d i c a t e d f o r m a t i o n o f ( 1 1 1 ) a n d 

( 1 1 1 ) p l a n e š , F i g u r e 4 b . A c c o r d i n g l y , t h e s e g r e g a t i o n 

e n t h a l p y o f S b t o F e ( l l l ) m u s t b e v e r y e x o t h e r m i c 

( n e g a t i v e ) , d u e t o a s t r o n g d e c r e a s e o f t h e s u r f a c e e n e r g y 

o f F e ( l 11 ) w h i c h c o m p e n s a t e s t h e i n c r e a s e o f t o t a l s u r -

f a c e a r e a b y t h e f a c e t i n g . 

Figure 4: Phenomena on the Fe(l 10) face caused by segregation of Sn 
or Sb; 
a) Supposed structure of the surface compound 'FeSn ' formed by 
epitaxial stabilization on Fe-Sn(l 10) as the final saturation structure ; 
b) Faceting on Fe-Sb(llO) under formation of (111) faces due to Sb 
segregation56 

Slika 4: Pojav na Fe(110) ploskvi, ki g a j e povzročila segregacija Sn 
ali Sb; 
a) predpostavljena struktura zlitine na površini 'FeSn ' , ki je nastala z 
epitaksialno stabilizacijo na Fe-Sn( l lO) kot končna nasičena 
struktura54; 
b) facetiranje na površini monokristala Fe-Sb(llO), zaradi segregacije 
Sb se tvorita (111) in (111) ploskvi 

T h r e e p o s s i b i l i t i e s a r e d e m o n s t r a t e d i n t h e s y s t e m s 

F e - S n a n d F e - S b f o r t h e b e h a v i o u r u p o n s e g r e g a t i o n , ( i ) 

f o r m a t i o n o f a d s o r p t i o n s t r u c t u r e s s u c h a s c ( 2 x 2 ) o r 

p ( l x l ) , ( i i ) f o r m a t i o n o f s u r f a c e p h a s e s s u c h as t w o - d i -

m e n s i o n a l g r e y t in a n d t w o - d i m e n s i o n a l F e S n , o r ( i i i ) 

f o r m a t i o n o f f a c e t s t o a t t a i n s u r f a c e e n e r g i e s . 

2.2 Grain boundary segregation of Sn and Sb 

A f u n d a m e n t a l s t u d y o n g r a i n b o u n d a r y s e g r e g a t i o n 

in F e - S n a l l o y s h a s b e e n c o n d u c t e d a f t e r a n n e a l i n g i n t h e 

t e m p e r a t u r e r a n g e 5 0 0 - 7 5 0 ° C f o r u p t o 5 0 0 0 h 3 9 . T h e r e -

s u l t s o f t h e g r a i n b o u n d a r y a n a l y s e s s h o w a w i d e s c a t t e r 
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Figure 5: Surface segregation of Sb on Fe-Sb (100)56; a) Auger 
spectrum after segregation at 640°C, corresponding to surface 
segregation; b) model for the Fe-Sb (100) c(2x2) structure derived 
from LEED study of the saturated surface 
Slika S: Površinska segregacija Sb na monokristalu Fe-Sb orientacije 
(100)56; a) AES spekter posnet po segregaciji Sb pri 640°C; b) model 
za Fe-Sb (100) c(2x2) strukturo dobljen z metodo LEED na nasičeni 
površini 

( F i g u r e 6 a ) w h i c h m a y b e c a u s e d b y t he s t r o n g d e p e n d -
e n c e o f t in s e g r e g a t i o n o n g r a i n b o u n d a r y o r i e n t a t i o n . 
A l i d a t a h a v e b e e n o b t a i n e d f o r S n c o n c e n t r a t i o n s w i t h i n 
t h e a - s o l i d s o l u t i o n r a n g e , n o p r e c i p i t a t e s o f i n t e r m e t a l -
l ic c o m p o u n d s s h o u l d h a v e f o r m e d . T h e t in c o n c e n t r a -
t i o n s a r e a l w a y s b e l o w a m o n o l a y e r , in c o n t r a s t to t h e 
s u r f a c e s e g r e g a t i o n b e h a v i o u r . In s p i t e o f t h e l a r g e s ca t -
te r t he d a t a w e r e e v a l u a t e d a c c o r d i n g t o t h e L a n g m u i r -
M c L e a n e q u a t i o n ( F i g u r e 6 b ) , y i e l d i n g t h e v a l u e s f o r 
s e g r e g a t i o n e n t h a l p y a n d e n t r o p y 

A H = - 2 2 , 5 k J / m o l A S = 2 6 J / m o l K 

f o r 550°C r e s u l t s in g o o d a g r e e m e n t w i t h p r e v i o u s r e -
s u l t s o f E . D . H o n d r o s a n d M . P. S e a h 2 8 2 9 . 

T h e e n t h a l p y v a l u e is r e l a t i v e l y l o w (P : A H = - 3 4 , 3 
k J / m o l 3 5 ' 3 6 ) , t h i s i n d i c a t e s t h e r a t h e r l o w t e n d e n c y f o r 
g r a i n b o u n d a r y s e g r e g a t i o n of S n ! F u r t h e r m o r e , d u e t o 

o 0.20 % S n 
^ 0.08 ' / .Sn 
o 0 .054% Sn 
x 0 0 2 2 % Sn 

• • 0 g * . i 

temperature ( °C I 

Figure 6: a) Grain boundary concentrations of tin in Fe-Sn alloys after 
annealing at elevated temperatures, measured by AES on intergranular 
fracture faces39; b) evaluation of the measurements in (a) applying the 
Langmuir-McLean equation (6) 
Slika 6: a) Koncentracija kositra v segregirani plasti na mejah zrn po 
žarjenju pri povišanih temperaturah, merjeno z metodo AES na 
interkristalnih prelomnih ploskvah39; b) ovrednotenje meritev (a) z 
uporabo Langmuir-McLean enačbe (6) 

i ts l o w s e g r e g a t i o n e n t h a l p y S n is k e p t f r o m t h e g r a i n 
b o u n d a r i e s e f f e c t i v e l y b y t h e p r e s e n c e o f c a r b o n s u c h as 
in p l a i n c a r b o n s t ee l s ( F i g u r e 7 ) . A s d e s c r i b e d in t h e in-
t r o d u c t i o n , an e q u i l i b r i u m of s i t e c o m p e t i t i o n b e t w e e n 
S n a n d C o c c u r s a c c o r d i n g to 

C ( d i s s o l v e d ) + S n ( s e g r e g a t e d ) 
= C ( s e g r e g a t e d ) + S n ( d i s s o l v e d ) 

In t h e p r e s e n c e o f s o m e p p m d i s s o l v e d c a r b o n , t h e t in 
is e f f e c t i v e l y r e m o v e d f r o m t h e g r a i n b o u n d a r i e s . 

Hovvever , in l o w a l l o y s t e e l s t h e c o n c e n t r a t i o n o f d i s -
s o l v e d C is r e d u c e d d u e to t h e f o r m a t i o n o f l e s s s o l u b l e 
c a r b i d e s vvith C r a n d M n . T i n s e g r e g a t i o n is p o s s i b l e if 
n o t S n is d i s p l a c e d f r o m t h e g r a i n b o u n d a r i e s b y s e g r e -
g a t e d p h o s p h o r u s . F o r r o t o r s t e e l s , C r M o V s t e e l s i t is 
e v e n d a n g e r o u s t o h a v e t o o l o w p h o s p h o r u s c o n t e n t s , 
s i n c e in a p p l i c a t i o n at h i g h t e m p e r a t u r e if S n s e g r e g a t i o n 
p r e v a i l s , t h i s e a s i l y l e a d s t o f o r m a t i o n o f c r e e p c a v i t i e s , 
d u e t o t h e s t r o n g t e n d e n c y f o r s u r f a c e s e g r e g a t i o n o f t in . 
T h e s u r f a c e s e g r e g a t i o n o f S n d e c r e a s e s t h e s u r f a c e e n -
e r g y o f p o r e s a n d c a v i t i e s , s t a b i l i z e s s u c h d e f e c t s a n d a c -
c e l e r a t e s t h e i r g r o w t h ( s e e c h a p t e r 3 . 2 ) . 

In m u s t b e k e p t in m i n d t ha t t h e d a t a g i v e n a b o v e a r e 
a v e r a g e v a l u e s a n d h a v e an i n t e g r a l c h a r a c t e r , s i n c e t h e 
g r a i n b o u n d a r y s e g r e g a t i o n o f t in in i r o n is s t r o n g l y d e -
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Figure 7: Grain boundary segregation of Sn and C in Fe-Sn-C alloys 
in dependence on the bulk carbon concentration after equilibration at 
550°C, demonstrating the displacing effect of carbon on segregated 
Sn39 

Slika 7: Segregacija Sn in C po mejah zrn v Fe-Sn-C zlitinah v 
odvisnossti od koncentracije ogljika v osnovnem materialu pri 
ravnotežju pri 550°C 

p e n d e n t o n t h e m i s o r i e n t a t i o n , i n c r e a s i n g w i t h t h e t i l t a n -
g l e o f m i s o r i e n t a t i o n b e t v v e e n t h e g r a i n s 5 7 . S n c a u s e s 
g r a i n b o u n d a r y h a r d e n i n g , e x c e s s h a r d n e s s e x t e n d i n g t o 
m a n y m t c r o n s o n e i t h e r s i d e o f t h e g r a i n b o u n d a r y , a l s o 
i n c r e a s i n g w i t h t h e m i s o r i e n t a t i o n . T h i s is a w e l l d o c u -
m e n t e d e f f e c t b u t n o t w e l l u n d e r s t o o d 5 7 - 5 8 . 

F o r t e m p e r e m b r i t t l e d N i - C r s t e e l s t h e r e a r e s t r o n g 
i n d i c a t i o n s t h a t S n is p r e s e n t at t h e g r a i n b o u n d a r i e s c o u -
p l e d w i t h N i in a n b i d i m e n s i o n a l p h a s e c o r r e s p o n d i n g to 
a n i n t e r m e t a l l i c c o m p o u n d s u c h as N i 3 S m , th i s h a s b e e n 
c o n c l u d e d f r o m M o s s b a u e r s p e c t r o s c o p y a n d T E M 
w o r k 5 9 " 6 1 . 

T h e g r a i n b o u n d a r y s e g r e g a t i o n o f S b w a s i n v e s t i -
g a t e d f o r F e - S b a n d F e - S b - C a l l o y s a f t e r e q u i l i b r a t i o n a t 
t e m p e r a t u r e s be tvveen 5 5 0 ° C f o r s u f f i c i e n t t i m e 6 2 , 6 3 . T h e 
a n a l y s i s o f i n t e r g r a n u l a r f r a c t u r e f a c e s b y A E S c a l i b r a t e d 
on t h e b a s e o f t h e s u r f a c e s e g r e g a t i o n s t u d i e s shovvs r e l a -
t i v e n l o w i n t e r f a c i a l c o n c e n t r a t i o n s , s e e F i g u r e 8, a n d a 
w i d e s c a t t e r o f r e s u l t s . T h e p l o t o f t h e d a t a a c c o r d i n g to 
t h e L a n g m u i r - M c L e a n e q u a t i o n l e a d s t o t h e v a l u e s f o r 
s e g r e g a t i o n e n t h a l p y a n d e n t r o p y : 

A H = - 1 9 k J / m o l A S = 2 8 J / m o l K 

T h u s , t h e s e g r e g a t i o n e n t h a l p y is e v e n l o w e r t h a n f o r 
S n , w h i c h e m p h a s i z e s t h e I o w t e n d e n c y f o r g r a i n b o u n d -
a ry s e g r e g a t i o n o f Sb . H o w e v e r , e v e n s m a l l g r a i n b o u n d -
a ry c o n c e n t r a t i o n s o f S b c a u s e m a r k e d g r a i n b o u n d a r y 
e m b r i t t l e m e n t a n d p r e v a i l i n g i n t e r g r a n u l a r f r a c t u r e . A l s o 
t h e s e g r e g a n t S b is e f f e c t i v e l y d i s p l a c e d f r o m g r a i n 
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Figure 8: a) Grain boundary concentrations of Sb in Fe-Sb alloys, 
plotted vs equiIibration temperature62; b) plot of the data in (a) 
according to the Langmuir-McLean aquation (6) 
Slika 8: a) Segregacija Sb po mejah zrn v Fe-Sb zlitini v odvisnosti od 
ravnotežne temperature62; b) prikaz podatkov v (a), ki ustrezajo 
Langmuir-McLean enačbi (6) 

b o u n d a r i e s by c a r b o n , s m a l l c o n c e n t r a t i o n s o f d i s s o l v e d 
c a r b o n < 6 0 w t p p m c a n s h i f t t h e d i s p l a c e m e n t e q u i l i b -
r i u m t o l ow S b s e g r e g a t i o n a n d a l s o l e a d t o a m a r k e d 
r e d u c t i o n of i n t e r g r a n u l a r f r a c t u r e , s e e Figure 964. C a r b -
o n n o t o n l y r e m o v e s S b f r o m t h e g r a i n b o u n d a r i e s , b u t 
a l s o e n h a n c e s t h e g r a i n b o u n d a r y c o h e s i o n a n d e n f o r c e s 
t r a n s g r a n u l a r f r a c t u r e . T h e e f f e c t o f c a r b o n a l s o w a s 
d e m o n s t r a t e d b y n o t c h - i m p a c t t e s t s o n F e - S b - C a l l o y s , 
s e e Figure 10. A s in t h e č a s e o f S n , f o r u n a l l o y e d c a r b o n 
s t ee l s t h e d a n g e r o f e m b r i t t l e m e n t b y S b is m i n o r , t h e r e 
w i l l b e a l w a y s e n o u g h d i s s o l v e d a n d s e g r e g a t e d c a r b o n 
to a v o i d S b g r a i n b o u n d a r y s e g r e g a t i o n . O n l y f o r a l l o y e d 
s t ee l s , in w h i c h t h e c a r b o n is t i e d u p b y c a r b i d e f o r m i n g 
e l e m e n t s , Cr , M n , e t c . , e m b r i t t l e m e n t is p o s s i b l e d u r i n g 
h e a t t r e a t m e n t o r u s e o f s t e e l s in an e l e v a t e d t e m p e r a t u r e 
r a n g e . 

S e v e r a l a u t h o r s h a v e c l a i m e d a n e f f e c t o f n i c k e l , e n -
h a n c i n g t h e g r a i n b o u n d a r y s e g r e g a t i o n o f S b , h o w e v e r , 
t h i s e f f e c t c o u l d n o t b e r e p r o d u c e d in r e c e n t s t u d i e s o n 
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Figure 10: Results of notch impact tests on an Fe-Sb al!oy with 
different carbon concentrations . The ductile-brittle transition 
temperature is shifted to lower temperatures by carbon, due to the 
removal of Sb from the grain boundaries and increase of grain 
boundary cohesion by segregated carbon 
Slika 10: Rezultati udarnih preizkusov na zlitini Fe-Sb z različnimi 
vsebnostmi ogljika6-1. Temperatura prehoda duktilno-krhko je 
premaknjena k nižjim temperaturam zaradi ogljika, le-ta izpodrine Sb 
z mej zrn in poviša kohezijo 
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Figure 9: a) Grain boundary segregation of Sb and C in Fe-Sb-C 
alloys after equilibration at different temperatures, plotted in 
dependence on the bulk concentration, demonstrating the displacing 
effect of carbon on segregated Sb62,63; b) intergranular part of fracture 
in dependence on bulk carbon concentration 
Slika 9: a) Ravnotežna koncentracija Sb v segregirani plasti na mejah 
zrn v zlitini Fe-Sb-C pri različnih temperaturah, prikazana v odvisnosti 
od koncentracije C v osnovnem materialu, prikazuje pojav ko ogljik 
izrine Sb v segregirani plasti62,63; b) interkristalna ploskev preloma v 
odvisnosti od koncentracije ogljika v osnovnem materialu 

F e - N i - S b a l l o y s 6 4 . I n e a r l i e r s t u d i e s 6 5 - 6 6 o f F e - S b a n d F e -

N i - S b a l l o y s a t 5 6 0 ° C a n i n c r e a s e o f S b s e g r e g a t i o n w a s 

o b s e r v e d w i t h h t e N i - c o n t e n t a n d N i a l s o s e g r e g a t e s t o 

t h e g r a i n b o u n d a r i e s , i ts s e g r e g a t i o n b e i n g o n l y s l i g h t l y 

a f f e c t e d b y t h e p r e s e n c e o f Sb . F o r l o w a l l o y N i - C r s t e e l s 

t h e a u t h o r s 6 5 ' 6 6 c o n c l u d e t h a t t h e S b - s e g r e g a t i o n is a 

c o m p l e x f u n c t i o n o f t h e to ta l a l l o y c o m p o s i t i o n . W h e n 

M n is p r e s e n t in t h e s e s t e e l s it c a u s e s p r e c i p i t a t i o n o f an 

a n t i m o n i d e a n d g r e a t l y r e d u c e s S b - s e g r e g a t i o n . A d e -

t a i l ed i n v e s t i g a t i o n o f a 3 , 5 N i - I C r - s t e e l a f t e r e m b r i t t l e -

m e n t at 4 8 0 ° C d e m o n s t r a t e s a d e p e n d e n c e o n t he m i c r o -

s t r u c t u r e 6 7 . I n t e r g r a n u l a r e m b r i t t l e m e n t in a q u e n c h e d 

a n d t e m p e r e d m a r t e n s i t i c m i c r o s t r u c t u r e w a s a s s o c i a t e d 

w i t h t h e s e g r e g a t i o n o f p h o s p h o r u s , w h i c h is p o s s i b l e 

s i n c e t h e c a r b o n a c t i v i t y is r e d u c e d b y p r e c i p i t a t i o n of 

c h r o m i u m r i c h c a r b i d e s at t h e g r a i n b o u n d a r i e s . t h e e m -
b r i t t l e m e n t in t h e b a i n i t i c m i c r o s t r u c t u r e w a s a s s o c i a t e d 
w i t h t h e s e g r e g a t i o n of a n t i m o n y , s i n c e t h e c a r b o n a c t i v -
i ty is r e l a t i v e l y h i g h d u e t o t h e f o r m a t i o n o f c e m e n t i t e 
t y p e c a r b i d e s . P r o l o n g e d e m b r i t t l e m e n t o f t h e b a i n i t e 
p r o d u c e d a l o w e n e r g y f r a c t u r e . I n c r e a s e d n i c k e l a n d a n -
t i m o n y c o n c e n t r a t i o n s a t t h e g r a i n b o u n d a r i e s vvere a s s o -
c i a t e d w i t h t h e f o r m a t i o n of a f i n e g r a i n b o u n d a r y p r e -
c i p i t a t e . T h e i n c r e a s e d c a r b o n a c t i v i t y c o n t i n u e d t o 
p r e v e n t a p p r e c i a b l e P s e g r e g a t i o n b u t c o u l d n o t i n h i b i t 
t h e ' c o s e g r e g a t i o n ' of N i a n d S b 6 7 . 

2.3 Segregation of Sb and Sn at internat interfaces 

S b c a n b e t r a p p e d b y T i C p r e c i p i t a t e s in F e . A d e n s e 
d i s p e r s i o n o f T i C , p r o d u c e d b y i o n i m p l a n t a t i o n a n d a n -
n e a l i n g a t 6 0 0 - 7 0 0 ° C , t i e s u p S b e f f e c t i v e l y 6 8 . C o n t i n u e d 
a n n e a l i n g l e a d s t o s l o w r e l e a s e o f S b i n t o t h e m a t r i x in a 
d i f f u s i o n a n d t r a p p i n g p r o c e s s . T h e S b is p r e s e n t a t t h e 
i n t e r f a c e T i C / f e r r i t e , a n d n o t in t h e T i C , t h e b i n d i n g e n -
t h a l p y is - 3 5 , 6 k J / m o l 6 8 " 7 0 . T h i s i n t e r f a c i a l s e g r e g a t i o n 
m a y p r o v i d e a m e a n s f o r k e e p i n g S b f r o m g r a i n b o u n d a -
r i e s in f e r r i t i c s t e e l s to s u p p r e s s e m b r i t t l e m e n t . S i m i l a r 
t r a p p i n g h a s b e e n o b s e r v e d at T a C a n d C u p r e c i p i t a t e s in 
F e at 6 0 0 ° C 7 1 . 

T r a p p i n g or s e g r e g a t i o n o f Sn a t M n S p a r t i c l e s h a s 
b e e n o b s e r v e d in F e - 3 % Si d o p e d vvith t in . T h e S n w a s 
c l e a r l y e n r i c h e d c o m p a r e d to t h e g r a i n b o u n d a r i e s , t h i s 
s e g r e g a t i o n r e t a r d s t h e g r o w t h r a t e o f t h e M n S p a r t i c l e s 
s o tha t in S n d o p e d a l l o y t h e y a r e m u c h s m a l l e r t h a n in 
S n - f r e e F e - 3 % S i 7 2 . T h e s i z e o f t h e p r e c i p i t a t e s a f f e c t s 
t h e p r i m a r y a n d s e c o n d a r y r e c r y s t a l l i z a t i o n , t h u s i n f l u -
e n c i n g t h e m a g n e t i c p r o p e r t i e s o f S i s t e e l s , s e e c h a p t e r 
3 . 1 . 

In t h e e u t e c t o i d t r a n s f o r m a t i o n o f a u s t e n i t e t o č a s t 
i ron , m i n o r a d d i t i o n s of S b ( 0 , 0 8 w t % ) o r S n ( 0 , 1 2 w t % ) 
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w e r e f o u n d t o i n h i b i t t h e y —> a + g r a p h i t e a n d t h e Fe . iC 

—> a + g r a p h i t e r e a c t i o n p a t h s , b u t d i d n o t s i g n i f i c a n t l y 

a f f e c t t h e m e t a s t a b l e y —> a + F e j C r e a c t i o n 7 3 . S c a n n i n g 

A u g e r m i c r o p r o b e a n a l y s i s i n d i c a t e d t h a t S n a n d S b a d -

s o r b a t t h e g r a p h i t e / m e t a l i n t e r f a c e . T h e s e g r e g a t e d l a y e r 

a c t s a s a b a r r i e r f o r t h e a c c e s s o f c a r b o n t o t h e g r a p h i t e 

n o d u l e s . W i t h t h e g r a p h i t e d i s a b l e d a s a s i n k f o r c a r b o n , 

t h e m e t a l t r a n s f o r m s a s a n o n g r a p h i t e s t e e l . 

3 Ef fec t s of interfacia l segregat ion of Sn and Sb on 
steel propert ies 

3.1 Effects of surface segregation on the texture of elec-
trical sheet 

A ( 1 0 0 ) [ 0 0 1 ] t e x t u r e o f F e - S i c a n b e a c h i e v e d vvith 

t h e a i d o f a d s o r p t i o n o r s e g r e g a t i o n o f d i f f e r e n t s p e c i e s : 

O , S , S b , S n e t c . T h e ( 1 0 0 ) [ 0 0 1 ] t e x t u r e c a n n o t c o m p e t e 

l o s s v v i s e vvith t h e ( 1 1 0 ) [ 0 0 1 ] t e x t u r e if u n i d i r e c t i o n a l 

m a g n e t i z a t i o n i s i m p o r t a n t . I n a p p l i c a t i o n s v v h e r e t h e 

m a g n e t i z a t i o n m u s t o c c u r in a l i d i r e c t i o n s in t h e p l a n e o f 

t h e s h e e t s u c h a s in m o t o r s o r g e n e r a t o r s t h e ( 1 0 0 ) [ 0 0 1 ] 

t e x t u r e is f a v o u r a b l e s i n c e t h e p l a n e o f t h e s h e e t d o e s n o t 

c o n t a i n t h e h a r d ( 1 1 1 ) d i r e c t i o n o f m a g n e t i z a t i o n , b u t 

e v e n in t r a n s f o r m e r s lovver l o s s e s c a n b e o b t a i n e d b y u s -

i n g s o m e ( 1 0 0 ) [ 0 0 1 ] t e x t u r e . A f t e r t h e p r i m a r y r e c r y s t a l -

l i z a t i o n , t h e g r o v v t h o f g r a i n s is g o v e r n e d b y t h e s u r f a c e 

e n e r g y , p r e f e r e n t i a l g rovv th o f g r a i n s vvith a l o w s u r f a c e 

e n e r g y o c c u r s in t h e s e c o n d a r y r e c r y s t a l l i z a t i o n . I n a b -

s e n c e o f o x y g e n o r o t h e r a d s o r b i n g o r s e g r e g a t i n g s p e -

c i e s y n o i s t h e lovves t s u r f a c e e n e r g y a n d ( 1 1 0 ) [ 0 0 1 ] 

g r a i n s grovv. W h e n s u f f i c i e n t o x y g e n o r s u l f u r is p r e s e n t 

y n o a n d ( 1 0 0 ) g r a i n s b e c o m e s t a b l e in t h e s u r f a c e 7 4 " 7 6 , 

s e e a l s o F i g u r e 1. 

P r e s e n c e o f o x y g e n a n d s u l f u r is n o t vvell p o s s i b l e in 

t h e p r o d u c t i o n p r o c e s s o f n o n - o r i e n t e d e l e c t r i c a l s h e e t . 

T h e a n n e a l i n g f o r s e c o n d a r y r e c r y s t a l l i z a t i o n is d o n e in 

d r y h y d r o g e n a t a b o u t 9 0 0 ° C . P r e s e n c e o f s u l f u r vvou ld 

c a u s e p r e c i p i t a t i o n o f M n S p a r t i c l e s in t h e s t e e l s vvh ich 

m a y h i n d e r t h e r e o r i e n t a t i o n o f t h e m a g n e t i c d o m a i n s . 

T h u s , o t h e r e l e m e n t s s u c h a s S n a n d S b vvere s u c c e s s -

f u l l y u s e d a s a l l o y i n g a d d i t i o n s t o i m p r o v e t h e t e x t u r e 

a n d m a g n e t i c p r o p e r t i e s o f n o n - o r i e n t e d s t e e l s h e e t 7 7 - 7 8 . 

T h e a l l o y i n g a d d i t i o n s m a y n o t b e t o o h i g h t o o b t a i n t h e 

v v a n t e d ( 1 0 0 ) [ 0 0 1 ] t e x t u r e , f o r t o o h i g h a c t i v i t i e s a n d 

s u r f a c e c o v e r a g e s t h e s u r f a c e e n e r g i e s o f n e a r l y a l i o r i -

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

g rovv th o f ( 1 0 0 ) is a t t a i n e d . S b h a s p r o v e d t o h a v e a n -

o t h e r a d v a n t a g e o u s e f f e c t , i t s u p p r e s s e s w i d e l y t h e i n t e r -

n a l o x i d a t i o n o f t h e a l l o y i n g e l e m e n t s S i , A l a n d M n 

vvh ich is p o s s i b l e d u r i n g t h e d e c a r b u r i z a t i o n t r e a t m e n t 

a n d c a u s e s i n c r e a s i n g p e r m e a b i l i t y d e t e r i o r a t i o n vvith i n -

c r e a s i n g s u b s c a l e d e p t h 7 9 . A l s o in t h e p r o d u c t i o n o f h i g h 

i n d u c t i o n a n d h i g h p e r m e a b i l i t y g r a i n o r i e n t e d F e - S i , t h e 

p r e s e n c e o f S b a n d S n c a n h a v e p o s i t i v e e f f e c t s , y i e l d i n g 

a m o r e p r e c i s e ( 1 1 0 ) [ 0 0 1 ] s e c o n d a r y r e c r y s t a l l i z a t i o n 

t e x t u r e t h a n in c o n v e n t i o n a l F e - S i . I n e a r l i e r vvork it vvas 

a s s u m e d t h a t S b a n d S n a r e e f f e c t i v e o n t h e p r i m a r y r e -

c r y s t a l I i z a t i o n , r e t a r d i n g p r i m a r y g r a i n g r o v v t h in c o o p -

e r a t i o n vvith B N a n d S , l e s s S b e i n g n e c e s s a r y t h a n vvi th-

o u t S b a n d S n . B u t in r e c e n t s t u d i e s it vvas f o u n d t h a t 

g r a i n b o u n d a r y s e g r e g a t i o n o f S b a n d S n is n e g l i g i b l y 

lovv in t h e s i l i c o n s t e e l s h e e t a f t e r t h e u s u a l t h e r m a l t r e a t -

m e n t . O b v i o u s l y , t h e e f f e c t o f S b a n d S n is c a u s e d b y t h e 

s u r f a c e s e g r e g a t i o n d u r i n g r e c r y s t a l l i z a t i o n a n n e a l i n g . 

T h e s u r f a c e s e g r e g a t i o n d e c r e a s e s t h e s u r f a c e e n e r g y o f 

g r a i n s vvith ( 1 0 0 ) o r i e n t a t i o n in t h e p l a n e o f t h e s t e e l 

s h e e t a n d t h e g r a i n s vvith lovv s u r f a c e e n e r g y grovv o n a c -

c o u n t o f g r a i n s vvith o t h e r s p a c e o r i e n t a t i o n in t h e s h e e t 

p l a n e . T h e r o l e o f t h e s u r f a c e s e g r e g a t i o n h a s b e e n c o n -

f i r m e d b y e x t e n d e d s t u d i e s o n s i l i c o n s t e e l d o p e d vvith 

S b a n d S n 1 2 " 2 0 . O n l y a c o n t r o l l e d s u r f a c e s e g r e g a t i o n 

p r o m o t e s t h e v v a n t e d s e l e c t i v e g r a i n g r o v v t h . F o r t o o h i g h 

S b a n d S n c o n c e n t r a t i o n s t h e s u r f a c e e n e r g y o f a l i o r i e n -

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

o f ( 1 0 0 ) is o b t a i n e d . F o r s t e e l s vvith a h i g h S b c o n t e n t 

r a t h e r t h e u n v v a n t e d g r o v v t h o f ( 1 1 1 ) is t o b e e x p e c t e d , 

s i n c e t h e s u r f a c e c o n c e n t r a t i o n o n t h a t p l a n e is h i g h e s t 5 6 . 

F u r t h e r m o r e , it h a s b e e n s t a t e d t h a t S b a n d S n r e t a r d t h e 

d e c a r b u r i z a t i o n 7 9 , vvh ich is a l s o a v e r y i m p o r t a n t p r o c e s s 

in t h e p r o d u c t i o n o f e l e c t r i c a l s t e e l s h e e t - s o t h i s a g a i n 

vvou ld b e a n e g a t i v e e f f e c t o f S b a n d S n s u r f a c e s e g r e g a -

t i o n . 

3.2 Effect of surface segregation in creep of steels 

D u e t o t h e i r s t r o n g t e n d e n c y t o s u r f a c e s e g r e g a t i o n 

S n a n d S b c a n v e r y n e g a t i v e l y a f f e c t t h e c r e e p b e h a v i o u r 

o f h e a t r e s i s t a n t C r M o - a n d C r M o V - s t e e l s u s e d f o r t u r -

b i n e r o t o r s a n d b l a d e s 8 0 . T h e f a i l u r e o f s u c h s t e e l s o c c u r s 

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

a n d in t h e s t e e l m a t r i x a n d t h e c o a l e s c e n c e o f t h e c a v i t i e s 

to c r a c k s . T h e n u c l e a t i o n o f t h e c a v i t i e s m o s t l y s t a r t s a t 

i n c l u s i o n s , s u c h a s s u l f i d e s ( M n S ) a n d o x i d e s 8 1 . B u t t h e 

n u c l e a t i o n is f a v o u r e d a n d a c c e l e r a t e d b y t h e p r e s e n c e o f 

S n o r S b vvhich vvill i m m e d i a t e l y s e g r e g a t e t o t h e f r e e 

m e t a l s u r f a c e o f a p o r e f o r m i n g a t a n i n c l u s i o n o r a t a 

g r a i n b o n d a r y . T h e s e g r e g a t i o n d e c r e a s e s t h e s u r f a c e e n -

e r g y , t h e p o r e s a r e s t a b i l i z e d a n d c a n grovv t o c a v i t i e s u n -

d e r f u r t h e r s u r f a c e s e g r e g a t i o n . T h i s e f f e c t o f S n h a s 

b e e n o b s e r v e d f o r a C r M o V - s t e e l 3 9 - 4 0 m e a s u r i n g c r e e p 

c u r v e s f o r m e l t s d o p e d vvith d i f f e r e n t S n - c o n c e n t r a t i o n s . 

T h e h i g h e r t h e S n c o n t e n t o f t h e s t e e l t h e e a r l i e r t h e y 

f a i l e d b y r u p t u r e in t h e c r e e p t e s t , F i g u r e 1 1 . 

3.3 Effects on the carburization of čase hardening steels 

S u r f a c e s e g r e g a t i o n o n S n a n d S b c a n e f f e c t i v e l y r e -

t a r d t h e c a r b u r i z a t i o n o f č a s e h a r d e n i n g s t e e l s 8 2 . T h e c a r -

b u r i z a t i o n is g e n e r a l l y c o n d u c t e d a t a b o u t 9 3 0 ° C in C O -

H 2 - H 2 O a t m o s p h e r e s . I n t h e b e g i n n i n g i t s r a t e i s 

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

C O ( g ) = C ( d i s s o l v e d ) + O ( a d s o r b e d ) 

O ( a d s o r b e d ) + H 2 ( g ) = H , 0 ( g ) 



Figure 11: Creep curves for 1% CrMoNiV- steel at 300 MPa and 
500°C39, effect of different Sn-contents - vvith increasing Sn-content 
the rupture tirne is markedly decreased 
Slika 11: Krivulje lezenja za jeklo 1% CrMoNiV pri 300 MPa in 
550°C39, vpliv različnih vsebnosti Sn - z naraščajočo vsebnostjo S n j e 
prelomni čas opazno znižan 

a n d l a t e r o n a c o u p l e d s u r f a c e r e a c t i o n a n d d i f f u s i o n 

c o n t r o l d e t e r m i n e s t h e r a t e o f c a r b u r i z a t i o n . T h e s u r f a c e 

r e a c t i o n r a t e c a n b e d e s c r i b e d b y 

r - P([C]e„ - [C],) 

w h e r e [ C ] e q a n d [ C ] s a r e t h e e q u i l i b r i u m a n d t h e a c t u a l 

s u r f a c e c o n c e n t r a t i o n o f c a r b o n a n d (3 i s t h e c a r b o n 

t r a n s f e r c o e f f i c i e n t , w h i c h c o n t a i n s d e p e n d e n c i e s o n 

p a r t i a l p r e s s u r e s a n d t e m p e r a t u r e 8 3 . E x t e n d e d t h e r m o -

g r a v i m e t r i c s t u d i e s o f c a r b u r i z a t i o n o n s t e e l s d o p e d 

vvith S n , S b , C u , P o r P b d e m o n s t r a t e d a s t r o n g e f f e c t o f 

S b on t he c o e f f i c i e n t (3 ( see F i g u r e 12a) , vvhereas the 
e f f e c t o f t h e o t h e r e l e m e n t s is m u c h l e s s . T h i s r e t a r d a -

t i o n o f c a r b o n t r a n s f e r is c a u s e d b y t h e b l o c k i n g o f s u r -

f a c e s i t e s f o r r e a c t i o n , t h e a d s o r p t i o n a n d d i s s o c i a t i o n o f 

C O , b y s e g r e g a t e d S b . T h e s u r f a c e s e g r e g a t i o n o f S b 

a n d S n o n t h e č a s e h a r d e n i n g s t e e l s vvas d e m o n s t r a t e d 

b y A E S s t u d i e s , a f t e r e x p o s u r e in t h e c a r b u r i z a t i o n a t -

m o s p h e r e a t 9 0 0 ° C , s e e F i g u r e 1 2 b . S e g r e g a t i o n in t h e 

U H V c h a m b e r l e a d s t o d i s p l a c e m e n t o f S b a n d S n b y 

s u l f u r , h o v v e v e r , in t h e c a r b u r i z a t i o n a t m o s p h e r e t h e s u l -

f u r vvould b e r e m o v e d b y t h e r e a c t i o n S ( a b s o r b e d ) + 

H 2 ( g ) = H 2 S ( g ) . T h e p r e s e n c e o f t o o h i g h l e v e l s o f S b in 

č a s e h a r d e n i n g s t e e l s v v o u l d l e a d t o t o o lovv c a r b o n c o n -

t e n t s a f t e r t h e u s u a l c a r b u r i z a t i o n p e r i o d a n d i n s u f f i c i e n t 

h a r d e n i n g o f t h e v v o r k p i e c e s , s e e Figure 12c. T h u s , a 

s p e c i f i c a t i o n f o r S b - c o n t e n t < 2 5 w t p p m vvas r e c o m -

m e n d e d f o r č a s e h a r d e n i n g s t e e l s , v v h e r e a s c o n c e n t r a -

t i o n o f t h e o t h e r t r a m p e l e m e n t s m a y b e in t h e u s u a l 

r a n g e 8 4 . 

3.4 Temper embrittlement 

R e v e r s i b l e t e m p e r e m b r i t t l e m e n t o c c u r s u p o n s l o w l y 

c o o l i n g o f s t e e l s t h r o u g h t h e t e m p e r a t u r e r a n g e 5 5 0 t o 

3 5 0 ° C a f t e r a n n e a l i n g ( t e m p e r i n g ) a t h i g h e r t e m p e r a t u r e s 

o r d u r i n g a p p l i c a t i o n o f s t e e l s in t h i s r a n g e . T e m p e r e m -

mass% Sb o r S n I C u m a s s % / 1 0 ) 

eV 

distance from the surface (mm) 

Figure 12: Effects of Sb, Sn and Cu on the gas carburization of a 
case-hardening steel at 930°C82 ,84 , a) carbon transfer coefficient p in 
dependence on bulk concentrations of Sb, Sn or Cu, b) Auger spectrum 
of the Sb-doped steel after heating in hydrogen to 930°C, c) carbon 
concentration profiles after gas carburization of samples in an 
industrial furnace 
Slika 12: Vpliv Sb, Sn in Cu na plinsko naoglj ičenje jekla za 
cementacijo pri 930°C82-84, a) (3 prenosni koeficient ogljika v 
odvisnosti od koncentracije Sb, Sn ali Cu v osnovnem materialu, b) 
AES spekter jekla legiranega z Sb po žarjenju v vodiku pri 930°C, c) 
koncentracijski profil ogljika po plinskem naogljičevanju vzorcev v 
industrijski peči 



b r i t t l e m e n t is c a u s e d b y g r a i n b o u n d a r y s e g r e g a t i o n o f P, 

S n , S b a n d A s 6 1 " 7 2 b u t s e v e r e e m b r i t t l e m e n t is o b s e r v e d 

o n l y if t h e a l l o y i n g e l e m e n t s N i , C r a n d M n a r e p r e s e n t , 

s u c h as in l o w a l l o y t u r b i n e s t e e l s . In e a r l i e r y e a r s t h i s 

f a c t w a s e x p l a i n e d b y ' c o s e g r e g a t i o n ' , e . g . o f C r a n d P, 

h o w e v e r e s p e c i a l l y f o r t h i s č a s e it c o u l d b e c l e a r l y 

s h o w n t h a t C r a l o n e h a s n o e n h a n c i n g e f f e c t o n P - s e g r e -

g a t i o n 3 5 , 3 6 . I n f a c t , C r a n d M n d e c r e a s e t h e c a r b o n s o l u -

b i l i t y in s t e e l s , a n d t h e e f f e c t o f c a r b o n o n P - s e g r e g a t i o n , 

i .e . r e m o v a l o f P f r o m t h e g r a i n b o u n d a r i e s b y d i s p l a c e -

m e n t b y C , i s r e d u c e d in t h e p r e s e n c e o f C r a n d M n , 

t h e r e b y a l l o v v i n g m o r e P - s e g r e g a t i o n . ' C o s e g r e g a t i o n ' 

w a s a l s o s u s p e c t e d f o r N i a n d S b , a n d N i a n d S n , b u t 

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

e m b r i t t l e m e n t a r e d u e t o i n t e r f a c i a l f o r m a t i o n o f i n t e r -

m e t a l l i c c o m p o u n d s o f t h e s e e l e m e n t s . S t e e l s w i t h o u t N i 

d o n o t s h o w e m b r i t t l e m e n t b y S n o r S b 8 5 " 9 6 . 

T e m p e r e m b r i t t l e m e n t is a p a r t i c u l a r p r o b l e m f o r l o w 

a l l o y s t e e l s , e . g . N i - C r - M o - V r o t o r s t e e l s a n d C r - M o 

p r e s s u r e v e s s e l s . T e m p e r e m b r i t t l e m e n t d o e s n o t o c c u r in 

p l a i n c a r b o n s t e e l s vvith l e s s t h a n 0 , 5 % M n . A t h i g h M n 

c o n c e n t r a t i o n s , h o v v e v e r , P - s e g r e g a t i o n i s p o s s i b l e in 

p l a i n c a r b o n s t e e l s a n d a l s o a ' c o s e g r e g a t i o n ' o f M n a n d 

S b is s u p p o s e d t o o c c u r . H o v v e v e r , t h e e f f e c t o f M n c a n 

e a s i l y b e e x p l a i n e d b y t h e r e d u c t i o n o f c a r b o n a c t i v i t y 

c a u s e d b y f o r m a t i o n o f M n - r i c h c a r b i d e s 9 7 . T h e r e b y , 

c a r b o n s e g r e g a t i o n is r e d u c e d vvhich a l lovvs g r a i n b o u n d -

a r y s e g r e g a t i o n o f P, S n a n d S b . 

3.5 Hydrogen induced cracking 

T h e t h r e s h o l d s t r e s s i n t e n s i t y f o r c r a c k i n g o f a N i - C r -

M o s t e e l is s t r o n g l y r e d u c e d b y g r a i n b o u n d a r y s e g r e g a -

t i o n o f S b , S n a n d p 9 8 " 1 0 0 . In t h e p r e s e n c e o f h y d r o g e n 

t h i s t h r e s h o l d s t r e s s i n t e n s i t y is lovvered f u r t h e r , bu t it is 

t h e i m p u r i t y e f f e c t v v h i c h is d o m i n a n t , t h e h y d r o g e n 

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

p r e s e n t . 

I f m u s t b e e m p h a s i z e d a g a i n t h a t f o r e m b r i t t l e m e n t o f 

s t e e l s b y S b t h e p r e s e n c e o f N i a n d C r is n e c e s s a r y . S b 

c a u s e s i n t e r g r a n u l a r f r a c t u r e in t h e c o n s t a n t s t r a i n r a t e 

t e s t , i t i s f i v e t i m e s m o r e e f f e c t i v e in i n d u c i n g i n t e r -

g r a n u l a r f r a c t u r e a t c a t h o d i c p o t e n t i o n a l s t h a n S , t h e r e -

s u l t s a r e c o n s i s t e n t vvith H - p e r m e a t i o n s t u d i e s in F e as 

a f f e c t e d b y S b a n d S 1 0 1 - 1 0 2 . 

3.6 Possible effects of grain boundary segregation in in-
terstitial free steels 

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

S n a n d S b is p o s s i b l e in i n t e r s t i t i a l f r e e s t e e l s ( i . f . s t e e l s ) . 

S u c h s t e e l s h a v e v e r y lovv c o n c e n t r a t i o n s o f C a n d N in 

o r d e r t o a t t a i n g o o d d e e p d r a v v i n g p r o p e r t i e s , a n d t h u s 

t h e t r a m p e l e m e n t s a r e n o t k e p t a w a y f r o m t h e g r a i n 

b o u n d a r i e s b y s e g r e g a t e d c a r b o n ( s e e F i g u r e 10 ) . T h e 

e f f e c t s o f S n a n d S b in d e e p d r a v v i n g s t e e l s vvere n o t 

s t u d i e d a s y e t , b u t a b e h a v i o u r s i m i l a r t o p 1 0 3 ' 1 0 4 m a y b e 

e x p e c t e d . B r i t t l e b e h a v i o u r vvas f o u n d f o r s t e e l s vvith 

v e r y lovv C c o n t e n t ( < 3 0 0 p p m ) , c a u s e d b y P a t g r a i n 

b o u n d a r i e s . S o m e i . f . s t e e l s a r e a l l o y e d vvith T i t o t i e u p 

t h e i n t e r s t i t i a l e l e m e n t s , b u t T i is a l s o e f f e c t i v e in s c a v -

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

A l s o T i C a s a p r e c i p i t a t e is a b l e t o t r a p p h o s p h o r u s a n d 

t o k e e p it f r o m t h e g r a i n b o u n d a r i e s t o a c e r t a i n e x t e n t , 

s u c h t r a p p i n g e f f e c t h a s a l s o b e e n r e p o r t e d f o r S b at t h e 

T i C / f e r r i t e i n t e r f a c e 6 8 " 7 0 . A n y w a y , s i m i l a r a s P c a n b e 

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

s t e e l s vvith lovv C a n d n o T i C o r e x c e s s T i , a l s o S n a n d 

S b m a y a d v e r s e l y a f f e c t t h e d u c t i l i t y o f s u c h s t e e l s . E s -

p e c i a l l y if s t e e l s vvith h i g h S n a n d / o r S b c o n t e n t s a r e 

s l o w l y c o o l e d a f t e r b a t c h a n n e a l i n g o r c o i l i n g , t h e y m a y 

s e g r e g a t e t o g r a i n b o u n d a r i e s a n d c a u s e e m b r i t t l e m e n t . 

O n t h e o t h e r h a n d , a l s o p o s i t i v e e f f e c t s m a y o c c u r o n t h e 

t e x t u r e , a s in t h e č a s e o f e l e c t r i c a l s t e e l s h e e t . E f f e c t s o f 

S b a n d S n on t h e t e x t u r e o f d e e p - d r a v v i n g s t e e l s a r e c u r -

r e n t l y i n v e s t i g a t e d 1 0 5 . 

4 Conclusions 

G e n e r a l l y , t r a m p e l e m e n t s s u c h a s S n a n d S b c a n 

h a v e e f f e c t s o n s t e e l p r o p e r t i e s o n l y if t h e y e n r i c h a t i n -

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

t o c o v e r a g e s in t h e r a n g e o f a m o n o l a y e r d e p e n d i n g o n 

b u l k c o n c e n t r a t i o n a n d d e c r e a s e s vvith t e m p e r a t u r e . U t i l -

i z i n g A u g e r - e l e c t r o n s p e c t r o s c o p y t h e t h e r m o d y n a m i c s 

o f s e g r e g a t i o n t o s u r f a c e s a n d g r a i n b o u n d a r i e s c a n b e 

e l u c i d a t e d . 

T h e s o l u b i l i t i e s o f S n a n d S b in t h e f e r r i t i c m a t r i x a r e 

r e l a t i v e l y h i g h , t h e s o l u b i l i t y is s t r o n g l y d e c r e a s e d in t h e 

p r e s e n c e o f s o m e e l e m e n t s s u c h a s N i vvh ich f o r m i n t e r -

m e t a l l i c c o m p o u n d s vvith S n a n d S b . 

T h e t e n d e n c y f o r s u r f a c e s e g r e g a t i o n o f S n a n d S b i s 

v e r y h i g h , a s y e t n o t h e r m o d y n a m i c d a t a h a v e b e e n d e -

t e r m i n e d s i n c e a l w a y s s a t u r a t i o n vvas o b s e r v e d . T h e s e g -

r e g a t i o n c o v e r a g e s a n d s t r u c t u r e s a r e v e r y d i f f e r e n t f o r 

d i f f e r e n t c r y s t a l l o g r a p h i c o r i e n t a t i o n s , t h e r e f o r e t h e d e -

c r e a s e o f s u r f a c e e n e r g y vvill b e s t r o n g l y d e p e n d e n t o n 

o r i e n t a t i o n a n d m a r k e d e f f e c t s o f S n a n d S b o n t h e s t a -

b i l i t y o f d i f f e r e n t c r y s t a l l o g r a p h i c p l a n e š a r e t o b e e x -

p e c t e d . 

S n a n d S b s e g r e g a t e t o g r a i n b o u n d a r i e s i n f e r r i t e , t h e 

e x t e n t o f s e g r e g a t i o n s t r o n g l y d e p e n d s o f t h e m i s f i t o f 

t h e g r a i n s . T h e t e n d e n c y f o r g r a i n b o u n d a r y s e g r e g a t i o n 

o f S n a n d S b is r e l a t i v e l y lovv, a s i n d i c a t e d b y t h e r e s u l t s 

o n e q u i l i b r i u m s e g r e g a t i o n in b i n a r y a l l o y s in t h e t e m -

p e r a t u r e r a n g e 5 0 0 t o 7 5 0 ° C . T h i s c a n a l s o b e s e e n f r o m 

t h e s e g r e g a t i o n e n t h a l p i e s : - 2 2 , 5 k J / m o l S n a n d - 1 9 

k J / m o l S b . 

S n a n d S b a l s o s e g r e g a t e t o i n t e r f a c e s , f o r S b a t i n t e r -

f a c e s f e r r i t e / T i C a n d f o r S n a t t h e i n t e r f a c e f e r r i t e / M n S . 

In t h e a n n e a l i n g o f s t e e l s h e e t t h e s u r f a c e s e g r e g a t i o n 

o f S n a n d S b a f f e c t s t h e s t a b i l i t y o f c e r t a i n o r i e n t a t i o n s . 

F o r i n t e r m e d i a t e c o n c e n t r a t i o n s t h e ( 1 0 0 ) o r i e n t a t i o n a p -

p e a r s t o b e s t a b i l i z e d , f o r h i g h e r c o n t e n t s t h e ( 1 1 1 ) o r i -

e n t a t i o n b e c o m e s s t a b l e . T h e s e e f f e c t s a r e o f i m p o r t a n c e 



in t h e p r o d u c t i o n o f e l e c t r i c a l F e - S i s t e e l s h e e t a n d m a y 

a l s o b e u s e f u l in t h e p r o d u c t i o n o f d e e p - d r a w i n g s t e e l s . 

T h e s t r o n g t e n d e n c y f o r s u r f a c e s e g r e g a t i o n o f S n 

( a n d S b ) p l a y s a r o l e in t h e c r e e p o f h e a t r e s i s t a n t s t e e l s , 

s i n c e f o r m a t i o n a n d g r o w t h o f c r e e p c a v i t i e s is e n h a n c e d 

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

t h e c a v i t i e s . T h i s w a s d e m o n s t r a t e d f o r S n d o p e d 

C r M o V - s t e e l s . 

S u r f a c e s e g r e g a t i o n o f S n a n d S b a f f e c t s t h e c a r b u r i -

z a t i o n o f č a s e h a r d e n i n g s t e e l s . E s p e c i a l l y S b s t r o n g l y 

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

c a r b u r i z a t i o n . 

G r a i n b o u n d a r y s e g r e g a t i o n o f S n o r S b c a u s e s e m -

b r i t t l e m e n t . T e m p e r e m b r i t t l e m e n t o f l o w a l l o y s t e e l s 

o n l y o c c u r s in t h e p r e s e n c e o f N i a n d Cr . O b v i o u s l y , r e -

d u c t i o n o f c a r b o n a c t i v i t y b y C r a n d f o r m a t i o n o f i n t e r -

m e t a l l i c s N i x S n y r e s p . N i x S b y i s n e c e s s a r y f o r t e m p e r 

e m b r i t t l e m e n t . 

H y d r o g e n i n d u c e d c r a c k i n g c a n b e f a v o u r e d b y S n 

a n d S b g r a i n b o u n d a r y s e g r e g a t i o n . H o w e v e r , a s f o r t e m -

p e r e m b r i t t l e m e n t t h e p r e s e n c e o f N i a n d C r a p p e a r s t o 

b e a p r e c o n d i t i o n o f s u c h e f f e c t o f S n a n d S b . 

In i n t e r s t i t i a l f r e e s t e e l s o n e m a y e x p e c t s t r o n g e f -

f e c t s o f S n a n d S b s i n c e t h e s e e l e m e n t s a r e n o t k e p t 

a w a y f r o m t h e g r a i n b o u n d a r i e s b y c a r b o n . A d d i t i o n o f 

T i m a y s c a v e n g e S n a n d S b , e i t h e r b y d i r e c t i n t e r a c t i o n 

o r b y t r a p p i n g e f f e c t o f T i C . 
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Applications of Surface Analytical Techniques in 
Corrosion Research (Mainly High Temperature 
Corrosion) 

Uporaba površinskih analiznih tehnik v raziskavah korozije 

H.Viefhaus1, Max-Planck-lnstitut, Dusseldorf, Germany 

P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

The application of materials under various ertvironmental conditions strongly depends on the corrosion properties of those 
materials. This is in particularly true for high temperature materials to be used in povver plants, petrochemical, chemical and 
automobil industry, where during application high temperatures and aggressive environments may cause great problems. At lovv 
temperatures the corrosion of metals is often inhibited by a passive layer on the metal surface. To understand the phenomenon of 
passivity the formation and nature of this surface film, quite often only a few nm's thick, has to be characterized. Corrosion 
protecting layers on high temperature materials, either grown during application or precovered before application, have a much 
larger thickness. In order to study the growth mechanisms, nature and properties of corrosion protecting layers thin films have to 
be characerized spreading over a quite large range of thicknesses, from a few nm's for the passive layers up to several nm's for 
the protecting layers on high temperature materials. Different methods for thin film analysis using surface analytical methods will be 
presented and illustrated by examples from different areas of corrosion research. 

Key vvords: corrosion, high temperature corrosion, surface analytical techniques 

Uporaba materialov v različnih okoljih zavisi od njihovih korozijskih lastnosti. To je posebno pomembno pri uporabi materialov pri 
visokih temperaturah in agresivnih medijih npr. v elektrarnah, petrokemijski, kemijski in avtomobilski industriji, kjer lahko pride do 
hudih industrijskih havarij. Pri nizkih temperaturah se na površini kovin tvori tanka pasivna plast, ki zavira korozijo. Razumevanje 
pojava nastanka in narave tanke pasivne plasti, ponavadi debele le nekaj nanometrov je mogoče samo s karakterizacijo teh plasti. 
Protikorozijske zaščitne plasti materialov, ki se uporabljajo pri visokih temperaturah in nastajajo med samo uporabo ali pa so bile 
predhodno nanesene, so debelejše. Študij mehanizma rasti, narave in lastnosti protikorozijskih prevlek je mogoč z raziskavami 
protikorozijskih prevlek. Te so različnih debelin, od nekaj nanometrov debelih pasivnih tankih plasti do nekaj mikronov debelih 
prevlek za zaščito na visokih temperaturah. Za analizo protikorozijskih plasti se uporabljajo različne metode površinske analize, ki 
so prikazane v članku, kakor tudi primeri z različnih področij korozije. 

Ključne besede: korozija, visokotemperaturna korozija, metode površinske analitike 

1 Introduction 

A m e t a l is n o r m a l l y d e s c r i b e d as b e e i n g p a s s i v e , if 
f o r t he e x i s t i n g s u r r o u n d i n g a t m o s p h e r e a h i g h c o r r o s i o n 
r a t e w o u l d b e e x p e c t e d , i n s t e a d of t h e v e r y lovv c o r r o s i o n 
r a t e to b e o b s e r v e d . T h i s p a s s i v i t y is c a u s e d b y v e r y th in 
d e n s e o x i d e ( a n d / o r h y d r o x i d e ) l a y e r s vvhich a re f o r m e d 
on t he m e t a l b y t h e c o r r o s i o n p r o c e s s . In o r d e r to g e t a 
b e t t e r u n d e r s t a n d i n g o n t he e f f e c t o f t h o s e p a s s i v e l a y e r s 
t h e y h a v e t o b e a n a l y s e d vvith r e s p e c t t o c o m p o s i t i o n a n d 
t h i c k n e s s b y v e r y s u r f a c e s e n s i t i v e m e t h o d s . H i g h t e m -
p e r a t u r e o x i d a t i o n a n d c o r r o s i o n c a n c a u s e g r e a t p r o b -
l e m s in povver p l a n t s , p e t r o c h e m i c a l a n d c h e m i c a l i n d u s -
t ry . A v e r y i m p o r t a n t p r e c o n d i t i o n f o r t h e p r a c t i c a l 
a p p l i c a t i o n o f a m e t a l i c m a t e r i a l at h i g h t e m p e r a t u r e is 
i ts o x i d a t i o n o r h i g h t e m p e r a t u r e c o r r o s i o n r e s i s t a n c e . 
T h i s p r e c o n d i t i o n m a y b e f u l f i l l e d if on t h e s u r f a c e of 
t h e m a t e r i a l p r o t e c t i n g o x i d e l a y e r s a r e f o r m e d . T h e s e 
o x i d e l a y e r s c a n grovv u n d e r u s e o f t h e m a t e r i a l by r e a c -
t i o n of t h e m a t e r i a l e l e m e n t s vvith t h e s u r r o u n d i n g o x y -
g e n a t m o s p h e r e o r by a s p e c i f i c p r e o x i d a t i o n at s u i t a b l e 
t e m p e r a t u r e s i n o x y g e n c o n t a i n i n g a t m o s p h e r e s . T h e 
p r o t e c t i n g e f f e c t o f t h o s e o x i d e l a y e r s r e l y s o n t h e i r 
p r o p e r t y t o ac t as a d i f f u s i o n b a r r i e r be tvveen t he m e t a l l i c 

' Dr. Sc. H. V I E F H A U S 
Max-Planck-Inslilul fiir Eisenforschung GmbH 
40074 Dusseldorf . Postfach 140 444 Germany 

a n d t h e c o r r o s i v e a t m o s p h e r e s u r r o u n d i n g it. O x y d e l a y -
e r s t h e r e f o r e h a v e a k e y f u n c t i o n f o r t h e a p p l i c a t i o n o f 
m a t e r i a l s in h i g h t e m p e r a t u r e t e c h n o l o g y a n d t h e r e is a 
g r e a t n e e d f o r d o i n g r e s e a r c h a n d t e s t i n g t h e m a t e r i a l s 
f o r s u c h a p p l i c a t i o n s . 

2 Methods 

In o r d e r to s t u d v t he grovvth m e c h a n i s m s , n a t u r e a n d 
p r o p e r t i e s o f c o r r o s i o n p r o t e c t i n g l a y e r s t h in films h a v e 
t o b e a n a l y s e d s p r e a d i n g o v e r a l a r g e r a n g e o f t h i c k -
n e s s e s , f r o m a fevv n m ' s f o r t h e p a s s i v e l a y e r s u p t o s e v -
e ra l t e n t h o f m ( i ' s f o r t h e p r o t e c t i n g I a y e r s o n h i g h t e m -
p e r a t u r e m a t e r i a l s . 

T o a n a l y s e t h i n films vvith r e s p e c t t o l a y e r c o m p o s i -
t i on a n d t h i c k n e s s d i f f e r e n t d e p t h p r o f i l i n g m e t h o d s c a n 
b e a p p l i e d d e p e n d i n g o n t h e t h i c k n e s s o f t h e l a y e r u n d e r 
s t u d y a n d on v a r i o u s s a m p l e p r e p a r a t i o n m e t h o d s . F o l -
lovving t h e m a i n l y a p p l i e d s u r f a c e a n a l y t i c a l m e t h o d s to 
b e u s e d f o r d e p t h p r o f i l i n g o f h o m o g e n e o u s a n d i n h o m o -
g e n e o u s s u r f a c e l a y e r s a r e l i s t ed . 

Depthprofiling 

homogeneous layers inhomogeneous layers 
AES AES 
XPS S IMS 
SIMS 
SNMS 
GDOES 



A E S is A u g e r e l e c t r o n s p e c t r o s c o p y , X P S is X - r a y 

e x c i t e d p h o t o e l e c t r o n s p e c t r o s c o p y , S I M S is s e c o n d a r y 

i o n m a s s s p e c t r o s c o p y , S N M S is s e c o n d a r y n e u t r a l s 

m a s s s p e c t r o s c o p y a n d G D O E S is g l o w d i s c h a r g e o p t i c a l 

e m i s s i o n s p e c t r o s c o p y . 

T o a n a l y s e i n h o m o g e n e o u s s u r f a c e l a y e r s l a t e r a l l y r e -

s o l v i n g m e t h o d s l i k e A E S a n d S I M S h a v e t o b e a p p l i e d . 

F o r t h i s p a p e r a r e s t r i c t i o n t o t h e e l e c t r o n s p e c t r o s c o p i c 

m e t h o d s w i l l b e c a r r i e d o u t . M o r e d e t a i l e d i n f o r m a t i o n 

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

f o u n d e l s e v v h e r e 1 . 

T o g e t a d e p t h p r o f i l e in m o s t c a s e s d e s t r u c t i o n o f t h e 

l a y e r t o b e a n a l y s e d h a s t o b e p e r f o r m e d b y o n e o f t h e 

f o l l o v v i n g m e t h o d s : 

a ) S p u t t e r d e p t h p r o f i l i n g 

b ) A n g l e l a p p i n g 

c ) C r a t e r e d g e p r o f i l i n g 

d ) b a l i c r a t e r i n g 

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

b y b o m b a r d e m e n t w i t h n o b l e g a s i o n s a n d p a r a l l e l o r 

s u c c e s s i v e a n a l y s i s o f t h e m o m e n t a r y i n t e r f a c e b y a s u r -

f a c e a n a l y t i c a l m e t h o d is c a r r i e d o u t . 

A n g l e l a p p i n g m e a n s t h a t b y u s i n g n o r m a l m e t a l p o l -

i s h i n g e q u i p m e n t a l a y e r c o v e r e d s a m p l e is p o l i s h e d u n -

d e r a v e r y f l a t a n g l e . U s i n g p o l i s h i n g a n g l e s d o w n to 

a b o u t 1 0 a s p r e a d i n g o f t h e s u r f a c e l a y e r u p t o a f a c t o r o f 

a b o u t 1 0 0 is p o s s i b l e a n d t h i s s p r e a d e d p a r t o f t h e l a y e r 

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

s y s t e m b y A E S p o i n t o r l i n e a n a l y s i s f o r e x a m p l e . 

F o r c r a t e r e d g e p r o f i l i n g t h e c r a t e r e d g e r e s u l t i n g 

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

d e p t h p r o f i l e is e x p l o i t e d . T h e c r a t e r e d g e o f s u c h a p r o -

f i l e e x p o s e s t h e s t r a t a o f t h e i n t e r f a c e in a m a n n e r r e l a t e d 

t o t h a t p r o d u c e d b y a n g l e l a p p i n g , b u t t h e s t r i k i n g d i f f e r -

e n c e is t h a t f o r c r a t e r e d g e p r o f i l i n g t h e r e s u l t i n g a n g l e s 

b e t w e e n s u r f a c e a n d i n t e r f a c e a r e 3 o r d e r s o f m a g n i t u d e 

l e s s . 

In t h e č a s e o f b a l i c r a t e r i n g a r o t a t i n g , s p h e r i c a l , s t e e l 

b a l i c o a t e d vvith f i n e d i a m o n d p a s t e , i s u s e d t o g r i n d a 

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

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

a n a l y s e t h e s p u t t e r c l e a n e d c r a t e r vvalls. 

A d v a n t a g e s a n d d i s a d v a n t a g e s o f t h e d i f f e r e n t m e t h -

o d s a r e d i s c u s s e d in s o m e d e t a i l i n 2 . 

3 Resul ts 

a) Very thin surface layers (passive layers) 

T h e o n l y n o n d e s t r u c t i v e m e t h o d t o d e p t h p r o f i l e v e r y 

t h i n s u r f a c e f i l m s is b y a n g l e d e p e n d e n t X P S - o r A E S -

m e a s u r e m e n t s . T h e f i r s t e x a m p l e t o b e p r e s e n t e d c o n -

c e r n s a n o x i d e l a y e r vvhich vvas f o r m e d a t r o o m t e m p e r a -

t u r e in a i r o n a p u r e z i n e s a m p l e . T h e t h i c k n e s s o f t h i s 

l a y e r vvas a s s u m e d t o b e o n l y a fevv n m ' s a n d it s h o u l d 

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

s p e c t r o s c o p i c m e t h o d s A E S o r X P S . 

T h e n e x t f i g u r e 1 c o m p a r e s t h e Z n - L M M A u g e r 

s p e c t r u m o f a c l e a n z i n e s a m p l e ( s p u t t e r c l e a n e d b y A r + 

i o n b o m b a r d m e n t ) vvith t h e s a m e s a m p l e a f t e r o x i d a t i o n 

at r o o m t e m p e r a t u r e in air . T h e c o m p a r i s o n m a k e s c l e a r 

t h a t f o r t h e o x i d i z e d s a m p l e a d d i t i o n a l f e a t u r e s c a n b e 

r e c o g n i z e d if t h e a n a l y s e r e n e r g y r e s o l u t i o n is a d e q u a t e 

( 0 . 0 5 % ) . 

X P S s t u d i e s o n t h e s a m e s a m p l e l e a d t o t h e r e s u l t s 

t h a t a l s o f o r t h e Z n 3 d - a n d Z n 2 p - p h o t o e l e c t r o n s i g n a l s 

a d i s t i n e t i o n be tvveen m e t a l a n d o x i d e is p o s s i b l e , b u t t h e 

d i f f e r e n c e i s m o s t p r o n o u n c e d f o r t h e Z n - L M M A u g e r 

s i g n a l ( in t h i s č a s e X - r a y e x c i t e d ) , figure 2 . 

I f t h e i n f o r m a t i o n d e p t h f o r t h e Z n - L M M A u g e r s i g -

na l c o r r e s p o n d i n g t o t h e o x i d i z e d s t a t e o f Z n is l e s s t h a n 

t h e t h i c k n e s s o f t h e o x i d e l a y e r , a n g l e d e p e n d e n t m e a s -

u r e m e n t s s h o u l d r e v e a l a m o r e p r o n o u n c e d o x i d e s i g n a l 

a t lovver a n g l e s o f a n a l y s i s . T h i s is i l l u s t r a t e d b y figure 3 . 
T h e r e s u l t s o f a n a n g l e d e p e n d e n t m e a s u r e m e n t o n t h e 

X - r a y e x c i t e d Z n - L M M A u g e r s i g n a l a r e d e p i e t e d in 

figure 4 a n d c l e a r l y d e m o n s t r a t e , f o r a n g l e s o f a n a l y s i s 

r a n g i n g f r o m 2 5 ° t o 9 0 ° , t h a t t h e i n f o r m a t i o n d e e p t h is 

l e s s t h a n t h e t h i c k n e s s o f t h e o x i d e l a y e r . 

F o r a s m o o t h , h o m o g e n e o u s , c o n t a m i n a t i o n f r e e t h i n 

o x i d e l a y e r t h e m e a s u r e d s i g n a l s o f t h e m e t a l l i c a n d o x -

i d e c o m p o n e n t s m a y b e u s e d t o d e t e r m i n e t h e o x i d e 

t h i c k n e s s a c c o r d i n g t o e q u a t i o n ( 1 ) : 

L = N n i \ m e x p [ - d / \ m s i n f t ] 

1„* N o * 1 — e x p [ - d / s i n p ] 
(D 

vvhere l m , l o x a r e t h e i n t e n s i t i e s o f t h e m e t a l a n d o x i d e 

s i g n a l s , N m , N o x a r e t h e d e n s i t i e s o f t h e m e t a l a n d t h e 

o x i d e , X m , \ o x a r e t h e i n e l a s t i c m e a n f r e e p a t h e s o f t h e 

A u g e r e l e c t r o n s in t h e m e t a l a n d in t h e o x i d e , (3 is t h e 

a n g l e o f a n a l y s i s in r e l a t i o n t o t h e s a m p l e s u r f a c e , s e e 

figure 3. 

9B0 9 9 0 1000 
K i n e t i c E n e r g y / eV 

1010 1020 

Figure I: Comparison of the Zn - LMM - Auger spectrum for a clean 
zine sample and after oxidation at room temperature in air for 2 vveeks 
Slika 1: Primerjava AES spektrov čistega Zn - LMM pred in po 
oksidaciji dva tedna na zraku pri sobni temperaturi 



T h e 

(2): 

a b o v e e q u a t i o n (1 ) m a y b e c h a n g e d to e q u a t i o n 

sin(3 

N , 
N,„ k , 

• X ? (2) 

zine zine oxide zine hydroxide 
^LMM 17.7 20 21 

6.7 8 7 

A c c o r d i n g to e q u a t i o n (2 ) a p l o t o f 1 /sin(3 a g a i n s t t h e 
t e r m on t h e r i g h t h a n d s i d e o f e q u a t i o n (2 ) s h o u l d g i v e a 
s t r a i g h t l i ne a n d f r o m t h e s l o p e o f th i s s t r a i g h t l ine t h e 
t h i c k n e s s m a y b e d e r i v e d . 

angle of analysis 

/ \ 

surface layer 

bulk 
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I 
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b ind ing ene rgy 

Figure 2: Zn - 3d-. Zn - 2p - photoelectron and Zn - LMM - Auger -
signal for clean and oxidized zine sample (see figure 1) 
Slika 2: Zn - 3d, Zn - 2p XPS signal in Zn - LMM AES signal za čisti 
in oksidirani cink (glej sliko 1) 

F o r a d e t e r m i n a t i o n o f t he l a y e r t h i c k n e s s v a l u e s f o r 

t he A,'s a r e n e c e s s a r y . T h e r e a r e n o e x p e r i m e n t a l d a t a f o r 

t he X - v a l u e s o f z i n e , t h e r e f o r e t h e c o r r e s p o n d i n g X ' s of 

z i n e a n d z i n e o x i d e (of z i n e h y d r o x i d e a s w e l l , w h i c h 

w i l l b e n e e d e d l a t e r o n ) w e r e c a l c u l a t e d a c c o r d i n g t o a 

r e l a t i o n d e r i v e d b y T a n u m a e t a l . 3 . T h e c a l c u l a t e d v a l u e s 

a r e (in A ) : 

Table 1: The calculated X values (in A) 

Figure 3: Shematic illustration of the higher surface sensitivity at 
lower angles of analysis 
Slika 3: Shematični prikaz višje površinske analizne občutljivosti pri 
nizkih kotih 

T h e a n g l e d e p e n d e n c e o f t h e p e a k a r e a s o f t h e Z n -

L M M A u g e r s i g n a l a n d t h e Z n - 2 p p h o t o e l e c t r o n s i g n a l 

a r e p l o t t e d in figure 5 f o r t h e m e t a l l i c a n d t h e o x i d e c o n -

t r i b u t i o n s . F r o m th i s p l o t a n d b y u s i n g a d d i t i o n a l l y t h e 

k n o w n values fo r N m , N o x and X 0 * figure 6 c an be 
d e r i v e d . T h e o b s e r v e d s t r a i g h t l i n e f o r t h e d e p e n d e n c e o f 

t h e Z n - L M M A u g e r s i g n a l l e a d s to a t h i c k n e s s o f 1 5 A 

f o r t h e o x i d e . 

If w e h a v e a c l o s e r l o o k t o t h e w e l l r e s o l v e d o x y g e n 

O - l s p h o t o e l e c t r o n s i g n a l c o r r e s p o n d i n g t o t h e o x i d e 

l aye r , figure 7 , w e c a n d e t e c t t ha t t h e a s s u m p t i o n o f a 

p u r e o x i d e l a y e r w a s n o t c o r r e c t , a d d i t i o n a l l y t o t h e o x -

ide s i g n a l c e n t e r e d at a b o u t 5 3 0 e V p e a k e n e r g y a s e c o n d 

s i g n a l c a u s e d b y s o m e h y d r o x i d e c o n t r i b u t i o n is o b -

s e r v e d a r o u n d 5 3 2 e V p e a k e n e r g y . R e s u l t s o f a n g l e d e -

p e n d e n t m e a s u r e m e n t s o n t h e o x y g e n O - l s s i g n a l in 

figure 8 i n d i c a t e t ha t w e h a v e a n i n n e r o x i d e l a y e r a n d 

an o u t e r h y d r o x i d e l aye r . 
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Figure 4: Angle dependence of the Zn - LMM Auger signal for an 
oxidized zine sample (as for figure 1) 
Slika 4: Kotna odvisnost Zn - LMM AES signala za oksidiran cink 
(kot na sliki 1) 
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Figure 5: Angle dependence of the Zn - LMM Auger signal and Zn -
2p photoelectron signal for an oxidized zine sample (as for figure 1), 
metal and oxide contributions are plotted 
Slika 5: Kotna odvisnost Zn - LMM AES signala in Zn - 2p XPS 
signal za oksidiran cink (kot na sliki 1), prikazana sta deleža kovine in 
oksida 

L o o k i n g m o r e d e t a i l e d t o t h e a n g l e d e p e n d e n c e o f 

t h e Z n - L M M A u g e r s i g n a l i t c a n b e r e c o g n i z e d , figure 

9 , t h a t a l s o f o r t h i s s i g n a l t h e " o x i d e " - c o m p o n e n t e x -

h i b i t s s o m e p e a k s h a p e v a r i a t i o n s i n d e p e n d e n c e o n t h e 

a n g l e o f a n a l y s i s . I f w e t r y t o f i t t h e Z n - L M M A u g e r 

s i g n a l f o r t h e o x i d i z e d s a m p l e a t f i r s t , figure l O b , b y a 

m e t a l c o n t r i b u t i o n a c c o r d i n g t o figure lOa a n d t h e r e -

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

p e a k t h i s i s n o t p o s s i b l e . W e n e e d t w o d i f f e r e n t p e a k s a s 

s h o w n i n figure l O c , t o g e t a n a c c e p t a b l e f i t o f t h e w h o l e 

Z n - L M M s p e c t r u m . W e c a n novv t r y e v a l u a t e t h e t h i c k -

n e s s o f t h e o x i d e a n d t h e h y d r o x i d e s e p a r a t e l y . 

A g a i n w e a s s u m e t h a t t h e o x i d e a n d h y d r o x i d e l a y e r 

a r e h o m o g e n e o u s l a y e r s . T h e i n t e n s i t y r a t i o s o f t h e s i g -

n a l s o f t h e d i f f e r e n t l a y e r s w i t h r e s p e c t t o t h e s i g n a l o f 

t h e z i n e s u b s t r a t e a r e g i v e n a c c o r d i n g t o S . L e c u y e r e t 

a l . 4 b y : 

Figure 6: Determination of the oxide thickness according to equation 
(2), see text 
Slika 6: Določitev debeline oksidne plasti po enačbi (2), glej tekst 

MPI,DUSSELDOHF XPS - Spec t rum 
ZNC148.DAT Reg ion i / 1 L e v e l 1 / 1 

Rad iat ion 
Mg Kalpna 
Max Count nate 
3637 CPS 
Ana lyser 
5 eV 
Step Size 
0.05 cV 
Dwell Time 
100 ms 
No of Channels 
401 
No of Scans 
30 
Time for Region 
1203 Sec 
Acquired 
14: 32 08-Jan-96 
Plotted 

59 OS-Jan-96 

532 534 
B i n d i n g Energy / eV 

538 

Figure 7 : XPS - O - ls signal for an oxidized zine sample (as for 
figure 1) 
Slika 7: XPS - O - l s signal za oksidiran vzorec cinka (kot na sliki 1) 

T 2 ( ® ) = ^ n o C Z n 0 [ l - e x p ( - , d z n " J ] / 

I c z „ e x p ( -

^ZnO C O S 0 

dZnO 

^ZnO C O S 0 
(4) 

w h e r e Ci i s t h e c o n c e n t r a t i o n w i t h i n l a y e r i a n d d j i s t h e 

l a y e r t h i c k n e s s . 

F o r a l i t h e a n g l e d e p e n d e n t m e a s u r e m e n t s o f t h e Z n -

L M M A u g e r s i g n a l r e c o r d e d f o r t h e o x i d i z e d z i n e s a m -
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Figure 9: Zn - L M M Auger signal for an oxidized zine sample (as for 
f igure 1) recorded at 20° and 75° angle of analysis 
Sl ika 9: Zn - L M M AES signal oksidiranega cinka (kot na sliki 1) 
posnet pri kotih analize 20° in 75° 

p l e a p e a k f i t t i n g f o r t h e t o t a l L M M s i g n a l w a s p e r -

f o r m e d i n a s i m i l a r w a y a s d i s c u s s e d b e f o r e . T h e m e a s -

u r e d p e a k a r e a r a t i o s l o x / lme a n d loH/lme f o r t h e o x i d e a n d 

t h e h y d r o x i d e l a y e r in d e p e n d e n c e o n t h e a n g l e o f a n a l y -

s i s Z N 1 = 0 a r e l i s t e d in t h e t a b l e 2 t o g e t h e r w i t h t h e 

s a m e p e a k a r e a r a t i o s c a l c u l a t e d a c c o r d i n g t o e q u a t i o n 

( 3 ) a n d ( 4 ) b y u s i n g a t h i c k n e s s o f 1 3 A f o r t h e o x i d e 

l a y e r a n d a t h i c k n e s s o f 4 A f o r t h e h y d r o x i d e l a y e r . 
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Figure 8: Angle dependent measurements for the XPS - O - ls signal 
of an oxidized zine sample (as for figure 1) 
Slika 8: Meritve XPS - O - ls signala za oksidiran vzorec cinka (kot 
na sliki 1) v odvisnosti od kota 
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Figure 10: a) Zn - LMM Auger signal for a clean zine sample, metal 
signal fitted; b) Zn - LMM Auger signal for an oxidized zine sample 
(as for figure 1), metal part fitted; c) Zn - LMM Auger signal for an 
oxidized zine sample (as for figure 1), metal oxide and hydroxide parts 
fitted 

Slika 10: a) Zn - L M M AES signal za čisti cink; b) Zn - LMM AES 
signal za oksidiran cink (kot na sliki 1) kovinski del se prilega; c) Zn -
L M M AES signal za oksidiran cink (kot na sliki 1) kovinski in 
hidroksidni del se prilega krivulji 

Table 2: The angle dependent measurements of the Zn - LMM Auger 
signal for the oxide and hydroxide layer 

© lox/lme lox/lmc l0H/lme l0H/lme 
(exp . ) (ca lc . ) ( e x p . ) ( ca lc . ) 

7 8 . 1 13 14 .7 11.7 10 .5 
7 6 9 9 . 0 5 5 . 8 4 . 1 
7 3 5 .6 5 . 4 4 2 . 8 2 . 2 

7 0 . 5 3 .5 3 .9 1.8 1 .65 
6 8 3 . 1 5 3 .1 1 .25 1 .05 
6 4 2 .3 2 . 2 5 0 . 8 0 . 7 

6 0 . 5 1.9 1.8 0 . 6 0 . 5 4 

5 8 1.5 1.6 0 . 5 0 . 4 2 
4 5 . 4 1 1 0 . 2 5 0 . 2 8 
3 2 . 9 0 . 7 9 0 . 7 7 0 . 1 8 0 . 1 8 
2 1 . 4 0 . 6 5 0 . 6 7 0 . 1 5 0 . 1 7 

13 0 . 6 6 0 . 6 3 0 . 1 4 0 . 1 4 



F o r t h e first t h i c k n e s s d e t e r m i n a t i o n , a s s u m i n g a s i n -

g l e o x i d e l a y e r , a t h i c k n e s s o f 1 5 A r e s u l t e d , w h i c h is in 

v e r y g o o d a g r e e m e n t w i t h a t h i c k n e s s o f 1 7 A f o r t h e 

d o u b l e l a y e r c o n s i s t i n g o f a 1 3 A t h i c k o x i d e a n d a 4 A 

t h i c k h y d r o x i d e l a y e r . 

b) Thick layers (high temperature oxidation) 

F o r f u t u r e p o w e r p l a n t s h i g h s t r e n g t h 9 % C r s t e e l s 

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

p i p i n g , h e a d e r s a n d s u p e r h e a t e r t u b e s u p t o 6 0 0 ° C . F o r 

t h o s e m a t e r i a l s i t vvas f o u n d t h a t t h e d e s t r u c t i o n o f t h e 

p r o t e c t i v e o x i d e s c a l e o c c u r s d u r i n g e p o s u r e in s i m u l a t e d 

c o m b u s t i o n g a s b y t h e p r e s e n c e o f vva te r v a p o u r . A l -

t h o u g h t h i s d e t r i m e n t a l e f f e c t o f vva ter v a p o u r o n t h e o x i -

d a t i o n r e s i s t a n c e o f f e r r i t i c C r - s t e e l s is k n o v v n a l r e a d y 

f o r a l o n g t i m e n o c o n c l u s i v e m e c h a n i s m h a s b e e n e l u c i -

d a t e d . 

A c c o r d i n g t o figure 11, i l l u s t r a t i n g s c h e m a t i c a l l y t h e 

v a r i a t i o n vvith a l l o y C r c o n t e n t o f t h e o x i d a t i o n r a t e a n d 

o x i d e s c a l e s t r u c t u r e , s e v e r a l d i f f e r e n t o x i d e s a r e e x -

p e c t e d t o a p p e a r f o r a F e 9 % C r a l l o y a n d t h e a b o v e 

m e n t i o n e d o x i d a t i o n c o n d i t i o n s . 

T h e F e 9 % C r a l l o y s vvere o x i d i z e d i s o t h e r m a l l y in 

N 2 - 1 % O 2 vvith a n d v v i t h o u t v a r i o u s H 2 O c o n t e n t s a t 

6 5 0 ° C . U s i n g t h e c r a t e r b a l i e q u i p m e n t a c r a t e r vvas 

g r o u n d i n t o t h e d i f f e r e n t o x i d i z e d s a m p l e s . T h e c r a t e r 

b a l i p r o c e s s is i l l u s t r a t e d in figure 12 . A f t e r t r a n s f e r r i n g 

A l l o y c h r o m i u m c o n t e n t , w t % 

Figure 11: Schematics of the variation vvith alloy chromium content of 
the oxidation rate and oxide scale structure (based on isothermal 
studies at 1000°C in 0.13 atm oxygen) 
Slika 11: Shematičen prikaz vpliva različnih vsebnosti kroma na 
stopnjo oksidacije in struktura oksida (izotermna oksidacija pri 1000°C 
in 0.13 atm kisika) 

t h e s a m p l e s i n t o t h e s c a n n i n g A u g e r s y s t e m t h e s a m p l e s 

vvere s p u t t e r c l e a n e d a n d S E M i m a g e s r e c o r d e d . Tvvo e x -

a m p l e s vvill b e p r e s e n t e d t o shovv t h e p o s s i b i l i t i e s o f t h i s 

m e t h o d . T h e f i r s t s a m p l e vvas o x i d i z e d in N 2 - 1 % O 2 -

4 % H 2 0 a t 6 5 0 ° C f o r 3 h o u r s a n d t h e s e c o n d o n e f o r 10 

hours, figure 13 to 16. 
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i d e l a y e r s a r e d e s i r e d . A I 2 O 3 l a y e r s v v o u l d b e t h e t h e r m o -

d y n a m i c a l l y m o s t s t a b l e l a y e r s f o r n e a r l y a l i c o n d i t i o n s 

o c c u r i n g d u r i n g t h e u s e o f t h e m a t e r i a l . Q u i t e o f t e n hovv-

e v e r t h e n u c l e a t i o n a n d a d h e r e n c e o f t h e A I 2 O 3 l a y e r s a r e 

n o t s a t i s f a c t o r y . T h e i m p r o v e t h e a d h e r e n c e o f t h o s e l a y -

e r s o x i d a t i o n o f a m o d e l a l l o y F e - 6 % A l - 0 , 5 % T i a n d 

5 0 to 1 0 0 p p m C vvere s t u d i e d . 

A f t e r o x i d a t i o n o f t h i s a l l o y t h e s a m p l e s vvere i n v e s -

t i g a t e d b y s u r f a c e a n a l y t i c a l m e t h o d s . T h e o x i d e l a y e r s 

vvere f i n e g r a i n e d , vvell a d h e r e n t a n d r e p r e s e n t e d a n e x -

c e l l e n t p r o t e c t i o n a g a i n s t c a r b u r i z i n g a t m o s p h e r e s . T h i s 

vvas t e s t e d b y l o n g t e r m i n v e s t i g a t i o n s . 

I n o r d e r to f i n d o u t t h e r e a s o n f o r t h i s i m p r o v e m e n t 

o f t h e p r o t e c t i n g p r o p e r t i e s A u g e r d e p t h p r o f i l e s o f t h e 

o x i d e l a y e r o n t o p o f t h e m o d e l a l l o y vvere r e c o r d e d . A 

t y p i c a l e x a m p l e is shovvn in figure 1 7 . T h e m o s t s t r i k i n g 

f e a t u r e o f t h i s d e p t h p r o f i l e i s t h e s i m u l t a n e o u s e n r i c h -

m e n t o f c a r b o n a n d t i t a n i u m a t t h e o x i d e m e t a l m a t r i x 

i n t e r f a c e . T h i s o b s e r v a t i o n l e a d s t o t h e a s s u m p t i o n t h a t 

b y f o r m a t i o n o f a T i C l a y e r a t t h e i n t e r f a c e t h i s i m p r o v e -

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

i z e d . 

B y f u r t h e r d e t a i l e d s u r f a c e a n a l y t i c a l i n v e s t i g a t i o n s 

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

a n d a p p l y i n g L E E D ( lovv e n e r g y e l e c t r o n d i f f r a c t i o n ) 

a n d A E S it c o u l d b e f o u n d o u t t h a t o n s e v e r a l lovv i n -

d e x e d c r y s t a l s u r f a c e s t h i s T i C l a y e r g r o v v s e p i t a x i a l l y . 
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Figure 12: Scheinatic illustration of the crater bali etching process 
Slika 12: Shematski prikaz kraterja dobljenega s procesom jedkanja s 
kroglico 
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Figure 13: SEM of a part of the crater etched area of the Fe 9% Cr 
sample oxidized for 3 h (see text) and characteristic Auger point 
spectra for the different areas 
Slika 13: SEM posnetek dela jedkalnega kraterja vzorca zlitine Fe 9% 
Cr, po 3 urah oksidacije (glej tekst) in karakteristični AES spektri, 
posneti na označenih mestih 

M e t a l d u s t i n g is k n o w n to b e a d a n g e r o u s h i g h t e m -

p e r a t u r e c o r r o s i o n p h e n o m e n o n in p e t r o c h e m i s t r y a n d i n 

r e f o r m e r a n d d i r e c t r e d u c t i o n p l a n t s . In s t r o n g l y c a r -

b u r i z i n g a t m o s p h e r e s a n d t e m p e r a t u r e s f r o m 4 0 0 t o 

8 0 0 ° C I o w a l l o y e d F e , N i a n d C o b a s e a l l o y s a r e s u b j e c t 

to a c a t a s t r o p h i c c a r b u r i z a t i o n l e a d i n g i n t o a d e s i n t e g r a -

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

p a r t i c l e s a n d c a r b o n . F o r t h e r e a c t i o n m e c h a n i s m o f t h e 

m e t a l d u s t i n g p r o c e s s it w a s a s s u m e d I h a t i n s t a b l e c a r -

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

m e t a l a n d c a r b o n d u s t . 

In o r d e r t o g e t a m o r e d e t a i l e d p i c t u r e o f t h e m e t a l 

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

t h e m e t a l d u s t i n g p r o c e s s ( 6 8 0 ° C , 7 8 % H 2 , 1 5 % C O a n d 

0 . 5 % H 2 O ) vvas r e m o v e d f r o m t h e c a r b u r i z i n g a t m o s -

Figure 14: a) oxygen; b) chromium; c) and iron - images of the same 
surface area as shovvn in the SEM image in figure 13 
Slika 14: a) kisik; b) krom; c) in železo - slike delov površin 
prikazanih na SEM posnetku slike 13 

p h e r e a n d u s i n g t h e c r a t e r b a l i e q u i p m e n t a c r a t e r vvas 

e t c h e d i n t o t h e s a m p l e s u r f a c e . A f t e r t r a n s f e r r i n g t h e 

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

s u r f a c e o f t h e c r a t e r a r e a vvas p r o d u c e d b y A r i o n b o m -

b a r d e m e n t . I m m e d i a t e l y a f t e r v v a r d s A u g e r s p e c t r a a n d 

A u g e r i m a g e s vvere r e c o r d e d . T h e d i f f e r e n t c h e m i c a l 

s t a t e s o f c a r b o n vvi thin g r a p h i t e a n d in c a r b i d e m a y e a s -

i ly b e d i s t i n g u i s h e d b y A u g e r e l e c t r o n s p e c t r o s c o p y b e -

c a u s e o f a c h a r a c t e r i s t i c A u g e r s i g n a l p e a k s h a p e f o r t h e 

i n d i v i d u a l c o m p o u n d s . T h i s i s d e m o n s t r a t e d b y t h e 

A u g e r s p e c t r a in figure 1 8 , vvh ich vvere r e c o r d e d f o r d i f -

f e r e n t a r e a s o f t h e e t c h e d c r a t e r . B e c a u s e o f t h e d i f f e r e n t 

p e a k s h a p e a n d a s l i g h t d i f f e r e n c e in p e a k e n e r g y g r a p h -

i te a n d c a r b i d e m a y b e i m a g e d s e p a r a t e l y . T h i s is i l l u s -

trated by the follovving f igures , figure 19a to figure 19d, 
vvhich shovv a d d i t i o n a l t o a S E M i m a g e A u g e r e l e m e n t a l 

m a p s f o r c a r b i d i c c a r b o n , c a r b o n in g r a p h i t i c f o r m a n d 

i r o n o f t h e c r a t e r r e g i o n . 
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Figure 15: SEM of a part of the crater etched area of the Fe 9% Cr 
sample oxidized for 10 h (see text) and characteristic Auger point 
spectra for the different areas 
Slika 15: SEM posnetek dela jedkalnega kraterja zlitine Fe 9% Cr, po 
10 urah oksidacije (glej tekst) in karakteristični AES spektri, posneti na 
označenih mestih 

Figure 16: a) oxygen; b) chromium; c) and iron - images of the same 
surface area as shown in the SEM image in figure 15 
Slika 16: a) kisik; b) krom; c) in železo - slike istih delov površin 
prikazanih na SEM posnetku slike 15 

T h e s u m u p t h e r e s u l t s f r o m d i f f e r e n t k i n d s o f i n v e s -
t i g a t i o n s t h e f o l l o w i n g d e v e l o p m e n t o f s u r f a c e l a y e r s 
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a d h e r e n c e o f t h e o x i d e l a y e r s is a f f e c t e d b y t h e m o r p h o l -
o g y a n d t h e c h e m i c a l c o m p o s i t i o n o f t h e o x i d e / m e t a l in -
t e r f a c e . In t h i s s t u d y s c a n n i n g A u g e r m i c r o s c o p y ( S A M ) 
is u s e d t o i n v e s t i g a t e t h e o x i d e / a l l o y i n t e r f a c e of o x i -
d i z e d F e - C r - A l a l l o y s ( u n d o p e d or d o p e d w i t h Ti , C e a n d 
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Figure 17: AES depth profile of a polycrystalline Fe-6Al-0,5Ti-0,01C 
sample oxidized for h at 1000°C and 10"19 bar oxygen partial pressure 
Slika 17: AES profilni diagram polikristalne zlitine Fe-6Al-0,5Ti-0,01 
C po 1/2 urni oksidaciji na temperaturi 1000°C in parcialnemu tlaku 
kisika 10'19 bar 
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Figure 18: 'graphitie' (upper spectrum) and 'carbidic' carbon - KVV Auger signal of a crater bali etched Fe metal dusting sample indicating the 
different peak shapes and illustrating the peak (P,) and background (Bi) energy positions for recording the Auger images 
Slika 18: 'grafitni' (zgornji spekter) in 'karbidni ogljik' - KVV Augerjev signal s kroglico jedkanega Fe prašnatega vzorca z različnimi oblikami 
vrhov prikazuje vrh (Pj) in ozadje (Bi) in energijske pozicije za posnete AES spektre 

Figure 19: a) to d) SEM and SAM images of a crater bali etched and sputter cleaned Fe metal dusting sample 
Slika 19: a) do d) SEM in SAM posnetki s kroglico jedkanega Fe prašnatega vzorca in z Ar+ ioni jedkan Fe prašnat vzorec 



Figure 20: a) to c) SEM images of surface areas where the oxide layer 
is partly (or completely) removed 
Slika 20: a) do c) SEM posnetki površine, kjer je bila oksidna plast 
delno (ali popolnoma) odstranjena 

Figure 21: Sulfur image of the same surface area as shown in the SEM 
image of figure 20 c) 
Slika 21: Posnetek žvepla na površini, prikazani na sliki 20 c) 
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Figure 22: Auger point spectra of a) a void area; b) a rugged surface 
area 
Slika 22: AES spekter posnet a) v vrzeli; b) na hrapavi površini 

Y ) a f t e r p a r t l y r e m o v i n g t h e o x i d e l a y e r b y in s i tu b e n d -

ing . 

T h i n F e - C r - A l r i b b o n s , d o p e d a n d u n d o p e d , w e r e 

p r o d u c e d by m e l t s p i n n i n g . R e c t a n g u l a r s p e c i m e n s w e r e 

c u t f r o m t h e r i b b o n s a n d u l t r a s o n i c a l l y c l e a n e d in a c e -

t o n e . T h e s a m p l e s w e r e o x i d i z e d at 1 2 7 3 K in a c o n t r o l -
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l e d H e - O 2 g a s m i x t u r e a t a n o x y g e n p a r t i a l p r e s s u r e o f 

1 3 3 m b a r . 

B e n d i n g o f t h e s p e c i m e n s w a s p e r f o r m e d in U H V at 

a r e s i d u a l p r e s s u r e o f 5 x 10~9 P a t o s p a l i o f f p a r t s o f t h e 

o x i d e l a y e r . T h e s t r i p p e d o x i d e / m e t a l i n t e r f a c e w a s in -

v e s t i g a t e d b y in s i t u S E M a n d S A M . 

T h e m e t a l s u r f a c e s h o w s i n d i v i d u a l v o i d s a n d r u g g e d 

p a r t s , i n d i c a t i n g i m p r i n t s o f t h e r e m o v e d o x i d e , s e e S E M 

figures 2 0 a to 2 0 c . F o r t h e u n d o p e d a l l o y p o o r a d h e r -

e n c e o f t h e o x i d e l a y e r is o b s e r v e d . S u l p h u r is s t r o n g l y 

e n r i c h e d at t h e s u r f a c e o f t h e v o i d s , figure 2 1 s h o w s a 

s u l p h u r i m a g e o f t h e s a m p l e a r e a a s f o r t h e S E M i m a g e 

in figure 2 0 c a n d 2 2 a a n d 2 2 b A u g e r p o i n t s p e c t r a o f a 

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

O n t h e T i c o n t a i n i n g a l l o y s t h e o x i d e l a y e r is a g a i n 

p o o r l y a d h e r e n t . S u l p h u r is a l s o s t r o n g l y e n r i c h e d a t t h e 

s u r f a c e o f v o i d s . O n t h e Y- a n d C e - c o n t a i n i n g a l l o y s t h e 

o x i d e l a y e r is vvell a d h e r e n t a n d t h e s u l p h u r c o n c e n t r a -

t i o n is be lovv t h e d e t e c t i o n l i m i t . 

T h e p o o r a d h e r e n c e o f t h e o x i d e l a y e r s o n u n d o p e d 

a n d Ti d o p e d F e - C r - A l a l l o y s is c o r r e l a t e d t o t h e p r e s -

e n c e o f s u l p h u r a t t h e a l l o y s u r f a c e . S u l p h u r e n r i c h m e n t 

is e x p l a i n e d b y s u l p h u r s e g r e g a t i o n t o t h e f r e e a l l o y s u r -

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

t a i n i n g a l l o y s . T h e p o s i t i v e e f f e c t o f Y a n d C e o n t h e a d -

h e r e n c e o f t h e o x i d e l a y e r s is e x p l a i n e d b y s u l p h i d e p r e -
c i p i t a t i o n in t h e b u l k a n d t h u s p r e v e n t i n g s u l p h u r s e g r e -
g a t i o n t o t h e f r e e s u r f a c e o f t h e a l l oy . 

4 Summary 

D e p e n d i n g o n t h e t h i c k n e s s o f t h e s u r f a c e l a y e r s t o 

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

to c o m p o s i t i o n a n d t h i c k n e s s , d i f f e r e n t m e t h o d s o f d e p t h 

p r o f i l i n g h a v e t o b e a p p l i e d . V a l u a b l e i n f o r m a t i o n m a y 

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

v e s t i g a t i o n s , l e a d i n g t o a b e t t e r u n d e r s t a n d i n g o f t h e 

g rovv th m e c h a n i s m s a n d t h e c o r r o s i o n p r o t e c t i n g p r o p e r -

t i e s o f o x i d e l a y e r s o n m e t a l s u r f a c e s . 
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Aluminium and Magnesium Based Metal Matrix 
Composites 

Kompoziti na osnovi Al in Mg 

K. U. Kainer1, Technische Universitat Clausthal-Zellerfeld, Germany 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r pub l i ca t i on : 1 9 9 6 - 1 1 - 0 4 

In motor-cars metal matrix composites (MMCs) are employed in braking systems and engine components. Other applications for 
these materials have been developed in energy and in information applications. The potentional of composite materials is very 
great because the properties can be tailored according to the application. There are many possible material combinations and 
processing techniques which can be employed. For structural applications standard iight metal are often strengthened by ceramic 
fibres or particles. The performance and potential of composites will be discussed using examples of reinforced aluminium and 
magnesium alloys. 

Key words: Al and Mg based MMCs, Al and Mg alloys, SiC and Alz03 as reinforcement, properties, applications, processing 
techniques 

Kompoziti s kovinsko osnovo, ojačani s keramičnimi delci ali vlakni se danes že uporabljajo kot deli zavornega sistema in motorjev 
z notranjim izgorevanjem. Razvite so tudi posebne vrste teh materialov, ki so uporabni na področju energetike in informatike. 
Uporabnost kompozitnih materialov je vsestranska, ker lahko njihove lastnosti prilagajamo potrebam uporabe. Možne so številne 
kombinacije materialov (kovinska osnova / keramična ojačitev) in postopkov njihove izdelave. Kompoziti, ki se uporabljajo kot 
konstrukcijski materiali so najpogosteje sestavljeni iz lahke kovinske osnove in keramičnih delcev ali vlaken. Prispevek obravnava 
predvsem dosežene lastnosti in možnosti uporabe kompozitov z osnovo iz Al ali Mg zlitin, ki so diskontinuirno ojačane z SiC ali 
AI2O3 delci oziroma kratkimi vlakni. 

Ključne besede: kompoziti s kovinsko osnovo, Al in Mg zlitine, SiC in AI2O3 kot ojačitvena faza, lastnosti, uporaba, postopki 
izdelave 

1 Introduction 

T h e s t r e n u o u s e f f o r t s t o d e v e l o p m e t a l m a t r i x c o m -
p o s i t e s vvith l i g h t m e t a l m a t r i c e s in t h e e i g h t i e s h a v e p a i d 
o f f vvith s u c c e s s f u l a p p l i c a t i o n s in a u t o m o b i l e a n d t r a n s -
p o r t s y s t e m s . W o r t h y o f m e n t i o n a r e p a r t i a l l y r e i n f o r c e d 
p i s t o n s , h y b r i d r e i n f o r c e d e n g i n e b l o c k s f o r c a r s o r 
t r u c k s a s vvell a s p a r t i c l e r e i n f o r c e d b r a k e d i s c s f o r l igh t 
l o r r i e s , m o t o c y c l e s , c a r s o r r a i l v e h i c l e s . F u r t h e r f i e l d s of 
a p p l i c a t i o n s a r e m i l i t a r y a i r c r a f t a n d s p a c e c r a f t . T h e in-
n o v a t i v e m a t e r i a l s a r e i n t e r e s t i n g p o s s i b i l i t i e s in t h e d e -
v e l o p m e n t o f m o d e r n m a t e r i a l s b e c a u s e t h e p r o p e r t i e s of 
M M C s c a n b e t a i l o r e d f o r a p a r t i c u l a r a p p l i c a t i o n a n d 
h e n c e M M C s c a n f u l f i l l a l i r e q u i r e m e n t s o f t he d e s i g n e r . 
S u c h m a t e r i a l s b e c o m e i m p o r t a n t vvhen t h e p r o p e r t y p r o -
file c a n n o t b e a c h i e v e d b y t h e c o n v e n t i o n a l l i g h t m e t a l 
a l l o y s . T h e s p e c i f i c s t r e n g t h as o u t s t a n d i n g a d v a n t a g e o f 
l i g h t m e t a l M M C s is hovvever u n d e r p r e s s u r e f r o m c o m -
p e t i n g t e c h n o l o g i e s s u c h as povvde r m e t a ! l u r g y o f p o l -
m e r t e c h n o l o g y . T h e a d v a n t a g e s o f c o m p o s i t e s a r e o n l y 
r e a l i s e d if a r e s o n a b l e c o s t p e r f o r m a n c e r a t i o is a c h i e v -
a b l e o n p r o d u c t i o n o f t h e c o m p o n e n t . In t h i s r e s p e c t it is 
i m p o r t a n t f o r e c o n o m i c a n d e c o l o g i c a l r e a s o n s t o r e c y c l e 
s c r a p c o m p o n e n t s , p r o d u c t i o n vvaste, e t c . 

T h e a i m s in t h e r e i n f o r c e m e n t o f m e t a l m a t r i x f u n c -
t i ona l o r s t r u c t u r a l m a t e r i a l s a r e o n t h e o n e h a n d t he o p -
t i m i s a t i o n o f s o m e c r i t i c a l p r o p e r t i e s at t h e s a m e t i m e as 
m a i n t a i n i n g o t h e r p r o p e r t i e s a n d o n t h e o t h e r h a n d a 

1 Dr.-Ing. habil. K. U. KAINER 
Tcchniscbe Universitat Clauslhal 
•Institut lur VVerkštofflcunde und VVerkstofftechnik. Clausthal-Zellerfeld. Germany 

c o m p l e t e c h a n g e in t h e p r o p e r t y p r o f i l e o f a c l a s s o f m a -
t e r i a l s . T h e r e i n f o r c e m e n t o f l i g h t m e t a l s o p e n s , f o r e x -
a m p l e , a n e x t e n s i o n o f t h e a p p l i c a t i o n p o t e n t i a l vvhere 
vveight r e d u e t i o n of c o m p o n e n t s is v e r y d e s i r a b l e a t t h e 
s a m e t i m e as o p t i m i s a t i o n o f c o m p o n e n t p r o p e r t i e s . T h e 
d e v e l o p m e n t a i m s of l i g h t m e t a l m a t r i x c o m p o s i t e s t h u s 
c a n b e s u m a r i s e d as fo l lovvs : 

- i n e r e a s e in y i e l d s t r e n g t h , u l t i m a t e t e n s i l e s t r e n g t h 
a n d f a t i g u e s t r e n g t h a t r o o m t e m p e r a t u r e vvhi ls t 
m a i n t a i n i n g m i n i m u m v a l u e s o f d u c t i l i t y o r t o u g h -
n e s s , 

- i n e r e a s e in h o t s t r e n g t h , f a t i g u e s t r e n g t h a n d c r e e p 
r e s i s t a n c e a t e l e v a t e d t e m p e r a t u r e s c o m p a r e d t o c o n -
v e n t i o n a l m a t e r i a l s , 

- r e d u e t i o n in t h e c o e f f i c i e n t o f t h e r m a l e x p a n s i o n o f 
l i g h t m e t a l a l l o y s t o v a l u e s c o m p a r a b l e vvith s t e e l s , 

- i m p r o v e m e n t in t h e s t a b i l i t y o f l i g h t m e t a l s t o t e m -
p e r a t u r e c h a n g e s , 

- i m p r o v e m e n t in d a m p i n g b e h a v i o u r , 

- i m p r o v e m e n t in t h e vvear r e s i s t a n c e t h r o u g h a d d i t i o n 
o f h a r d m a t e r i a l s , 

- i m p r o v e m e n t in vve ight s p e c i f i c p r o p e r t i e s ( s t r e n g t h 
a n d E - m o d u l u s ) . 

D i s c o n t i n u o u s p a r t i c l e , f i b r e o r v v h i s k e r r e i n f o r c e d 
l igh t a l l o y s a r e m o s t l i k e l y t o f u l f i l l d e s i g n e r i t e r i a b e -
c a u s e t he c o m p o n e n t s a r e r e l a t i v e l y c h e a p a n d p r o d u c -
t ion o f c o m p o n e n t s in l a r g e n u m b e r s is p o s s i b l e . F u r t h e r 
a d v a n t a g e s a r e t he r e l a t i v e l y h i g h i s o t r o p y o f p r o p e r t i e s 
c o m p a r e d to t h e l o n g c o n t i n u o u s f i b r e r e i n f o r c e d l i g h t 
m e t a l s a n d t he p o s s i b i l i t y o f f u r t h e r f o r m i n g b y f o r g i n g 
a n d m a c h i n i n g . 



2 C o m b i n a t i o n o f m a t e r i a l s f o r l i g h t a l l o y c o m p o s -

i t e s 

T h e o b v i o u s c a n d i d a t e s f o r l i gh t m e t a l m a t r i c e s f o r 

c o m p o s i t e m a t e r i a l s a r e t h e e a s i l y w o r k a b l e , c o n v e n -

t i o n a l a ! l o y s . P a r t i c u l a r y w h e n p o w d e r m e t a l l u r g i c a l 

( P / M ) p r o d u c t i o n t e c h n i q u e s a r e e m p l o y e d it is p o s s i b l e 

to c o n s i d e r s p e c i a l a l l o y s w i t h s p e c i f i c c o m p o s i t i o n s . 

P / M t e c h n o l o g y a l l o w s t h e u s e of a l l o y s w i t h s u p e r sa -

t o r a t e d o r m e t a s t a b l e p h a s e s . T h e a l l o y s a r e f r e e f r o m 

s e g r e g a t i o n p r o b l e m s a s o f t e n o b s e r v e d a f t e r c o n v e n -

t i o n a l s o l i d i f i c a t i o n . 

E x a m p l e s o f e x t e n s i v e l y i n v e s t i g a t e d m a t r i x a l l o y s 

are 1" 8 : 

C o n v e n t i o n a l C a s t i n g A l l o v s : 

Al a l l o v s : A l S i l 2 C u M g N i 

A l S i 9 M g 

A l S i 7 ( A 3 5 6 ) 

M g a l l o v s : M g A 1 9 Z n l ( A Z 9 1 ) 

M g A 1 2 R E 2 Z r l ( M S R , Q E 2 2 ) 

C o n v e n t i o n a l w r o u g h t a l l o v s : 

Al a l l o v s : A l M g S i C u ( 6 0 6 1 ) 

A l C u S i M n ( 2 0 1 4 ) 

A l Z n M g C u l 5 ( 7 0 7 5 ) 

M g a l l o v s : M g A 1 3 Z n ( A Z 3 1 ) 

M g Z n 6 Z r ( Z K 6 0 ) 

M g Z n 6 C u 3 ( Z C 6 3 ) 

S p e c i a l a l l o v s : 

Al a l l o v s : A l - C u - M g - L i ( 8 0 9 0 ) 

M g a l l o v s : M g 9 9 , 5 + R E , C a , Zr , B a . Br , 

S b o r S n ( 1 - 2 . 4 % ) 

A w i d e v a r i e t y o f r e i n f o r c e m e n t m a t e r i a l s a r e a v a i l -

a b l e vvith a vvider r a n g e o f p r o p e r t i e s . T h e c h o i c e d e -

p e n d s o n t h e m e t h o d c h o s e n f o r p r o d u c t i o n a n d on t h e 

m a t r t x a l l o y s y s t e m . In g e n e r a l t h e r e q u i r e m e n t s are : 

- lovv d e n s i t y , 

- m e c h a n i c a l c o m p a t a b i l i t y ( a t h e r m a l c o e f f i c i e n t o f 

e x p a n s i o n vvhich m a t c h e s t h e m a t r i x ) , 

- c h e m i c a l c o m p a t a b i l i t y , 

- t h e r m a l š t ab i l i ty, 

- h i g h e l a s t i c m o d u l u s , h i g h c o m p r e s s i v e a n d t e n s i l e 
s t r e n g t h , 

- g o o d w o r k a b i l i t y , 

- e c o n o m i c y . 

T h e s e d e m a n d s c a n b e f u l f i l l e d v i r t u a l l y o n l y b y in-
o r g a n i c r e i n f o r c i n g m a t e r i a l s . O f t e n o n l y c e r a m i c p a r t i -
c l e s o r f i b r e s o r c a r b o n f i b r e s a r e u s e d to r e i n f o r c e m e t -
a l s . T h e u s e of m e t a l l i c f i b r e s r e s u l t s in p r o h i b i t i v e 
i n c r e a s e s in d e n s i t y . W h i c h c o m p o n e n t is c h o s e n d e -
p e n d s o n t h e m a t r i x m a t e r i a l a n d t h e p r o p e r t y p r o f i l e o f 
t he p a r t i c u l a r a p p l i c a t i o n . I n f o r m a t i o n of a v a i l a b l e p a r t i -
c l e s , s h o r t f i b r e s , vvhiskers a n d c o n t i n u o u s f i b r e s f o r r e -
i n f o r c e m e n t o f m e t a l s is c o l l e c t e d in T a b l e 1 a n d in r e f -
e r e n c e s 9 1 0 . T h e p r e p a r a t i o n , v v o r k i n g a n d m e a n s o f 
a p p l i c a t i o n s o f t h e v a r i o u s r e i n f o r c e m e n t s d e p e n d s o n 
t h e m e t h o d c h o s e n t o p r o d u c e t h e c o m p o s i t e ( s e e 1 ) . A 
c o m b i n a t e d a p p l i c a t i o n o f tvvo a n d m o r e r e i n f o r c e m e n t 
m a t e r i a l is p o s s i b l e ( h y b r i d t e c h n i q u e ) 1 - 9 . 

3 P r o d u c t i o n of l i g h t m e t a l c o m p o s i t e s 

T h e r e a r e s eve ra l p o s s i b l e m e t h o d s o f p r o d u c i n g s e m i 
f i n i s h e d m a t e r i a l a n d c o m p o n e n t s in l i g h t m e t a l c o m p o s -
i tes , vvhich d e p e n d p r i m a r l y o n t h e c o m p o n e n t g e o m e t r y 
a n d t h e m a t e r i a l s y s t e m s ( m a t r i x / r e i n f o r c e m e n t ) . T h e 
p r o c e s s m u s t b e d i v i d e d i n t o p r e p a r a t i o n o f s u i t a b l e 
s t a r t i n g m a t e r i a l , p r o d u c t i o n o f t h e s e m i f i n i s h e d m a t e -
r i a l o r c o m p o n e n t a n d f i n i s h i n g o p e r a t i o n s . F o r e c o -
n o m i c r e a s o n s n e a r n e t s h a p e p r o d u c t i o n s h o u l d b e a t -
t e m p t e d t o m i n i m i s e m e c h a n i c a l f i n i s h i n g o p e r a t i o n s . In 
g e n e r a l t h e f o l l o v v i n g p r o d u c t i o n t e c h n i q u e s a r e a v a i l -
a b l e : 

• Casting techniques 
- i n f i l t r a t i o n o f s h o r t f i b r e s , p a r t i c l e o r h y b r i d p r e -

f o r m s b y s q u e e z e c a s t i n g , v a c u u m i n f i l t r a t i o n o r 
p r e s s u r e i n f i l t r a t i o n 1 ' 4 ' 7 ' 8 , 

Table 1: Examples of particles, whisker, continuous and discontinuous fibres used a reinforcements in metal alloys (*CTE = coefficient of thermal 
expansion, nPAN based fibres, 2lpitch based fibres) 

re inforcement producer diameter densitv E-modu lus tensile strength CTE* (10"6K"') producer 
(pm) ( g c m 5 ) (GPa) (MPa) axial 

FP OC-AI2O3 Du Pont 20 3.9 380 > 1400 7.6 

Altex a lumina f ibre Sumi tomo 17 3.2 300 2 0 0 0 8.8 
Nicalon SiC-f ibre Nippon Carbon 15 2.6 185 2 7 0 0 3.5 
Torayca T - 3 0 0 " Toray 7 1.8 230 3530 -0 .26 
Torayca M-40 1 1 Toray 5.5 1.8 392 2650 -1 .3 
Thornel P 752 ) A m o c o 10 2.0 520 2370 -1 .4 

Saffil R F disk a - A l 2 0 3 ICI plc. 1-5 3.3 300 2000 4.7 

S iC-whiskers Silar DWA Compos i t e s 
Speciali t ies 

0.6 3.2 690 6900 4.1 

SiC-part ic les Norton AS, ESK. 
Kempten 

various 3.2 ca .400 - 4.7 

a lumina platelets Elf, ESK, Kempten various 3.9 ca .380 - 3.6 
a lumina part icles H.C. Starck, ESK. 

Kempten 
various 4 .0 ca .380 - 9.5 



' P '
 4 

9 * 
Figure 1: Collection of typical microstructures of various light metal composites as a function of reinforcement and production process. 
a) AI2O3 short fibre reinforced magnesium. 
b) AbO.i-SiC hybrid reinforced magnesium, 
c) SiC particle reinforced aluminium (chill čast), 
d) SiC particle reinforced aluminium (pressure die čast), 
e) SiC particle reinforced aluminium (čast and e.\truded), 
f) SiC particle reinforced aluminium (extruded povvder blend). 
g) SiC particle reinforced magnesium (spray formed), 
h) SiC particle reinforced magnesium (spray formed and extruded) 



11 12 
- r e a c t i o n i n f i l t r a t i o n o f f i b r e o r p a r t i c l e p r e f o r m s ' , 
- p r o d u c t i o n o f p r e m a t e r i a l b y s t i r r i n g p a r t i c l e s i n t o 

m e t a l l i c m e l t s vvith s u b s e q u e n t s a n d c a s t i n g , c h i l l 
c a s t i n g o r p r e s s u r e c a s t i n g 2 , 3 . 

• Powder metallurgy techniques 
- e x t r u s i o n o r f o r g i n g o f m e t a l povvde r - p a r t i c l e m i x -

t u r e s 5 ' 6 , 
- e x t r u s i o n o r f o r g i n g of s p r a y f o r m e d s e m i f i n i s h e d 

m a t e r i a l 1 ' 1 3 ' 1 4 . 
• F u r t h e r p r o c e s s i n g o f s e m i f i n i s h e d č a s t m a t e r i a l b y 

t h i x o c a s t i n g o r f o r m i n g , e x t r u s i o n 1 5 , f o r g i n g , c o l d 
f o r m i n g or s u p e r p l a s t i c f o r m i n g , 

• J o i n i n g o r vve ld ing o f s e m i f i n i s h e d p r o d u c t s , 
• F i n i s h i n g b y m a c h i n i n g . 

4 Structure and properties of light metal composites 

T h e s t r u c t u r e o f c o m p o s i t e s is d e t e r m i n e d b y t he n a -
t u r e a n d s h a p e o f t he r e i n f o r c i n g c o m p o n e n t s , t h e i r d i s -
t r i b u t i o n a n d o r i e n t a t i o n b y t h e p r o d u c t i o n p r o c e s s . T y p i -
c a l m i c r o s t r u c t u r e s o f v a r i o u s s h o r t f i b r e a n d p a r t i c l e 
r e i n f o r c e d l i g h t m e t a l s a r e s h o w n in F i g u r e 1. In t h e 
č a s e o f s h o r t f i b r e r e i n f o r c e d c o m p o s i t e s a p l a n a r i so -
t r o p i c d i s t r i b u t i o n o f t h e s h o r t f i b r e s is f o r m e d as a r e s u l t 
o f t h e p r o d u c t i o n o f t h e f i b r e p r e f o r m . T h e p r e s s u r e s u p -
p o r t e d s e d i m e n t a t i o n t e c h n q u e l e a d s t o a l a y e r l i ke s t r u c -
t u r e (Figures l a & b)10. T h e d i r e c t i o n o f i n f i l t r a t i o n is 
g e n e r a l l y n o r m a l t o t h e s e p l a n e š . T h e č a s t p a r t i c l e r e i n -
f o r c e d l i g h t m e t a l s s h o w , d e p e n d i n g o n t h e v v o r k i n g 
p r o c e s s i n g , t y p i c a l p a r t i c l e d i s t r i b u t i o n s . G r a v i t y č a s t 
m a t e r i a l e x h i b i t a s a r e s u l t o f t h e c a s t i n g c o n d i t i o n s p a r -
t i c l e f r e e r e g i o n s ( F i g u r e l c ) , vvhe reas p r e s s u r e d i e č a s t 
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Figure 2: Comparison of the temperature dependence of the tensile 
strength of the unreinforced and reinforced piston alloy 
AlSil2CuMgNi (KS 1275)7 

a) KS 1275 vvith 20 vol.% SiC vvhiskers, 
b) KS 1275 vvith 20 vol.% AI2O3 short fibres, 
c) KS 1275 unreinforced 

m a t e r i a l s shovv a m u c h b e t t e r p a r t i c l e d i s t r i b u t i o n ( F i -
gure ld). A n even d i s t r i bu t ion is a c h i e v e d by e x t r u s i o n o f 
s e m i f i n i s h e d m a t e r i a l ( F i g u r e l e ) . A n e x t r e m e l y h o m o -
g e n e o u s p a r t i c l e d i s t r i b u t i o n is o b t a i n e d b y e x t r u s i o n o f 

m i x e d povvders o r s p r a y f o r m e d m a t e r i a l s (Figures 1 f-
g)-

Properties of short fibre reinforced aluminium 

A n i n c r e a s e in s t r e n g t h w i t h i n c r e a s i n g f i b r e c o n t e n t 
in s h o r t fibre r e i n f o r c e d a l u m i n i u m is a c t u a l l y o b s e r v e d 
as t h e e x a m p l e A l S i l 2 C u M g N i vvith 2 0 v o l . % A I 2 O 3 
shovvs in F i g u r e 2. C o m p o s i t e s o f l i g h t m e t a l c a s t i n g a l -
l o y s is n o t m a d e j u s t t o i n c r e a s e o n l y t he s t r e n g t h . T h e 
e f f e c t a l o n e vvould n o t b e j u s t i f i a b l e e c o n o m i c a l l y . T h e 
i m p r o v e m e n t o f t he p r o p e r t i e s a t h i g h t e m p e r a t u r e vvith a 
d o u b l i n g o f t h e s t r e n g t h ( F i g u r e 2 ) a n d t h e r o t a t i n g 
b e n d i n g f a t i g u e s t r e n g t h at 3 0 0 ° C ( F i g u r e 3 ) , o p e n s u p 
p o s s i b i l i t i e s f o r u s e a s p i s t o n m a t e r i a l o r c y l i n d e r l i n e r s . 
A d r a m a t i c i n c r e a s e o f t h e t h e r m a l s h o c k r e s i s t a n c e c a n 
b e a c h i e v e d at t e m p e r a t u r e o f 3 5 0 ° C as is shovvn in F i -
gure 4. 

Properties of particle reinforced aluminium 

In g e n e r a l a d d i t i o n o f p a r t i c l e s t o l i g h t m e t a l s , s u c h 
as m a g n e s i u m a n d a l u m i n i u m i n c r e a s e s t h e e l a s t i c 
m o d u l u s , y i e l d s t r e n g t h , u l t i m a t e t e n s i l e s t r e n g t h , t h e 
h a r d n e s s a n d t he vvear r e s i s t a n c e a n d a l s o d e c r e a s e s t h e 
c o e f f i c i e n t o f t h e t h e r m a l e x p a n s i o n . T h e d e g r e e o f i m -
p r o v e m e n t o f t h e s e p r o p e r t i e s d e p e n d s o n t h e v o l u m e 
f r a t i o n o f t h e p a r t i c l e s a n d t h e c h o s e n m e a n s o f p r o d u c -
t ion . T a b l e s 2 a n d 3 shovv a c o l l e c t i o n o f p r o p e r t i e s o f 
v a r i o u s p a r t i c l e r e i n f o r c e d a l u m i n i u m a l l o y s . T h e p a r t i -
c l e v o l u m e f r a c t i o n in s t i r r e d in p a r t i c l e r e i n f o r c e d A l a l -
l o y s is l i m i t e d t o a b o u t 2 0 v o l . % . T h i s l i m i t is i m p o s e d 
b y t h e p r o c e s s . A m a x i m u m t e n s i l e s t r e n g t h o f o v e r 5 0 0 
M P a a n d E - m o d u l i o f 1 0 0 G P a a r e p o s s i b l e f o r t h i s p a r -
t i c l e c o n t e n t . H i g h e r p a r t i c l e c o n t e n t s c a n b e a c h i e v e d b y 
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Figure 3: Change in the rotating bending fatigue strength of the 
unreinforced and reinforced (20 vol.% AI2O3) piston alloy 
AlSil2CuMgNi (KS 1275) vvith increasing temperature® (GK = chill 
čast GP = squeeze čast) 
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Figure 4: Temperature shock resistance of the fibre reinforced piston 
alloy AlS i l2CuMgNi as a function of the fibre content for a 
temperature of 350°C7: 
a) unreinforced. 
b) 12 vol.% AI2O3 short fibres, 
c) 17.5 vol.% AJ2O3 short fibres, 
d) 20 vol.% AI2O3 short fibres 

i n f i l t r a t i o n o f p a r t i c l e p r e f o r m s w i t h h i g h e r p a r t i c l e v o l -

u m e f r a c t i o n . T h e m a t e r i a l s t h e n a s s u m e i n c r e a s i n g l y t h e 

c h a r a c t e r i s t i c s o f c e r a m i c s . O n t e n s i l e l o a d i n g p r e m a t u r e 

f a i l u r e o c c u r s . T h e s m a l l t h e r m a l e x p a n s i o n is a n e x c e l -

l a n t c h a r a c t e r i s t i c d e s p i t e t h e m e t a l l i c f e a t u r e s . 

T h e r e i s a l i m i t t o t h e p a r t i c l e c o n t e n t o f a b o u t 1 3 - 1 5 

v o l . % a l s o f o r s p r a y f o r m e d m a t e r i a l s . T h e u s e o f s p e c i a l 

a l l o y s e . g . w i t h l i t h i u m a d d i t i o n s c a n n e v e r t h e l e s s l e a d t o 

h i g h s p e c i f i c p r o p e r t i e s . If p o v v d e r m e t a l l u r g i c a l t e c h -

n i q u e i n v o l v i n g e x t r u s i o n a n d f o r g i n g a r e a p p l i e d t h e n 

t h e p a r t i c l e c o n t e n t c a n b e i n c r e a s e d t o m o r e t h a n 4 0 

v o l . % . A s t h e r e s u l t o f h i g h p a r t i c l e c o n t e n t a n d t h e r e -

s u l t a n t fine g r a i n o f t h e m a t r i x v e r y h i g h s t r e n g t h o f u p 

to 7 6 0 M P a , v e r y h i g h E - M o d u l i o f 1 2 5 G P a a n d lovv 

c o e f f i c i e n t s o f e x p a n s i o n o f 17 x 1 0 6 K " ' c a n b e 

a c h i e v e d . U n f o r t u n a t e l y t h e e l o n g a t i o n t o f r a c t u r e a n d 

t h e f r a c t u r e t o u g h n e s s d e t e r i o r a t e . T h e v a l u e s l i e , hovv-

e v e r , in p a r t a b o v e t h o s e f o r c a s t i n g a l l o y s . 

Properties of discontinuously reinforced magnesium al-
loys 

I n g e n e r a l t h e s t r e n g t h e n i n g e f f e c t s i n d i s c o n t i u o u s 

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

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

t r o p i c . In t h e f o l l o v v i n g t h e p r o p e r t i e s o f s h o r t fibre o r 

p a r t i c l e r e i n f o r c e d m a g n e s i u m c o m p o s i t e s a r e l i s t e d . T a -
b l e 4 s h o w s t h e 0 . 2 y i e l d s t r e n g t h , t h e t e m p e r a t u r e d e -

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

i t y o f d i f f e r e n t m a g n e s i u m a l l o y s r e i n f o r c e d vvith 2 0 

v o l . % S a f f i l s h o r t f i b r e . T h e p r o p e r t i e s a r e c o m p a r e d 

vvith o f t h e s e o f u n r e i n f o r c e d a l l o y s . I n f o r m a t i o n a b o u t 

h a r d n e s s , Y o u n g ' s m o d u l u s a n d c o e f f i c i e n t o f t h e r m a l e x -

p a n s i o n ( C T E ) a r e i n c l u d e d . T h e r e s u l t s shovv t h a t t h e 

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

t h e h i g h s p e c i f i c s t r e n g t h a t e l e v a t e d t e m p e r a t u r e s , t h e 

i n c r e a s e o f Y o u n g ' s m o d u l u s a n d t h e r e d u c t i o n o f t h e 

C T E . T h e i m p r o v e m e n t o f t h e p r o p e r t i e s d e p e n d s o n t h e 

v o l u m e c o n t e n t o f t h e s h o r t f i b r e s . I n t h e r a n g e o f 15 - 2 2 

v o l . % s h o r t f i b r e s t h e m o s t p r o m i s i n g p r o p e r t i e s vvere 

m e a s u r e d 4 1 6 . W i t h a h i g h e r fibre c o n t e n t p r o b l e m s i n t h e 

i n f i l t r a t i o n a r i s e s vvhich r e d u c e s t h e s t r e n g t h a n d d u c t i l -

i ty o f t h e c o m p o s i t e s . 

Table 2: Selected properties of typical čast aluminium composites, prepared b^ch i l l , pressure die casting or reaction infiltration2,3 ,11. (T6 = 
solution annealed and aged, T5 = aged; 'after ASTM G-77: čast iron 0.66 mm3; *CTE = coefficient of thermal expansion, a) after ASTM E-399 
and B-645; b) after ASTM E-23), n.i. = no information 

Mater ia l 

Ident i f ica t ion C o m p o s i t i o n 

Yield stress 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation to 
fracture (%) 

Young's 
modulus 

(GPa) 

a) Fracture 
toughness. b) 

impact 
strength 

VVear' 
volume 

decrease 
(mm3) 

Thermal 
conductivity 
22°C (cal/cm 

s K) 

C T E " 50-
100°C 

( K T K ' 1 ) 

Gravi ty cas t ing (chil l cas t ing) a) ( M P a m 1 ' 2 ) 

A 3 5 6 - T 6 A l S i 7 M g 2 0 0 276 6.0 75.2 17.4 0 .18 0 . 3 6 0 21 .4 

F 3 S . 1 0 S - T 6 A l S i 9 M g l O S i C 303 338 1.2 86.9 17.4 n.i. n.i . 20 .7 

F 3 S . 1 0 S - T 6 A l S i 9 M g 2 0 S i C 338 359 0 .4 98 .6 15.9 0 .02 0 . 4 4 2 17.5 

F 3 K . 1 0 S - T 6 A l S i l O C u M g N i l O S i C 359 372 0.3 87.6 n.i. n.i. n.i. 20 .2 

F 3 K . 2 0 S - T 6 AISi 1 0 C u M g N i 2 0 S i C 3 7 2 372 0 .0 101 n.i. n.i . 0 . 3 4 6 17.8 
Die cas t ing b) (J) 
A 3 9 0 A l S i l 7 C u 5 M g 241 283 3.5 71 .0 1.4 0 . 1 8 0 . 3 6 0 21 .4 

F 3 D . 1 0 S - T 5 AISi 1 O C u M n N i 1 OSiC 331 372 1.2 93 .8 1.4 n.i . 0 . 2 9 6 19.3 

F 3 D . 2 0 S - T 5 A l S i l 0 C u M n N i 2 0 S i C 4 0 0 4 0 0 0 .0 113.8 0 .7 0 .018 0 . 3 4 4 16.9 

F 3 N . 1 0 S - T 5 A l S i l O C u M n M g l O S i C 317 352 0 .5 91 .0 1.4 n.i . 0 . 3 8 4 21 .4 

F 3 N . 2 0 S - T 5 AISi 1 0 C u M n M g 2 0 S i C 338 3 6 5 0.3 108.2 0 .7 0 . 0 1 8 0 .401 16.6 

Reac t ion inf i l t ra t ion B e n d i n g s t rength 
(MPa) 

Dens i ty 
(g /cm 3 ) 

a) ( M P a m " 2 ) 

M C X - 6 9 3 ™ A l + 5 5 - 7 0 % S iC 3 0 0 2 .98 255 9 .0 n.i. 0 . 4 3 0 6 .4 

M.CX-724™ A l + 5 5 - 7 0 % S iC 3 5 0 2 .94 226 9 .4 n.i. 0 . 3 9 4 7 .2 

M C X - 7 3 6 ™ A l + 5 5 - 7 0 % S iC 3 3 0 2 .96 225 9.5 n.i. 0 . 3 8 2 7 .3 



Table 3: Properties of aluminium wrought alloy composites, manufactures information after5-613 -15 . (T6 = solution annealed and aged), "after 
ASTM G-77: čast iron 0,66 mm3; **CTE = coefficient of thermal expansion, n.i. = no information. 

Material 

Identif icat ion 

Yield stress 
(MPa) 

Compos i t i on 

Tensile 
strength 
(MPa) 

Elongation lo 
fracture (%) 

Young's 
modulus 

(GPa) 

a) Fracture 
toughness. b) 

impact 
strength 

Wear 
volume 

decrease 
(mm3) 

Thermal 
conductivity 
22°C (cal/cm 

s K) 

C T E " 50-
100°C 

(10"6K"') 

Čast start ing material (extruded or forged) 
6061-T6 A l M g l S i C u 355 375 13 75 30 10 0.408 23.4 

6061-T6 + 10% AI2O3 335 385 7 83 24 0 .04 0 .384 20.9 

6061-T6 + 15% AI2O3 340 385 5 88 22 0 .02 0 .336 19.8 

6061-T6 + 20% AI2O3 365 405 3 95 21 0 .015 n.i. n.i. 
Powder meta l lurs ica l lv prepared start ing material (extruded) 
6061-T6 A l M g l S i C u 276 310 15 69.0 n.i. n.i. n.i. 23 .0 
6061-T6 + 20% SiC 397 448 4.1 103.4 n.i. n.i. n.i. 15.3 
6061-T6 + 30% SiC 407 496 3.0 120.7 n.i. n.i. n.i. 13.8 
7090-T6 A l Z n 8 M g 2 C o l . 5 C u l 586 627 10.0 73.8 n.i. n.i. n.i. n.i. 
7090-T6 + 30% SiC 676 759 1.2 124.1 n.i. n.i. n.i. n.i. 
6092-T6 A l M g l C u l S i l 7 . 5 S i C 448 510 8.0 103.0 n.i. n.i. n.i. n.i. 
6092-T6 A l M g l C u l S i 2 5 S i C 530 565 4 .0 117.0 20.3 n.i. n.i. n.i. 
Spray f o r m e d start ing material (extruded) 
6061-T6 + 15% AI2O3 317 359 5 87.6 n.i. n.i. n.i. n.i. 
2618-T6 + 13% SiC 333 450 n.i. 89.0 n.i. n.i. n.i. 19.0 

8090-T6 A l L i 2 . 5 C u M g 480 550 n.i. 79.5 n.i. n.i. n.i. 22.9 
8090-T6 + 12% SiC 486 529 n.i. 100,1 n.i. n.i. n.i. 19.3 

Table 4: Properties of short as čast fibre reinforced magnesium 
composites (CTE = coefficient of thermal expansion, n.d. = not 
determined, rt = room temperature, 0.2 YS = 0.2 yield strength. UTS = 
ultimate tensile strength)4 

C p - M g A S 4 1 A Z 9 1 Q E 22 
matrix comp. matrix comp. matrix comp. matrix comp. 

0 . 2 Y S (MPa) (rt) 7 0 220 1 2 5 2 4 0 1 6 0 2 3 0 180 2 5 0 

U T S (MPa) (rt) 80 2 4 0 1 9 3 2 7 0 2 2 0 280 2 5 0 3 0 0 

Elongat ion (%) (rt) 5 . 0 2 . 2 9 . 0 1 . 0 4 . 8 1 . 8 4 . 5 1 . 6 

Young 's modu lus 4 6 5 6 4 9 . 8 7 7 . 7 46 6 4 4 6 7 4 
(GPa) 
UTS (100°C) (MPa) 6 5 240 1 7 5 250 200 2 7 0 240 2 8 5 

UTS (200°C) (MPa) 4 5 1 8 0 1 5 0 240 120 220 2 0 0 245 
UTS (300°C) (MPa) 30 1 2 0 n.d. n.d. 60 130 125 180 
Vickers hardness 40 75 n.d. n.d. 65 140 75 125 
H V 1 0 (kp /mm 2 ) 
C T E (10"6K"')* 26.5 21.5 24.0 18.0 27.0 20.5 26.0 20.0 

T h e s e c o n d g r o u p o f d i s c o n t i n u o u s r e i n f o r c e d c o m -
p o s i t e s a r e p a r t i c l e r e i n f o r c e d m a g n e s i u m a l l o y s . T h e 
h i g h r a n g e o f p r o p e r t i e s is a c h i e v e d by t h e l i m i t l e s s va r i -
a t i o n p o s s i b i l i t i e s o f a l l o y s , t y p e o f p a r t i c l e a n d p r o d u c -
t ion t e c h n i q u e s . In g e n e r a l o n l y a m o d e s t i m p r o v e m e n t 
in t he s t r e n g t h b y a d d i t i o n o f p a r t i c l e s is o b s e r v e d . B u t 
w i t h t h e i n c r e a s e in h a r d n e s s , w e a r r e s i s t a n c e a n d 
Y o u n g ' s m o d u l u s t o g e t h e r w i t h t h e r e d u c t i o n o f t he C T E 
the m a t e r i a l b e c o m e s i n t e r e s t i n g f o r c o m m e r c i a l a p p l i c a -
t i o n 1 7 . T h e T a b l e s 5 a n d 6 s h o w t h e p r o p e t y p r o f i l e s o f 
d i f f e r e n t p r o d u c e d p a r t i c l e r e i n f o r c e d m a g n e s i u m c o m -
p o s i t e s . T h e S i C p a r t i c l e s u s e d f o r c o m p o s i t e m a t e r i a l s 
in Table 5 h a v e i r r e g u l a r b l o c k y s h a p e . T h e s e p a r t i c l e s 
w e r e t r e a t e d t o a c h i e v e a s m o o t h s u r f a c e w i t h o u t s h a r p 
t i p s . T h e r e s u l t a r e c o m p o s i t e s w i t h h i g h s t r e n g t h a n d 
v e r y g o o d d u c t i l i t y c o m b i n a t e d w i t h h i g h h a r d n e s s , 

Y o u n g ' s m o d u l u s a n d l o w C T E v a l u e s . T h e P / M p r o d u c -

t ion t e c h n i q u e u n f l u e n c e s t h e p r o p e r t i e s o f t h e p a r t i c l e 

r e i n f o r c e d c o m p o s i t e s , a s s h o w n in Table 6 . T h e h i g h e s t 

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

f o r m e d a n d e x t r u d e d c o m p o s i t e s . T h e b e s t p r o p e r t i e s 

w e r e a c h i e v e d f o r d i r e c t p o w d e r f o r g e d c o m p o s i t e s , a 

n e a r n e t s h a p e p r o d u c t i o n t e c h n i q u e . W i t h a s p e c i a l p r e -

f o r m t e c h n i q u e it is p o s s i b l e t o p r o d u c e p a r t i c l e o r h y -

b r i d r e i n f o r c e d c o m p o s i t e s b y s q u e e z e c a s t i n g . T h e p r o p -

e r t i e s o f m a t e r i a l s y s t e m i n v e s t i g a t e d a r e l i s t ed in Table 
5. A s r e i n f o r c e m e n t a S i C - p a r t i c l e s - f i b r e h y b r i d p r e f o r m 

a n d a l u m i n i a p l a t e l e t s w e r e u s e d . T h e m a t e r i a l s h o w s 

l o w e r s t r e n g t h a n d d u c t i l i t y d u e t o t he s o l i d i f i c a t i o n m i -

Table 5: Properties profile of P/M produced or squeeze čast QE 22 
composites with different additions of reinforcement (SiC-particles, 
hybrid SiC-AbCb-preforms, Al203-platelets in vol.%)17 

0.2 UTS Elonga- Young's Brinell CTE rt-
yield (MPa) tion to modulus hardness 30Q°C 

strength fracture (GPa) HB31,25/(10"6K"') 
(MPa) (%} 2 J 

Powder metallurgy produced compos i tes (T6) condi t ion 
P/M Q E 22 - T6 175 260 18 43 70 27.1 
Q E 22 + 10% SiC 200 265 10 48 87 21.4 
Q E 22 + 15% SiC 210 290 10 58 95 20.0 
Q E 22 + 20% SiC 225 315 6.5 66 120 18.2 
Q E 22 + 25% SiC 245 325 4.0 73 108 16.6 
Sgueeze čast composi tes 
Sq/C Q E 22 - T 6 185 262 5.2 69 4 8 27.0 
Q E 2 2 + 2 0 % S i C 265 285 2.4 74 120 18.9 
hybrid 
Q E 2 2 + 2 5 % S i C 270 282 1.0 80 125 17.5 
hybrid 
Q E 22 + 20% 177 250 1.0 85 110 19.8 
A h O ? platelets 



c r o s t r u c t u r e w h i c h is d i f f e r e n t t o t h e r a p i d s o l i d i f i e d 
s t r u c t u r e b y u s e o f P / M t e c h n o l o g i e s . 

Table 6: Influence of the production technique on the properties of 
P/M QE 2 2 + 1 5 vol% SiC-particles-composites 

Unrein-
forced 
QE22 

Spray 
formed 

and 
extruded 

Extruded 
powder 
blends 

Forged 
powder 
blends 

0.2 yield s t rength (MPa) 1 8 0 300 250 220 

U T S (MPa) 252 320 300 300 
Elongat ion to f rac ture (%) 16.0 1.0 4.0 4.5 
Vickers hardness ( H V 1 0 82 92 88 94 
kp /mm 2 ) 
Young's modu lus (GPa) 46 69 70 79 
C T E (10"6K"') 27.1 20.5 21.1 20.8 

5 Possible uses and applications for metallic matrix 
composites 

L i g h t m e t a l c o m p o s i t e s a r e i n t e r e s t i n g m a t e r i a l s f o r 
a u t o m o b i l e c o m p o n e n t s in t h e e n g i n e (oscillating parts: 
v a l v e s y s t e m , c o n n e c t i n g r o d , p i s t o n s a n d p i s t o n p i n ; 
covers: c y l i n d e r h e a d , c r a n k s h a f t m a i n b e a r i n g ; motor 
block: p a r t i a l l y r e i n f o r c e d c y l i n d e r l i n e r ) . A n e x a m p l e 
f o r a s u c c e s s f u l a p p l i c a t i o n i n v o l v i n g a l u m i n i u m c o m -
p o s i t e s is t h e p a r t i a l l y r e i n f o r c e d s h o r t f t b r e a l u m i n i u m 
p i s t o n s in w h i c h t h e c o m b u s t i o n c h a m b e r is r e i n f o r c e d 
w i t h AI2O3 s h o r t f i b r e s . C o m p a r a b l e c o m p o n e n t p r o p e r -
t i es a r e o n l y p o s s i b l e in p o w d e r m e t a l l u r g i c a l p r o d u c e d 
a l u m i n i u m a l l o y s o r in i r o n p i s t o n s . T h e r e a s o n f o r t h e 
u s e o f c o m p o s i t e s a r e , a s e x p l a i n e d a b o v e , i m p r o v e d 
h i g h t e m p e r a t u r e p r o p e r t i e s . S i m i l a r c o n s i d e r a t i o n s a p -
p l y t o p a r t i a l l y r e i n f o r c e d c y l i n d e r b l o c k s . In th i s č a s e 
t h e c r i t i c a l a r e a s , t h e b r i d g e s a n d c y l i n d e r s u r f a c e s a r e 
r e i n f o r c e d . T h e s a m e a p p l i e s t o t h e r e i n f o r c e m e n t o f a l u -
m i n i u m c y l i n d e r h e a d s w h e r e c r a c k i n g in t h e c o m b u s t i o n 
c h a m b e r is t h e I i fe l i m i t i n g f a c t o r . F i g u r e 5 s h o w s t h e 
d e v e l o p m e n t g o a l o n i n c r e a s i n g t h e c o m p o n e n t t e m p e r a -
t u r e f o r r e i n f o r c e d a l u m i n i u m c y l i n d e r h e a d s . 
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Figure 5: Component Iife for aluminium cylinder heads for car diesel 
engines (The Iife fimiting factor is cracking in the combustion chamber 
area)7 

P o t e n t i a l a p p l i c a t i o n s c a n b e f o u n d a l s o in t h e p r o -
p u l s i v e c o m p o n e n t s e . g . t r a n s v e r s e l i n k a n d p a r t i c l e r e i n -
f o r c e d b r a k e d i s c s . T h e l a t t e r a r e a l s o e m p l o y e d in ra i l 
t r a n s p o r t ( t u b e t r a i n s , r a i l w a y t r a i n s ) . In a i r a n d s p a c e 
a p p l i c a t i o n s , t h e h i g h s t r e n g t h , t h e h i g h E - m o d u l u s , t h e 
l o w t h e r m a l c o e f f i c i e n t o f e x p a n s i o n , t h e t e m p e r a t u r e 
s t a b i l l i t y a n d t h e h i g h c o n d u c t i v i t y o f r e i n f o r c e d l i g h t 
m e t a l s c o m p a r e d to p o l y m e r m a t e r i a l s m a k e c o m p o s i t e s 
i n t e r e s t i n g f o r s t i f f e n i n g p a r t s , l o a d b e a r i n g t u b e s , r o t o r s , 
c o v e r s , a n d c o n t a i n e r s a n d s u p p o r t s f o r e l e c t r o n i c d e -
v i c e s . A c o l l e c t i o n of p o t e n t i a l a c t u a l a p p l i c a t i o n s o f t h e 
v a r i o u s m e t a l m a t r i x c o m p o n e n t s ( M M C s ) is g i v e n in 
Table 7. 

In h i s t o ry , t h e f i r s t t e c h n i c a l a p p l i c a t i o n s o f M M C s 
w e r e in t he f i e l d s o f e n e r g y a n d i n f o r m a t i o n e n g i n e e r i n g , 
e . g . c a r b o n b r u s h e s ( C u - g r a p h i t e ) o r c o n t a c t m a t e r i a l s . 
T h e r e is s t i l i s c o p e f o r f u r t h e r d e v e l o p m e n t in c o n d u c t o r 
m a t e r i a l s , s u p p o r t m a t e r i a l s f o r p r i n t e d c i r c u i t s o r s t r u c -
t u r e s f o r e l e c t r o n i c c o m p o n e n t s . F u r t h e r e c o n o m i c a l l y 
i n t e r e s t i n g a p p l i c a t i o n s a r e t o b e f o u n d in l e i s u r e a p p l i -
c a t i o n s e . g . e x t r u d e d a n d w e l d e d p a r t i c l e r e i n f o r c e d a l u -

Table 7.1: Potential and actual technological applications of metal matrix composites (part 1) 

Applicat ion Regui red propertv Material sys tem Product ion method 
automobi le and commerc ia l vehicles 
stiffeners, connec t ing rod, 
f rames , pis ton, pis ton pins, 
valve spring retainer, brake 
disks, brake, brake l inings, 
drive shaf t . 

accumulator plate 

high specific strength and 
s t i f fness , tempera ture stability, 
low coeff ic ient of thermal 
expans ion , wear resistance, 
thermal conductivity. 
high st i ffness, creep resistance 

Al-SiC, AI-AI2O3, Mg-SiC, 
Mg-Al 2 03 , d iscont inuous 
re inforcements . 

Pb-C, Pb-A12Q3 

melt infi l trat ion, extrusion, 
forg ing, gravity cast ing, 
pressure die cast ing, squeeze-
cast ing. 

melt infi l trat ion 
militarv and civil a ircraft 
support ing tubes, s t i f feners , high specif ic strength and 
wings- and gear boxes, ventila- s t i f fness , tempera ture stability, 
tion and compresso r blades. f rac ture toughness , fat igue 

resis tance 
turbine blade high specif ic strength and 

s t i f fness , t empera ture stability, 
f rac ture toughness , fat igue 
resistant. 

Al-B, Al-SiC, Al-C, Ti-SiC, 
AI-AI2O3, M g - A l 2 0 3 , M g - C 
cont inuous and discont inuous 
re inforcements . 
W, superal loys, intermetal l ics 
e.g. N i jA l , Ni -Ni 3 Nb 

melt infi l trat ion, hot pressing, 
d i f fus ion weld ing and 
soldering, extrusion, squeeze-
cast ing. 
melt infi l trat ion, direct ional 
sol idif icat ion of near net 
shape componen t s 



Table 7.2: Potential and actual teehnological applications of metal matrix composites (Part 2) 

Appl icat ion Requi red property Material system Produc t ion method 
space 
f rames , s t i f feners , antennas , high specif ic strength and 
joints, bolds. s t i f fness , tempera ture stability, 

lovv coeff ic ient of thermal 
expans ion , thermal 
conduct ivi ty 

Al-SiC, Al-B, Mg-C , Al-C, Al-
A];C>3, cont inuous and 
discont inuous re inforcements . 

melt infil tration, extrusion, 
d i f fus ion bonding and jo in ing 
(spatial s tructures) 

energy ene inee r ing (electrical contacts and conduct ive material) 
carbon brushes 

electrical contac ts 

superconductor 

high electrical and thermal 
conduct ivi ty wear resistance 
high electrical conductivity, 
tempera ture and corrosion 
resis tance, switch capacity, 
resis tance to burn. 
superconduct ivi ty , mechanical 
s trength, ductility. 

Cu-C 

Cu-C, A g - A l 2 0 3 , Ag-C, Ag-
S n 0 2 , Ag-Ni 

Cu-Nb , C u - N b j S n . C u - Y B a C O 

melt infil tration, powder 
metallurgy. 
melt infil tration, p o w d e r 
metal lurgy, extrusion, hot 
press ing 

ext rus ion, powder metal lurgy, 
coat ing technigues . 

other appl icat ions 
spot weld ing e lec t rodes 
bearings 

resistance to burn. 
load bear ing capacity, wear 
resistance. 

C u - W 
Pb-C, bronze-Tef lon 

powder metallurgy, infi l t rat ion. 
powder metallurgy, infi l trat ion 

m i n i u m - m o u n t a i n b i k e f r a m e s a n d g o l f c l u b s w i t h pa r t i -
c l e r e i n f o r c e d i n s e r t s . B a s e b a l l b a t s a r e a n o t h e r p o s s i b l e 
a p p l i c a t i o n b e c a u s e t h e h i g h e r d a m p i n g w o u l d r e s u l t in a 
c o m p l e t e l y d i f f e r e n t s t r i k i n g b e h a v i o u r . 

6 Recycling 

T h e n e c e s s i t y o f i n t e g r a t i n g p r o d u c t i o n w a s t e a n d 
s c r a p o f n e w l y d e v e l o p e d m a t e r i a l s is o f p a r t i c u l a r i m -
p o r t a n c e . S i n c e c e r a m i c m a t e r i a l s a r e u s e d in t h e f o r m of 
p a r t i c l e s , s h o r t f i b r e s o r c o n t i n u o u s fibres a s r e i n f o r c e -
m e n t it is n o t p o s s i b l e t o s e p a r a t e t he c o m p o n e n t s vvith 
a i m o f r e u t i l i s i n g o f m a t r i x and t h e r e i n f o r c e m e n t . B u t 
c o n v e n t i o n a l m e l t i n g t e c h n i q u e s c a n b e e m p l o y e d to r e -
c o v e r t h e m a t r i x a l loy . In t h e č a s e o f č a s t o r povvder m e t -
a l l u r g i c a l ^ p r o d u c e d d i s c o n t i n u o u s l y r e i n f o r c e d l i g h t 
m e t a l s ( s h o r t f i b r e o r p a r t i c l e ) it is p o s s i b l e u n d e r c e r t a i n 
c o n d i t i o n s t o r e u s e t h e svvarf. T h i s is p a r t i c u l a r so f o r 
p a r t i c l e r e i n f o r c e d a l u m i n i u m c a s t i n g a l l o y s w h e r e n o 
p r o b l e m s a r i s e b y r e m e l t i n g t h e svvarf a n d d i r e c t l y u s e o f 
t h e č a s t i n g o t s vv i thou t m o d i f i c a t i o n . T h e p a p e r 1 8 p r o -
v i d e s a n overv ievv o f t h e v a r i o u s r e c y c l i n g c o n c e p t s f o r 
l i g h t a l l o y m a t r i x c o m p o s i t e s t a k i n g i n t o a c c o u n t a l l o y 
c o m p o s i t i o n , r e i n f o r c e m e n t t y p e a n d t h e p r o d u c t i o n a n d 
vvork ing h i s t o r y . 

7 Conclusion 

T h e d e v e l o p m e n t o f m e t a l m a t r i x c o m p o s i t e s c a n b e 
u s e d t o i m p r o v e c r i t i c a l p r o p e r t i e s o f m e t a l a l l o y s e . g . 
h i g h t e m p e r a t u r e s t r e n g t h , s t i f f n e s s , vvear r e s i s t a n c e a n d 
t h e r m a l e x p a n s i o n . W i t h h i g h v a r i a b i l i t y o f m a t e r i a l s 
c o m b i n a t i o n a n d m a n u f a c t u r i n g t e c h n i q u e s it i s p o s s i b l e 
to p r o d u c e t a i l o r - m a d e m a t e r i a l s . W h i c h c o m b i n a t i o n 
a n d p r o d u c t i o n t e c h n i q u e s a r e c h o o s e n d e p e n d s o n t h e 
r e q u i r e m e n t o f t h e p o s s i b l e a p p l i c a t i o n . T h e p r o d u c t i o n 

p r o c e s s e s allovv t h e m a n u f a c t u r e o f s e m i - f i n i s h e d p r o d -
u c t s o r n e a r n e t s h a p e p a r t s . 
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Microstructural Considerations Limiting the 
Mechanical Properties of HSLA Steel 

Mikrostrukturne omejitve mehanskih lastnosti HSLA jekel 

L. Parilak1, IMR SAS, Košice, Slovakia 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

The influence of chemical composition, grain and subgrain size, and precipitation on yield strength, transition temperature and the 
work strengthening exponent was analyzed for HSLA (high strength, low alioy) steel. The relationships are quantified and 
transferred to graphic charts - nomogram for steel with polygonal as well as non polygonal microstructure. The limits of mechanical 
properties (the highest combinations of yield strength and transition temperature) were quantified for the polygonal HSLA 
microstructure. 

Key words: microstructure, mechanical properties, HSLA steels 

Vpliv kemijske sestave, velikosti zrn in podzrn ter izločanja na mejo plastičnosti, prehodno temperaturo žilavosti in keficienta 
deformacijske utrditve je bil analiziran za HSLA jekla. Odvisnosti so kvantificirane in zapisane v grafih - nomogramih za jekla s 
poligonalno in acirkularno mikrostrukturo. Mejne mehanske lastnosti (kombinacije največje meje plastičnosti in prehodne 
temperature žilavosti) so bile kvantificirane za poligonalno mikrostrukturo. 

Ključne besede: HSLA jekla, mikrostrukture, mehanske lastnosti 

1 Introduction 

A t t h e d e v e l o p m e n t o f nevv s t ee l t y p e s t h e k e y p r o b -
l e m is t o u n d e r s t a n d t he i n f l u e n c e of c h e m i c a l c o m p o s i -
t i o n a n d o b t a i n a b l e p a r a m e t e r s o f m i c r o s t r u c t u r e on 
s t r e n g t h . p l a s t i c i t y a n d b r i t t l e f r a c t u r e r e s i s t a n c e . It i s e s -
sen t i a l t o o b t a i n t h e q u a n t i t a t i v e d e s c r i p t i o n o f t h e r e l a -
t i on , a n d t h e d e s c r i p t i o n s h o u l d b e b a s e d o n t he k n o w l -
e d g e c o n c e r n i n g t h e n a t u r e o f t he m e c h a n i c a l p r o p e r t i e s 
in q u e s t i o n . T h i s w a y a v a l u a b l e i n f o r m a t i o n c a n b e o b -
t a i n e d f o r t h e p r o d u c t i o n t e c h n o l o g y , f i r s t f o r t h e p r i m e 
c h e m i c a l c o m p o s i t i o n a n d h e a t t r e a t m e n t . In t he p r e -
s e n t e d w o r k d e s c r i p t i o n s o f c o r r e l a t i o n s b e t w e e n c h e m i -
ca l c o m p o s i t i o n a n d p a r a m e t e r s o f m i c r o s t r u c t u r e o n o n e 
s i de , a n d y i e l d s t r e n g t h , w o r k s t r e n g t h e n i n g e x p o n e n t , 
a n d t r a n s i t i o n t e m p e r a t u r e o n t h e o t h e r , a r e c o m p i l e d . 
T h e y a r e q u a n t i f i e d e n a b l i n g d i r e c t a p p l i c a t i o n in e n g i -
n e e r i n g . In t h e s e c o n d p a r t o f t h e w o r k t h e l i m i t s o f m e -
c h a n i c a l p r o p e r t i e s - c o m b i n a t i o n s o f s t r e n g t h , p l a s t i c i t y 
a n d b r i t t l e f r a c t u r e r e s i s t a n c e , a r e s h o w n f o r t he p o l y g o -
nal m i c r o s t r u c t u r e . 

2 Microstructural essence of mechanical and frac-
ture properties of microalloyed steels 

I n v e s t i g a t e d w e r e l o v v - c a r b o n m i c r o a l l o y e d s t e e l s 
b a s e d o n T i , V, N b , w i t h e v e n t u a l a d d i t i o n o f M o , in p o -
l y g o n a l a n d n o n - p o l y g o n a l m i c r o s t r u c t u r e s . I n t r o d u c t o r y 
s t u d i e s w e r e d e v o t e d to t h e k i n e t i c s o f p r e c i p i t a t i o n of 
c a r b i d e s , n i t r i d e s o r c a r b o n i t r i d e s o f m i c r o a l l o y i n g e l e -
m e n t s f r o m t h e v i e w p o i n t o f its i n t e n s i t y a n d e f f e c t i v e -
n e s s . F u r t h e r m o r e , i n v e s t i g a t e d w e r e a l s o q u e s t i o n s o f 
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l a w s o f i n t e r p h a s e p r e c i p i t a t i o n a n d p r e c i p i t a t i o n in 
a u s t e n i t e a n d f e r r i t e . T h e m a i n o b j e e t i v e w a s to g a i n t h e 
k n o v v l e d g e of l a w s o f t h e e f f e c t o f p r e c i p i t a t i o n s t a t e s o n 
s t r e n g t h as w e l l as , p l a s t i c a n d b r i t t l e f r a c t u r e p r o p e r t i e s . 
A n a l y s e s w e r e c a r r i e d o u t o n s e v e r a l h u n d r e d s o f s t r u c -
tu r a l s t a t e s in t h e s t a t e a f t e r r o l l i n g at h o t r o l l i n g m i l i in 
V S Z J S C K o š i c e , o r in t h e s t a t e a f t e r t h e r m a l p r o c e s s i n g . 
M a i n a t t e n t i o n w a s p a i d t o t h e y i e l d p o i n t , w o r k 
s t r e n g t h e n i n g e x p o n e n t a n d t r a n s i t i o n t e m p e r a t u r e o f 
n o t e h t o u g h n e s s . 

2.1 Yield point 

T h e a n a l y s e s w e r e b a s e d o n t h e a s s u m p t i o n o f a n ad -
d i t i v e c h a r a c t e r o f i n d i v i d u a l s t r e n g t h e n i n g c o n t r i b u t i o n s 
to t h e y i e l d p o i n t R e a n d t h e fo l lovv ing r e l a t i o n s h i p w a s 
p r o p o s e d f o r t h e s t u d i e s se t o f s t e e l s : 

R c = R p n + R i n + R 0 + R s g + R s + R p r + R p + R d ( 1 ) 

w h e r e RPN - is t h e c o n t r i b u t i o n o f l a t t i c e f r i e t i o n 
s t r e s s ; R i n - c o n t r i b u t i o n t o s t r e n g t h e n i n g o n a c c o u n t o f 
i n t e r s t i t i a l l y d i s s o l v e d a t o m s o f a d d i t i v e s ; RD - c o n t r i b u -
t i o n o f d i s l o c a t i o n s t r e n g t h e n i n g ; R g - s t r e n g t h e n i n g 
c o n t r i b u t i o n r e s u l t i n g f r o m t h e s i z e of g r a i n s ; Rsg - c o n -
t r i b u t i o n r e s u l t i n g f r o m t h e e f f e c t o f s u b g r a i n s ; RPR -
p e a r l i t i c c o n t r i b u t i o n ; R s - s u b s t i t u t i o n c o n t r i b u t i o n ; Rp -
p r e c i p i t a t i o n c o n t r i b u t i o n . 

T h e i r q u a n t i t a t i v e e x p r e s s i o n is b a s e d o n r e l a t i o n s 
c o m p r i s e d in 

A n a l y s e s p r o v i d e d a q u a n t i t a t i v e e x p r e s s i o n o f t he 
s u b s t i t u t i o n e f f e c t o f m a n g a n e s e RMn a n d c o n f i r m a t i o n 
o f t h e e f f e c t o f s i l i c o n a n d p e a r l i t e o n s t r e n g t h e n i n g c o n -
t r i b u t i o n s (Rsi , RPR). 

In a d d i t i o n to t ha t a q u a n t i t a t i v e e f f e c t o f p o l y g o n a I 
f e r r i t e g r a i n s d , o r f o r m a t i o n s d e l i m i t e d b y l a r g e a n g l e 
b o u n d a r i e s (dF) in n o n - p o l y g o n a l m i c r o s t r u c t u r e s w a s 



d e s c r i b e d . T h e q u a n t i t a t i v e e x p r e s s i o n o f s u b g r a i n 

s t r e n g t h e n i n g w i t h i n t e n s i t y RSG = G b - d s G " 1 = 0 . 1 dsG"1 

( t h e s i z e o f a s u b g r a i n d sG i n m m ) i n a v e r y g o o d a g r e e -

m e n t w i t h t h e L a n d f o r d - C o h e n r e l a t i o n , w a s u s e d . T h e 

i n t e r c h a n g e a b i l i t y o f R G a n d R D w a s d e m o n s t r a t e d , w i t h 

R D r e p r e s e n t i n g a c o n t r i b u t i o n o f t r a n s f o r m a t i o n o r o f 

" g e o m e t r i c a l l y i n e v i t a b l e " d i s l o c a t i o n s . 

T h e a n a l y s e s o f t h e i n f l u e n c e o f p r e c i p i t a t i o n o n p r e -

c i p i t a t i o n s t r e n g t h e n i n g , e m p l o y i n g a l i a v a i l a b l e t h e o -

r e t i c a l m o d e l s , w e r e c a r r i e d o u t . T h e s e a n a l y s e s r e s u l t e d 

in a q u a n t i t a t i v e r e l a t i o n f o r p r e c i p i t a t i o n s t r e n g t h e n i n g : 

R p = k ^ " 2 ( 2 ) 

w h e r e A. i s t h e a v e r a g e p l a n a r y i n t e r p a r t i c l e d i s t a n c e o f 

p r e c i p i t a t e s . T h e p h y s i c a l i n t e r p r e t a t i o n o f t h i s r e l a t i o n 

is f o l l o v v i n g : P r e c i p i t a t i o n s t r e n g t h e n i n g i s i n v e r s e l y p r o -

p o r t i o n a l t o t h e m e a n s i z e o f a f r e e s l i d i n g a r e a , c o r r e -

s p o n d i n g t o o n e p r e c i p i t a t e ( o b s t a c l e ) s t a n d i n g i n t h e 

w a y o f t h e m o v i n g d i s l o c a t i o n . T h e s t r e n g t h e n i n g i n t e n -

s i t y c o n s t a n t k p
R a c q u i r e s a f o r c e d i m e n s i o n a n d c a n 

r e p r e s e n t a m e a n v a l u e o f f o r c e i n t e r a c t i o n p h e n o m e n a 

b e t w e e n d i s l o c a t i o n s a n d p r e c i p i t a t i o n s , l e a d i n g t o a 

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

s t a c l e s . I t s v a l u e k p
R = 7 6 . 8 • 10" 8 N i s o f t h e o r d e r c o r -

r e s p o n d i n g t o t h e s i z e o f a n i n t e r a c t i o n o f a n e d g e d i s l o -

c a t i o n vvi th a n e l a s t i c f i e l d o f a p a r t i c l e F = 10"7 N ) . 

T h e q u a n t i t a t i v e b e h a v i o u r o f a t h e r m a l y d e p e n d e n t 

c o n s t i t u e n t o f t h e y i e l d p o i n t ( R * ) w a s d e t e r m i n e d i n t h e 

r a n g e - 1 9 6 t o + 2 0 ° C , t o g e t h e r vvi th p a r a m e t e r s C t , B , a p -

p e a r i n g i n t h e r e l a t i o n : 

R* = C , • e x p ( - T / B ) ( 3 ) 

y i e l d p o i n t B ( r e l a t i o n ( 3 ) ) . T h e s u r f a c e - p l a s t i c e n e r g y y, 

s h e a r m o d u l u s o f e l a s t i c i t y G , p a r a m e t e r s k y , kf a n d t h e 

m o d e o f s t r e s s i n g q a r e c o n n e c t e d t o t h e v a l u e s A a n d B 

in t h e r e l a t i o n 

A = B l n ( ^ k f ) ( 6 ) 

A T j i s t h e s h i f t o f t r a n s i t i o n t e m p e r a t u r e a n d d e p e n d s 

f r o m t h e s t r u e t u r a l p a r a m e t e r t o r e v e n t u a l l y f r o m t h e 

c h e m i c a l c o m p o s i t i o n . 

T h e p o s i t i v e e f f e c t o f g r a i n r e f i n i n g o n a n i m p r o v e -

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

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

c h a n g e o f t h e y i e l d p o i n t h a s b e e n o b s e r v e d . A g o o d 

a g r e e m e n t o f t h e p a r a m e t e r B i n r e l a t i o n s ( 3 ) a n d ( 5 ) w a s 

d e t e e t e d . A n e m b r i t t l e m e n t e f f e c t o f p e a r l i t e a n d s i l i c o n 

h a s b e e n d e m o n s t r a t e d . 

T h e i n f l u e n c e o f p r e c i p i t a t i o n o n t h e s h i f t o f t r a n s i -

t i o n t e m p e r a t u r e vvas d e m o n s t r a t e d t o f o l l o v v t h e r e l a t i o n 

A T p = k p
T - X " 2 ( 7 ) 

A n e s t i m a t e o f t h e b a r r i e r e f f e c t o f g r a i n b o u n d a r i e s 

a g a i n s t p r o p a g a t i o n o f c l e a v a g e c r a c k s ( k = 5 5 N m m ~ 3 / 2 ) 

vvas p r o v i d e d t o g e t h e r vvi th a v a l u e o f s u r f a c e p l a s t i c e n -

e r g y a t T k ( y = 10" 2 N m m " 1 ) - I n c a s e o f p o l y g o n a l m i c r o -

s t r u e t u r e s a n a l y s e s d i d n o t e x c l u d e a p o s i t i v e e f f e c t o f 

m a n g a n e s e o n t h e i m p r o v e m e n t o f b r i t t l e f r a c t u r e r e s i s -

t a n c e a n d t h e q u a n t i t a t i v e e x p r e s s i o n c o r r e s p o n d e d t o r e -

s u l t s o f P i c k e r i n g . I n c a s e o f n o n - p o l y g o n a l m i c r o s t r u c -

t u r e s a n a b s e n c e o f s i g n i f i c a n t e f f e c t o f s u b g r a i n s o n 

t r a n s i t i o n t e m p e r a t u r e c h a n g e s vvas o b s e r v e d . 

2.2 Transition temperature 

O u r a n a l y s e s vve re b a s e d o n C o t t r e l F s e n e r g e t i c b a l -

a n c e o f c o h e s i o n o f t o u g h / b r i t t l e t r a n s i t i o n a n d P e t c h ' s 

c o n d i t i o n o f e q u a l i t y o f t h e y i e l d p o i n t R E a n d f r a c t u r e 

s t r e s s RFR f o r d e t e r m i n a t i o n o f t h e t r a n s i t i o n t e m p e r a t u r e 

o f b r i t t l e n e s s T K . C o n t r a r y t o P e t c h ' s f o r m u l a t i o n , w e 

h a v e a s s u m e d a g e n e r a l i n t e r a c t i o n b e t v v e e n i n d i v i d u a l 

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

a n d t h e f r i e t i o n s t r e s s ROFR, a p p e a r i n g i n t h e r e l a t i o n f o r 

f r a c t u r e s t r e s s 

Rpk = R 0 F R + k f • d" 1 ' 2 ( 4 ) 

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

m o d e l a n d a n a l y t i c a l f o r m u l a t i o n . T h e kf p a r a m e t e r r e p -

r e s e n t s a b a r r i e r e f f e c t o f g r a i n b o u n d a r i e s d i r e e t e d 

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

g r a i n s . 

T h e p e r f o r m e d a n a l y s e s p r o v i d e d t h e f o l l o v v i n g r e l a -

t i o n f o r t h e t r a n s i t i o n t e m p e r a t u r e 

T K 0 5 ) = A - B - l n ( d - U 2 ) + 5 ; A T 1 ( 5 ) 

(i) 

v v h e r e A i s t h e s o - c a l l e d t h r e s h o l d v a l u e o f b r i t t l e n e s s , 

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

2.3 Complex relations 

I n o u r p r e v i o u s v v o r k s 1 , 2 , 3 vve p r e s e n t e d s i m p l i f i e d r e -

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

t u r e o n y i e l d s t r e n g t h R e , t r a n s i t i o n t e m p e r a t u r e T35 a n d 

v v o r k s t r e n g t h e n i n g e x p o n e n t n . F o r a p o l y g o n a l m i c r o -

s t r u c t u r e i t i s e x p r e s s e d a s : 

R e = R 0 + R m „ + A R ( 8 ) 

T 3 5 = A - B • l n ( d - " 2 ) + C • A R ( 9 ) 

n = a + — ( 1 0 ) 
A R 

v v h e r e R g = 15 • d ~ 1 / 2 i s t h e s t r e n g t h e n i n g b y f e r r i t e 

g r a i n s i z e d ( m m ) ; RMn = 5 0 • XMn i s t h e s t r e n g t h e n i n g 

s h a r e o f m a n g a n e s e XMn ( % ) ; A R i s t h e p a r t o f e m b r i t t l e -

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

c l u d i n g m a i n l y p r e c i p i t a t i o n s t r e n g t h e n i n g R p , a n d a l s o 

t h e i n f l u e n c e o f s t r e n g t h e n i n g b y s i l i c o n c o n t e n t R s i , 

p e a r l i t e c o n t e n t RPR, P e i e r l s - N a b a r r o s t r e s s R P N , a n d b y 

i n t e r s t i t i a l s t r e n g t h e n i n g RIN ( A R = R p + R s i + RPR + 

RPN + R I N ) ; A = 1 4 7 ° C , B = 1 1 0 ° C , C = 0 . 4 ° C / M P a i s 

a n e m b r i t t l e m e n t c o n s t a n t , a , b a r e r e g r e s s i o n c o e f f i -

c i e n t s . F o r n o n p o l y g o n a l m i c r o s t r u c t u r e s i m i l a r r e l a -

t i o n vve re d e r i v e d : 



R e = R 0 + R S G + R M n + A R ( 1 1 ) 

T 3 5 = A - B • l n ( d - " 2 ) + C • A R ( 1 2 ) 

w h e r e RG = 19 • d" 1 / 2 ; A = 1 4 3 ° C ; B = 1 0 0 ° C , C = 0 . 4 
° C / M P a w h i l e RSG = 0 . 1 • d sc" 1 i s t h e s t r e n g t h e n i n g 
c o n t r i b u t i o n o f t h e s u b g r a i n s i z e dsG ( m m ) . 

T h e g r a p h i c i n t e r p r e t a t i o n o f t he r e l a t i o n s is s h o w n in 
F i g . l f o r t h e p o l y g o n a l m i c r o s t r u c t u r e ( e q . 8 - 1 0 ) a n d in 
Fig.2 f o r t h e n o n - p o l y g o n a l o n e ( e q . 1 1 - 1 2 ) . 

It is i m p o r t a n t to n o t e t ha t t he y i e l d s t r e n g t h is c o n -
t ro l l ed b y a s e t o f s t r e n g t h e n i n g c o n t r i b u t i o n s w i t h d i f -
f e r e n t i n f l u e n c e s on t h e b r i t t l e f r a c t u r e r e s i s t a n c e . T h e 
e m b r i t t l e m e n t f r o m s t r e n g t h e n i n g A R is r e s u l t i n g f o r 
e v e r y 1 0 0 M P a of s t r e n g t h e n i n g a 4 0 ° C s h i f t o f t h e t r a n -
s i t ion t e m p e r a t u r e i n t o t h e w r o n g d i r e c t i o n , c a u s i n g t he 
w o r s e n i n g o f p l a s t i c p r o p e r t i e s , t o o , a s s h o w n b y t h e 
w o r k s t r e n g t h e n i n g e x p o n e n t . T h e r e is a n i n f l u e n c e o f 
m a n g a n e s e c o n t e n t a n d s u b g r a i n s i z e o n s t r e n g t h e n i n g 
too , t h o u g h t h e i r i n f l u e n c e o n t h e t r a n s i t i o n t e m p e r a t u r e 
is n o t s i g n i f i c a n t . P r a c t i c a l l y o n l y o n e m i c r o s t r u c t u r a l 
p a r a m e t e r is k n o w n , t h e i n c r e a s i n g o f t h e y i e l d p o i n t to -

g e t h e r vvith t he i n c r e a s e o f b r i t t l e f r a c t u r e r e s i s t a n c e . I t is 
t h e f e r r i t e g r a i n s i z e d , o r d e s c r i b e d m o r e g e n e r a l l y t h e 
s i z e o f the m i c r o s t r u c t u r a l o b j e c t l i m i t e d b y l a r g e a n g l e d 
b o r d e r s . It is o f p r i m e i m p o r t a n c e t o c o n s t i t u t e t h e 
c h e m i c a l c o m p o s i t i o n a n d m i c r o s t r u c t u r e in t h e w a y to 
o b t a i n f i rs t t h i s m i c r o s t r u c t u r a l p a r a m e t e r in t h e q u a l i t y 
r e f l e c t i n g t h e d e s i r e d c o m p l e x o f p r o p e r t i e s . T h e r e l a -
t i ons g i v e n in t h e w o r k a r e s i m p l i f t e d t h e o r e t i c a l d e s c r i p -
t i ons w i t h c o e f f i c i e n t s c a l c u l a t e d by r e g r e s s i o n a n a l y s i s 
m a d e o n m o r e t h a n 3 0 0 m i c r o s t r u c t u r e t y p e s o f s t e e l 
p r o d u c e d in i ronvvorks V S Ž , a . s . K o š i c e , S l o v a k i a . 

3 Limits of polygonal micros tructures 

W e d e c i d e d to d e f i n e t he l i m i t s o f t h e c o m p l e x o f m e -
c h a n i c a l p r o p e r t i e s f o r a s t e e l vvith p o l y g o n a l m i c r o s t r u c -
tu re . W i t h t h i s a i m t h e H S L A s tee l , vvith y i e l d s t r e n g t h 
f r o m 4 2 0 to 7 0 0 M P a vvere e v a l u a t e d . T h e b a s i c f e a t u r e s 
of t h e e v a l u a t i o n a r e shovvn in t h e g r a p h i c c h a r t in F i g . 3 , 
vvhich w a s c a l c u l a t e d f o r a 1 % M n c o n t e n t . T h e s t r a i g h t 
l i n e s a r e r e p r e s e n t i n g t h e y i e l d s t r e n g t h R E . T h e n o m o -

Re (MPa 1 

Figure 1: A eomplex nomogram for relation betvveen microstructural 
parameters and mechanical properties of HSLA steels vvith polygonal 
microstructure 

Figure 2: A complex nomogram for relation betvveen microstructural 
parameters and mechanical properties of HSLA steels vvith 
non-polygonal microstructure 



Figure 3: Microstructural considerations limiting mechanical 
properties of HSLA steels with polygonal microstructure 

g r a m shovvs t h e p o s s i b l e c o m b i n a t i o n o f e m b r i t t l e m e n t 

A R a n d f e r r i t e g r a i n s i z e d , n e c e s s a r y t o o b t a i n t h e s e -

l e c t e d y i e l d p o i n t . T h e t r a n s i t i o n t e m p e r a t u r e T35 a n d t h e 

w o r k s t r e n g t h e n i n g e x p o n e n t n a r e s h o w n a l s o . 

In T a b . 1 t h e c o m b i n a t i o n s o f e m b r i t t l e m e n t A R a n d 
f e r r i t e g r a i n s i z e d in g r a d e s a c c o r d i n g t o A S T M a r e 
s h o w n , vvhich a r e n e c e s s a r y f o r a s t e e l vvith t h e d e s i r e d 
c o m b i n a t i o n o f y i e l d s t r e n g t h R e a n d t r a n s i t i o n t e m p e r a -
t u r e T35. 

Table 1: Required ferrite grain size d and embrittlement by 
strengthening AR necessary for the combination of properties Rc and 
T35 

T 3 5 ( °C) 0 -20 -40 -60 

Re d AR d AR d AR d AR 
(MPa) (MPa) (MPa) (MPa) (MPa) 

420 10 230 11-10 220 11 190 11-12 170 
4 9 0 11-10 275 11 260 12-11 230 12-13 210 
560 11-12 320 12 290 12-13 270 13 250 
630 12-13 370 13 340 13-14 320 14 290 
700 13-14 420 14 4 0 0 14 350 ? ? 

In al i c a s e s a f i n e f e r r i t e g r a i n is r e q u i r e d . K n o v v i n g 
the m a n u f a c t u r i n g t e c h n o l o g y a n d t h e l i m i t s of t h e vvide 
s t r ips h o t r o l l i n g m i l i t h e p r o d u c t i o n o f s t e e l vvith f e r r i t e 

g r a i n s i z e u n d e r g r a d e 14 c a n n o t b e e x p e r t e d . T o o b t a i n 
t h e g r a d e 13 is v e r y d i f f i c u l t , g r a d e 12 is d e m a n d i n g , 
vvhi le t h e m o r e c o a r s e g r a i n s a r e c u r r e n t l y o b t a i n e d . 
C o n s e q u e n t l y , T a b . 1 vvas s i m p l i f i e d to T a b . 2 vvh ich 
shovv t h a t t h e e l a b o r a t i o n o f p o l y g o n a l s t e e l vvith t h e 
y i e l d s t r e n g t h R e = 7 0 0 M P a a n d t h e t r a n s i t i o n t e m p e r a -
t u r e T35 u n d e r - 4 0 ° C , is n o t b e r e l i a b l e . I t is a l s o n o t r e -
a l i s t i c to d e s i r e e x p e r t a l i m i t o f e l a s t i c i t y R e = 6 3 0 M P a 
vvith t h e t r a n s i t i o n t e m p e r a t u r e T35 b e t t e r t h a n - 6 0 ° C . 

Table 2: Limits of the polygonal microstructure for different 
combinations of Re and T35 

Rc T 3 5 (°C) 
(MPa) 0 -20 ; 40 -60 

420 1 1 1 1 
490 1 1 2 2 
560 1 2 2 3 
630 2 3 3 4 
700 3 3 4 4 

The possibili t ies are denoted: 1 - realistic, 2 - demand ig , 
3 - very difficult , 4 - fiction. 

In F i g . 3 it c a n b e a l s o s e e n , t h a t f o r t h e m e n t i o n e d 

R e a n d T35 v a l u e s t h e d u c t i l i t y is v e r y lovv, t h e vvork 

s t r e n g t h e n i n g e x p o n e n t in t h e r a n g e 0 . 1 0 t o 0 . 1 6 ( f o r t h e 

lovver s t r e n g t h ) b e c a u s e f o r h i g h R e v a l u e s t h e e m b r i t t l e -

m e n t b y A R is n e c e s s a r i l y h i g h , d e g r a d i n g t h e d u c t i l i t y 

a n d b r i t t l e f r a c t u r e r e s i s t a n c e . 

4 Conclusion 

S t a r t i n g f r o m t h e o r e t i c a l r e l a t i o n s t h e i n f l u e n c e o f 
c h e m i c a l c o m p o s i t i o n a n d p a r a m e t e r s o f t h e m i c r o s t r u c -
t u r e o n s t r e n g t h , t r a n s i t i o n t e m p e r a t u r e a n d vvork 
s t r e n g t h e n i n g e x p o n e n t vvere i n v e s t i g a t e d . T h e r e s u l t s a r e 
c o m p i l e d a n d t he l i m i t c o m b i n a t i o n s o f s t r e n g t h , p l a s t i c 
p r o p e r t i e s a n d r e s i s t a n c e t o b r i t t l e f r a c t u r e f o r H S L A 
s t ee l vvith p o l y g o n a l m i c r o s t r u c t u r e a r e c a l c u l a t 

5 Acknovvledgment 

T h e vvork is s u p p o r t e d b y P r o j e c t N o . 2 / 1 1 0 6 / 9 6 o f 
t he S l o v a k S c i e n t i f i c G r a n t A g e n c y - V E G A . e d . 
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Predicting of Reactions During Carburization and 
Decarburization of Steels in Controlled Atmospheres 

Napovedovanje reakcij, ki potekajo med naogljičenjem in 
razogljičenjem jekla v kontroliranih atmosferah 

B. Koroušič1, IMT Ljubljana, Slovenija 
M. Stupnišek, Faculty of Mechanical Engineering and Naval Architecture, Zagreb Uni-
versity, Croatia 
Prejem r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

The knovvledge of the thermodynamics of complexe systems consisting of gases and metal should be valuable for the control of 
industrlal processes. The Gibbs energy minimization model has been implemented in the softvvare program GPftO® and associated 
with a powerfull and reliable database. The computer package can perform computation of the equilibrium composition in very 
complex chemical and metallurgical systems. Some examples in this paper illustrate the simplicity of the computation and the use 
of the program m the field of some typical metallurgical applications. 

Key words: equilibrium reactions, NOx modelling, combustion of fossil fuels, active gas-atmospheres, decarburizing of non-oriented 
electrical steels, carburizing of alloyed steels with in situ produced atmospheres 

Poznavanje termodinamičnih odnosov v kompleksnih sistemih plin - kovina ima lahko izreden oomen za kontrolo industrijskih 
procesov. Gibbsov model o minimizaciji energije je implementiran v programsko opremo GPRCP, ki mu služi kot osnova močna 
baza verificiranih termodinamičnih podatkov. Programska oprema omogoča izračunavanja ravnotežnih sestav v zelo kompleksnih 
kemijskih in metalurških sistemih. Navedeni primeri v tem članku ilustrirajo enostavnost izračunavanj in način uporabe programa na 
področju metalurških reakcij, ki jih večinoma izvajajo strokovnjaki na tem področju. 

Ključne besede: ravnotežne reakcije, tvorba NOx, zgorevanje fosilnih goriv, aktivne plinske atmosfere, razogljičenje neorientirane 
elektropločevine, naogljičenje legiranih jekel 

1 Introduction 

T h e a p p l i c a t i o n o f t h e r m o d y n a m i c s t o a s y s t e m 
g a s / s o l i d e n a b l e s t o c a l c u l a t e t h e c o m p o s i t i o n at e q u i l i b -
r i u m , d i r e c t i o n a n d e x t e n t o f c h a n g e vvhich c a n t a k e 
p l a č e u n d e r s p e c i f i e d c o n d i t i o n s . 

R a p i d d e v e l o p m e n t s h a v e t a k e n p l a č e in r e c e n t y e a r s 
in e f f i c i e n c y o f t h e r m o d y n a m i c s in t h e e n g i n e e r i n g as 
t h e r m o d y n a m i c c a n b e d e f i n e d a s b e i n g t h e m e e t i n g 
p o i n t b e t w e e n p h y s i c a l - c h e m i c a l p r i n c i p l e s a n d p r a c t i -
cal a p p l i c a t i o n s 1 . In t h i s p a p e r an a t t e m p t h a s b e e n m a d e 
to d e m o n s t r a t e u s e o f a p e r s o n a l c o m p u t e r so f tvva re p r o -
g r a m as a n e l l e g a n t a n d s e n s i t i v e m e t h o d f o r n u m e r o u s 
m e t a l l u r g i c a l a p p l i c a t i o n s e s p e c i a l l y f o r t h e a n a l y s i s of 
g a s e o u s s y s t e m s . It is h o p e d , t ha t u s e r s o f th i s m e t h o d 
wi l l b e in a g o o d p o s i t i o n t o g o m o r e d e e p l y i n t o l e a r n -
i ng t h e r m o d y n a m i c l a w s . 

2 P r i n c i p l e s o f t h e G i b b s m e t h o d 

In t h e f i e l d s o f h e a t t r e a t m e n t o f m e t a l s l i ke anneall-
ing, carburizing, decarburizing, nitrocarburizing and 
many other operations, t h e m e t a l l u r g i s t is c o n c e r n e d n o t 
w i th t h e p u r e g a s e s b u t w i t h t h e m i x t u r e o f v a r i o u s s p e -
c i e s ( g a s e o u s a n d s o l i d s ) vvhich f o r m the a t m o s p h e r e in 
t he f u r n a c e . 

Prof. Dr. Blaženko KOROUŠIČ 
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T h e t h e r m o d y n a m i c s o f s u e h c o m p l e x s y s t e m s c a n 
b e t r e a t e d b y t w o m e t h o d s : 

- T h e c l a s s i c a l m e t h o d o f n u m e r i c a l s o l u t i o n o f a n 
e q u i l i b r i u m p r o b l e m w h e n t h e e q u i l i b r i u m c o n s t a n t 
( K r ) o r f r e e e n e r g y c h a n g e A G ° of t h e i n v o l v e d r e a c -
t i o n s a r e k n o w n . 

- T h e g e n e r a l G i b b s m e t h o d f o r t h e n u m e r i c a l s o l u -
t i on o f an e q u i l i b r i u m . T h e p r o b l e m is t o d e t e r m i n e 
t h e v a l u e s o f t h e s p e c i e s vvhich m i n i m i z e t h e s t a t e o f 
t o t a l f r e e e n e r g y a t t h e g i v e n t e m p e r a t u r e a n d p r e s -
s u r e . 
B o t h t r e a t m e n t s a r e t h e r m o d y n a m i c a l l y e q u i v a l e n t , 

hovvever , it s e e m s t ha t t h e l a t e r m e t h o d h a s s i g n i f i c a n t 
a d v a n t a g e s f o r c a l c u l a t i n g t h e e q u i l i b r i u m c o n d i t i o n s in 
c o m p l e x s y s t e m s , in m i x t u r e s c o n t a i n i n g b o t h g a s e o u s 
a n d c o n d e n s e d s p e c i e s . 

D u r i n g t h e l a s t 2 0 y e a r s , S O L G A S M I X c o m p u t e r 
p r o g r a m , as t h e m e t h o d o f a t t a c k i n g c h e m i c a l a n d m e t a l -
l u r g i c a l p r o b l e m s , h a s i n f l u e n c e d o u r a p p r o a c h t o t h e 
s t u d y o f a b r a n e h o f s c i e n t i f i c k n o v v l e d g e in p h y s i c a l 
c h e m i s t r y . 

T h e r e c a n b e n o d o u b t t ha t to a t t a c k s u e h a c o m p l e x 
a p p l i c a t i o n o f t h e r m o d y n a m i c s is o n l y p o s s i b l e vvith t h e 
u s e o f c o m p u t e r t e c h n o l o g y . 



3 Descr ipt ion of the m e t h o d used for the calcula-
tion of c o m p l e x equ i l ibr ium condi t ions 

S e v e r a l e x c e l l e n t s o f t v v a r e p r o g r a m s f o r c a l c u l a t i n g 

e q u i l i b r i a r e a c t i o n s a t h i g h t e m p e r a t u r e s , h a v e b e e n d e -

v e l o p e d i n t h e l a s t t w o d e c a d e s ( S O L G A S M I X , T H E R -

M O C A L C , F A C T , C H E M S A G E . . . ) 2 3 . H o w e v e r , m o s t o f 

t h e m a r e d e s i g n e d a n d vvr i t t en in a c o m p l e x f o r m u s i n g 

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

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

p r a c t i c a l p r o b l e m s . T h e r e f o r e , i t s e e m e d w o r t h w i l e t o 

d e v e l o p a p r o g r a m w h i c h w o u l d c o m b i n e t h e s e t w o c o m -

p u t e r p r o g r a m d e s i g n s . T h e n e w s o f t w a r e p r o g r a m , 

c a l l e d G P R O is b a s e d o n t h e m e t h o d o f f r e e e n e r g y m i n i -

m i z a t i o n a n d e x t e n d e d t o s y s t e m s c o n t a i n i n g n u m e r o u s 

g a s e o u s a n d c o n d e n s e d p h a s e s in a c c o r d a n c e w i t h S O L -

G A S M I X - p r i n c i p l e s . G P R O - p r o g r a m i s d i m e n s i o n e d f o r 

16 e l e m e n t s a n d 1 0 0 s p e c i e s . I f n e c e s s a r y , t h i s f i g u r e c a n 

b e i n c r e a s e d o r n e w i n c l u d e d d a t a s e t s , vvhich if n e c e s -

s a r y a r e vv r i t t en b y t h e u s e r ( p r i v a t e d a t a b a s e s a r e o p e n 

a n d c a n b e e a s i l y i n c l u d e d a l s o ) . 

3.1 Thermodynamical approaches to the Gibbs-method 

T h e p o v v e r o f G i b b s m e t h o d e n e r g y m i n i m i z a t i o n l i e s 

in i t s s i m p l i c i t y f o r t h e d e s c r i p t i o n o f c h e m i c a l r e a c t i o n s 

in c o m p l e x s y s t e m s , a n d i t s a b i l i t y t o f a c i l i t a t e t h e d e t e r -

m i n a t i o n o f t h e e f f e c t , o n e q u i l i b r i u m s t a t e , o f c h a n g e s 

in t h e e x t e r n a l i n f l u e n c e s vvh ich c a n b e b r o u g h t t o b e a r 

o n t h e s y s t e m . I n o u r s o f t v v a r e p r o g r a m , t h e u s e r n e e d s 

o n l y t o s p e c i f y t h e t y p e , t h e s p e c i e s p r e s e n t a n d t h e c o n -

d i t i o n s ( f o r e x a m p l e : temperature of the system) f o r t h e 

c a l c u l a t i o n . T h e p r o g r a m vvill a u t o m a t i c a l l y p e r f o r m 

e q u i l i b r i u m t h e r m o d y n a m i c c o m p u t i o n s t y p i c a l l y a s s o c i -

a t e d vvi th c o m p l e x c h e m i c a l e q u i l i b r i a f r o m a d e f i n e d 

d a t a b a s e . W i t h t h e a i d o f t h e G P R O - p r o g r a m , a u s e r is 

a b l e t o p e r f o r m m o s t o f t h e f o l l o v v i n g o p e r a t i o n s : 

1. T h e e n e r g y f o r p r e - h e a t i n g t h e i n i t i a l m i x t u r e f r o m 

t h e i n i t i a l t e m p e r a t u r e T 0 t o t h e r e a c t i o n t e m p e r a t u r e T, 

2 . T h e r e a c t i o n h e a t , 

3 . T h e c o m p u t a t i o n o f t h e c o m p l e x c h e m i c a l e q u i l i -

b r i a in g a s e o u s m i x t u r e s a n d a c t i v i t y o f s o l i d c o m -

p o u n d s , 

4 . D i s p l a y i n g a n d p r i n t i n g d a t a f o r c o m p o u n d s a n d 

s o l u t i o n s a t s e l e c t e d t e m p e r a t u r e a n d c o m p o s i t i o n . 

A n a d d i t i o n a l s c i e n t i f i c a n d e n g i n e e r i n g b e n e f i t o f 

t h i s p r o g r a m i s t h e s o f t v v a r e a b l e t o d e v e l o p a m o r e b a s i c 

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

t u r e s a n d i t s a p p l i c a t i o n s . A l t h o u g h t h e povve r s o f t v v a r e 

p r o g r a m vvill a u t o m a t i c a l l y p e r f o r m t h e t h e r m o d y n a m i -

c a l c o m p u t a t i o n ( n o d a n g e r o f p l u g i n g v v r o n g n u m b e r s in 

v v r o n g e q u a t i o n s ) , h o v v e v e r , t h e u s e r m u s t h a v e s o m e 

k n o v v l e d g e o f t h e c h e m i c a l n a t u r e o f t h e c o n s i d e r e d s y s -

t e m . I n t h i s p a p e r t h e a t t e m p t i s m a d e t o d e m o n s t r a t e t h e 

b r e a d t h a n d d i v e r s i t y o f t h e m o d e r n s o f t v v a r e p r o g r a m in 

s i m p l e w a y s o t h a t a u s e r m a y b e a b l e t o u n d e r s t a n d t h e 

t h e r m o d y n a m i c a l m e t h o d a n d a p p l y it t o m e t a l l u r g i c a l 

p r o b l e m s . M o s t o f t h e e x a m p l e s a r e c h o s e n vvith t h e a i m 

t o shovv s u p e r i o r i t y o f t h e c o m p u t e r p r o g r a m , o v e r t r a d i -

t i o n a l l y m a n u a l m e t h o d s , v v h i c h a r e p a r t i c u l a r l y s t r e s s e d 

f o r t h e e n g i n e e r s a n d s t u d e n t s . 

3.2 Databases associated for the equilibrium thermody-
namic comptutations 

F r o m m a n y e x c e l l e n t s t a n d a r d t r e a t i s e s o n t h e r m o d y -

n a m i c s it is k n o v v n , t h a t v v i t h o u t r e l i a b l e t h e r m o d y n a m i c 

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

svvers vvill b e t h e r e f o r e v v r o n g . G P R O s o f t v v a r e p r o g r a m 

is b a s e d o n t h e u s e o f b o t h t h e e x p r e s s i o n s f o r c a l c u l a -

t i o n s o f t h e s t a n d a r d G i b b s e n e r g i e s o f t h e f o r m a t i o n o f 

a s e l e c t e d p h a s e : 

in t h e f o r m : 

A G ° t = Y + B + C T + D j 2 + E j 3 + + F T l n T 

o r u s i n g t h e r m o d y n a m i c a l d a t a o n e n t h a l p y A H ° T , e n -

t r o p y A S ° T a n d h e a t c a p a c i t y C P ( T ) : 

r T r T C ( T ) 
A G ° T = AH°298 + J C p ( T ) d t - T A S ° 2 9 8 - T j - ^ D T 

T T 'o o 

B o t h m e t h o d s u s e d f r o m t h e d a t a b a s e i n v o l v e t h e 

s e a r c h f o r a m i n i m u m v a l u e o f f r e e e n e r g y A G o f a s y s -

t e m a n d g i v e a n e q u i v a l e n t r e s u l t . H o v v e v e r , t h e l a s t 

m e t h o d u s i n g e n t h a l p y A H ° T , e n t r o p y A S ° T a n d h e a t c a -

p a c i t y C P ( T ) h a s m o r e a d v a n t a g e s b e c a u s e it c o m b i n e s 

h e a t a n d e q u i l i b r i u m c a l c u l a t i o n s . A t y p i c a l e x a m p l e is 

t h e d e t e r m i n a t i o n o f t h e a d i a b a t i c f l a m e t e m p e r a t u r e , 

vvhe re e n t h a l p y o f r e a c t i o n s e r v e s a s t h e c r i t e r i o n o f t h e 

h e a t b a l a n c e . 

4 Explo i t ing the G P R O - p r o g r a m for c o m p l e x equil i -
bria calculat ions 

Modelling Mechanism of Formation Nitrogenous Oxides 
by the Combustion of Fossil Fuels 

M o d e r n c o m b u s t i o n p r o c e s s e s o f f o s s i l f u e l s m e e t t h e 

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

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

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

N O X in h i g h t e m p e r a t u r e c o m b u s t i o n p r o c e s s e s a r e p r e -

s e n t e d . T h e o b t a i n e d r e s u l t s d e m o n s t r a t e t h e u s e o f t h e 

s o p h i s t i c a t e d m e t h o d s o f t h e r m o d y n a m i c s a s o n e o f t h e 

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

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

f o r m a t i o n o f n i t r o g e n o x i d e s , o n e o f t h e m o s t i m p o r t a n t 

p o l l u t a n t s in c o m b u s t i o n o f f o s s i l f u e l s 8 " 1 6 . 

E x a m p l e 1: 

I n t h i s e x a m p l e is a d e m o n s t r a t i o n o f t h e u s e o f t h e 

G P R O - s o f t v v a r e p r o g r a m a s m e t h o d f o r p r e d i e t i o n o f 

c o m p l e x c o m b u s t i o n r e a c t i o n s a n d e q u i l i b r i u m g a s c o m -

p o s i t i o n i n c l u d i n g N O - o x y d e s f o r m a t i o n . 

T h e h i g h t e m p e r a t u r e f u r n a c e is f i r e d vvith n a t u r a l g a s 

a n d a i r ( n o a i r p r e h e a t i n g ) . T h e q u e s t i o n vvas: c a l c u l a t e 



Table 1: Results of GPRO-analysis of the natural gas combustion by different air - index and without air preheating 

Equi l ibr ium data for methane combust ion (A,=0,74...2,2)' 

C H 4 + 2^ .0 2 + 7,52XN 2 

Air index 0.74 0 .84 0 ,94 1,00 1,10 1,30 1,60 1.80 2,00 2 .20 
C O (%) 6,90 4 ,44 1.95 0 ,95 0 ,30 0,04 0 .002 0,0 0 ,0 0,0 
CO2 (%) 4.77 6,29 7.69 8,49 8,40 7,44 6,16 5,51 4 ,99 4,71 
N O (%) 0,0021 0 ,017 0 ,112 0,23 0 ,345 0 ,334 0 ,200 0 ,130 0 ,087 0 ,066 
H 2 0 (%) 18,09 18,99 19,01 18,52 17,28 14,94 12,32 11,03 9 ,98 9 ,42 
O (ppm) 1,04 14,20 133 258 282 111 15 5 1 0 
0 2 m 0,00 0 ,00 0 ,127 0,53 1,75 4,32 7 ,28 8,75 9 ,93 10,56 
N2 (%) 64,97 67,79 70,02 70,89 71,78 72,90 74,03 74 ,58 75 ,02 75 ,25 
H, (%) 5.27 2,47 0.81 0 .37 0,11 0,02 0 ,00 0 ,00 0 ,00 0 ,00 
SfinpuD (mole) 8.04 9 ,00 9 ,25 10,52 11,47 13,37 16,23 18,14 20 ,04 21 ,24 

I f « . » i i (mole) 8,56 9 ,32 10,10 10,59 11,49 13,37 16,23 18,14 20 ,04 21 ,24 
TadbiK) 2023 2143 2233 2231 2151 1955 1712 1584 1482 1421 
1 air index 

t he e q u i l i b r i u m g a s c o m p o s i t i o n a n d t he a d i a b a t i c f l a m e 
t e m p e r a t u r e f o r t h e a i r - i n d e x in r a n g e 0 , 7 4 < X < 2 , 2 a n d 
c o m p a r e t h e o b t a i n e d r e s u l t s o f t h e f l a m e t e m p e r a t u r e 
vvith s i m i l a r r e f e r e n c e d a t a knovvn in t h e l i t e r a t u r e ( n o r -
m a l l y p r e s e n t e d in g r a p h i c a l l y f o r m ) . 

In t a b l e 1 a n d f i g u r e 1 t h e c o m p u t e d v a l u e s f o r t he 
g a s e q u i l i b r i u m a r e g i v e n . T h e a d i a b a t i c f l a m e t e m p e r a -
t u r e c a l c u l a t i o n shovv v a l u e s s l i g h t l y a b o v e t he c o m p a r e d 
da t a . 

Thermodynamic evaluation of carburizing atmospheres 

T h e a c c u r a c y o f t h e g a s e o u s a t m o s p h e r e c o n t r o l in 
t he s tee l c a r b u r i z i n g f u r n a c e s h a s b e e n r e m a r k a b l y i m -
p r o v e d ovving to t he a p p l i c a t i o n o f the c o m p u t e r c o n t r o l 
s y s t e m a n d t h e d e v e l o p m e n t o f nevv m e a s u r i n g t e c h -

n i q u e s , f o r e x a m p l e : o x y g e n a n d / o r c a r b o n s e n s o r s . T h e 
a t m o s p h e r e in c a r b u r i z i n g f u r n a c e s a r e c o n s i s t s o f : a i r + 
m e t h a n e or o t h e r h y d r o c a r b o n s a n d i n v o l v e s t h e g a s e s 
C O , C O 2 , H2, H 2 O , N 2 . T h e f o u r first g a s e s a r e i n t e r d e -
p e n d e n t in a r e v e r s i b l e r e a c t i o n , c o m m o n l y c a l l e d t h e 
vvater -gas r e a c t i o n : 

C O + H 2 0 = C 0 2 + H 2 

T h e r a t i o : 

K,„ — 
Pco ; • PH, 

Pco ' PH,O 
(D 

is a c o n s t a n t , t h e v a l u e o f vvhich d e p e n d o n t h e t e m p e r a -
t u r e . 

T h e c a r b u r i z i n g o f s t ee l , i .e . c a r b o n c o n t e n t i n c r e a s -
i n g o n t h e s t ee l s u r f a c e , o c c u r s t h r o u g h t h e r e a c t i o n : 

CH4+2n02+7.52nN2 
TTiermal NOx 

. dNO/di (t-o) (»l %/•) 
air inde* • 

. 

i 

105 

CH4+2n02*7.62nN2 
Th*rm«l HCM 

IdNO/dtKt-O) IvdVil 
air hxtax • 105, 

i. / 

f 
T . . . . i 

Q»yo«nWi + (volH) 

CH4*2n02«7.52nN2 
Thflrm«! NOx 

CH4*2n02*7.62nN2 
Thtrmal NO* 

IdNO/dlKl-O) (votV«) 

Figure 1: The formation of the nitro-
genous oxide NO (model simulation) 
Slika 1: Tvorba dušičnega oksida NO 
(modelne simulacije) 

.dNO/dt (t-O).(vcl v « ) 

no aoo 
Alf tompTahira C 

air index • 



2 C O = C + C O , (2) 

F o r a n y g i v e n t e m p e r a t u r e , t h e c o r e s p o n d i n g e q u i l i b -
r i u m c o n s t a n t o f B o u d o u a r d ' s r e a c t i o n wi l l d e t e r m i n e t h e 
c a r b u r i z i n g p o t e n t i a l o f t he a t m o s p h e r e : 

K : 
Pco • (Pcc/Pc 

(3) 

T h e c a r b o n p o t e n t i a l of o n a t m o s p h e r e is s i m p l e t o 

d e t e r m i n e if t h e p a r t i a l p r e s s u r e o f C O a n d r a t i o 

( p c o / p c o : ) is k n o w n . F r o m E M F m e a s u r e m e n t ( e l e c t r o -

m o t i v e f o r c e ) w i t h t h e o x y g e n p r o b e , c o n s i d e r i n g t h e 

f u r n a c e t e m p e r a t u r e ( p c o / p c o 2 ) o r (PH2/PH2O) a n d m e a s u r -

i ng t h e C O - c o n t e n t in t h e a t m o s p h e r e is p o s s i b l e to e n -

s u r e t h e c o n t r o l o f t h e c a r b u r i z i n g p r o c e s s . 

Example 2: 
T h e c a r b o n a c t i v i t y in a s t e e l d e p e n d s o n t h e c o n t e n t 

of a l l o y i n g e l e m e n t s , t h u s e v e r y s t ee l c o m p o s i t i o n wi l l 
h a v e d e t e r m i n e d c a r b o n p o t e n t i a l w h i c h c o r r e s p o n d i n g 
to t h e a t m o s p h e r e c o m p o s i t i o n . 

In n e x t e x a m p l e t h r e e t y p e s t e e l s w e r e t r e a t e d vvith 
a i r + m e t h a n e a t m o s p h e r e vvith t he a i m to o b t a i n a c o n -
s t a n t c a r b o n c o n t e n t n e a r t h e s u r f a c e o f a b o u t 1 w t . % C ) . 

D a t a in t a b l e 2 shovv, t h a t s m a l l d e v i a t i o n s in t he g a s 
a t m o s p h e r e s ( o r t h e c h a n g e o f a i r + m e t h a n e r a t i o ) h a v e 
a r e m a r k a b l e e f f e c t on t he c a r b o n ac t iv i ty . T h i s m o d e l 
s i m u l a t i o n is in g o o d a g r e e m e n t vvith p r a c t i c a l da t a . 

Table 2: Influence of the steel chemistry on the process parameters 
(Simulation made by GPRO programme by T = 1223K) 

Chemis t ry 
(%) 

F e + l % C + 
l % S i 

Fe+ 
1 % C 

F e + l % C + 
l % C r 

C O 19.27 19.25 19.24 

co2 0 .0629 0 .0717 0.078 
H 2 O 0.199 0 .227 0.248 
C H 4 5.17 5 .15 5.13 
N2 36.83 36 .88 36.92 
H 2 38.46 38 .42 38.38 
0 2 (bar) 9.4 10"21 1.16 lO'20 1.46 lO"2« 
E M F ( m V ) 1173 1167 1162 
Tdp*'(°C) -13 -11 -10 

ac 0 .818 0 .715 0 .654 
% C 1.03 1.06 1.08 
Qgas(m3/h) 1.1 1.1 1.1 
Oair(m3/h) 2 .094 2 .100 2 .1045 
> Tdp = Dew point tempera ture 

Example 3: 

T h e c a r b u r i z i n g o f s t e e l is a c o n t i n u o u s l y p r o c e s s 
vvithin vvhich - d u e t o t he k i n e t i c s o f v a r i o u s r e a c t i o n s -
d a m m i n g u p e f f e c t s m a y o c c u r l e a d i n g t o n o n e q u i l i b -
r i u m C H 4 - c o n t e n t s in t h e f u r n a c e a t m o s p h e r e . 

In t h i s č a s e t h e c a r b u r i z i n g r e a c t i o n s u n d e r n o n - e q u i -
l i b r i u m c o n d i t i o n s a r e m o d e l l e d . 

A m i x t u r e o f n a t u r a l g a s a n d a i r at 1 b a r to ta l p r e s -
s u r e is i n t r o d u c e d i n t o t h e c a r b u r i z i n g f u r n a c e h e a t e d t o 
1 2 2 3 K 5 . T h e q u a n t i t y o f n a t u r a l g a s a n d a i r a r e 3 ,1 .10" 4 

m 3 / s a n d 4 , 2 . 1 0 " 4 m 3 / s . C a l c u l a t e t h e g a s e o u s e q u i l i b -
r i u m c o m p o s i t i o n in t h e f u r n a c e a t m o s p h e r e a n d t h e 
c a r b o n a c t i v i t y a s s u m i n g g r a p h i t e as s t a n d a r d s t a t e . I f t h e 
a i r flovv s u d d e n l y i n c r e a s e d f r o m 4 ,2 .10~ 4 m 3 / s t o 5 , 8 . 1 0 " 4 

m 3 / s b y c o n s t a n t n a t u r a l g a s flovv 3 , 1 . 1 0 " 4 m 3 / s in t h e in-
le t m i x t u r e , d e t e r m i n e t he n e w g a s e q u i l i b r i u m c o m p o s i -
t i o n a n d c a r b o n a c t i v i t y ! 

Table 3 shovvs t h e c o m p u t e d r e s u l t s f o r g a s n o n - e q u i -
l i b r i u m c o m p o s i t i o n a n d o b t a i n e d e n e r g y c h a n g e s , t h e 
p r e h e a t i n g e n e r g y H ° T - H°289, t h e h e a t o f r e a c t i o n H°R 
a n d H°totai t h e to ta l h e a t o f t h e s y s t e m . 

Table 3: Example of input and output of a non-equilibrium 
composition by the production of endothermic gas from methane and 
air by T = 1223 K 

1,1CH 4 + 2A.02 + 7,52XN2 

X = 0 ,157 X = 0,221 
Air/ 4,2.10 (-4 )/3,1.10 (-4 ' 5,8.10 ( '4V3,1.10 ("4) 

methane 
(m3 /s) 

ot1 'melhane = 0 ,575 a V t h a n e = 0 ,795 methane 
(m3 /s) X i nn (mole) X o u l voI . (%) X i n p (mole) X0Ui vol . (%) 
C O 0,0000 17,58 0 ,0000 19,25 
C 0 2 0.0000 4,28.10"2 0 ,0000 7,19.10"2 

C H 4 1,1000 13,40 1,1000 5 ,80 
H 2 O 0,0000 0 ,135 0 ,0000 0 ,227 
H C N 0,0000 3,76. lO"3 0,0000 2 ,65 .10 ' 3 

H 2 0,0000 35,29 0 ,0000 38,41 
N 2 1,1890 33,33 1,6590 36 ,22 
O 2 0.3150 (5,45.10"2 1)2 ' 0 ,4410 (1.28.10"2 0)2 ' 
a.-3' 1 ,0000 0 ,714 

X(mole) 2,604 3 ,5397 3 ,200 4 ,4962 

(H2 /C)4 ) 2.00 2 ,00 2,00 2 ,00 
H°T-H°298 
(kJ /mol ) 

92,95 116,77 

H°R 
(kJ /mol ) 

- 14,79 - 22 ,24 

H°tolyl 
(kJ /mol ) 

78,15 94 ,53 

C H 4 ( c ) 
" ^methane = C H 4 ( c ) = f u l l y c r a c k e d C H 4 a n d 

C H 4 ( t ) 

C H 4 ( t ) = t o t a l C H 4 

2) p 0 2 in ba r , 

3) a c = c a r b o n a c t i v i t y r e f e r r e d t o g r a p h i t e a s s t a n d a r d 

s t a t e 

4. H 2 H , + H , O + 2 C H 4 
' — = , A. = a i r i n d e x c co + co2 + c h 4 

Calculation of the decarbirization process of silicon al-
loyed steels 

T h e u s e of g a s e o u s a t m o s p h e r e s vvith a v v e l l - d e f i n e d 
o x y g e n p o t e n t i a l f o r t h e d e c a r b u r i z a t i o n o f l o w c a r b o n 
i r o n - s i l i c o n s t ee l s in c o n t i n u o u s f u r n a c e s c a n b e s i m u -
l a t ed u s i n g a t h e r m o d y n a m i c a l m o d e l . E q u i l i b r i u m c a l -
c u l a t i o n s a n d p r a c t i c a l m e a s u r e m e n t s shovv t h a t t h e s o l u -
b i l i t y a n d c a r b o n a c t i v i t y in F e - C - S i s t e e l s d e p e n d o n t h e 
g a s e o u s a t m o s p h e r e , t e m p e r a t u r e a n d s tee l c o m p o s i t i o n . 

S i l i c o n - i r o n a l l o y s c o n t a i n i n g 1 - 3 % Si a n d 0 , 3 - 1 % 
A l a r e t y p i c a l s t e e l s f o r n o n - o r i e n t e d s h e e t s a n d a s t r i c t 



Fe + C + 3 % Si Dynamo steel 
0 . 0 3 % C , 2 .7%Si , T=840 C, 6 t / h 

T d p C C ) E M F ( m V ) 

( H 2 0 / H 2 ) _ e q 

n 9 5 t o r 0 9 

Figure 2: Plot of thermodynamical data for Fe2SiO-i as a function 
temperature calculated with GPRO-program 
Slika 2: Diagram termodinamihnih podatkov Fe2SiC>4 kot funkcija 
temperature izrahunano s GPRO-programom 

c o n t r o l o f t h e d e c a r b u r i z a t i o n a n d s u r f a c e r e a c t i o n s is r e -

q u i r e d . T h e o p t i m u m p r o p e r t i e s f o r a n e l e c t r i c a l s t e e l 

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

a n d m i n i m a l a g i n g e f f e c t s . A n i m p o r t a n t f a c t o r in a p r o c -

ess c o n t r o l is t h e f o r m a t i o n o f a h i g h q u a l i t y g l a s s y f i l m 

w h i c h is d e v e l o p e d t h r o u g h a c o m p l e x s e r i e s o f p r o c e s s -

i n g s t e p s . 

Example 4: 
In o r d e r t o c l a r i f y t h e r e l a t i o n b e t w e e n t h e d e c a r b u r i -

z a t i o n a t m o s p h e r e f o r t h e c a r b o n r e m o v a l d u r i n g t h e a n -

n e a l i n g , t h e t h e r m o d y n a m i c a l r e a c t i o n s a n d f o r m a t i o n o f 

d i f f e r e n t o x i d e p h a s e s i n t h e s c a l e h a v e b e e n s t u d i e d . 

T h e first t a s k w a s t h e d e t e r m i n a t i o n o f t h e c a r b o n a c t i v -

i ty in t h e d e c a r b u r i z a t i o n g a s a t m o s p h e r e c o n t a i n i n g at 

t h e s t a r t H 2 + N 2 + H 2 O i n t e m p e r a t u r e r a n g e 6 0 0 -

1 0 0 0 ° C . 

T h e m a t h e m a t i c a l m o d e l G P R O a l l o w s a n e a s y u s e o f 

t h e r m o d y n a m i c a l d a t a t o p r e d i c t t h e e q u i l i b r i u m c a r b o n 

c o n t e n t in e l e c t r i c a l s t e e l s . It i s c o n v e n i e n t t o u s e t h e 

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

p r e s s u r e s o f C O to p r e s e n t t h e c o n d i t i o n s f o r t h e f o r m a -

t i o n o f F e O a n d Fe2SiC>4 b y t h e d i f f e r e n t t e m p e r a t u r e . 

Figure 2 s h o w s t h e r e s u l t s o b t a i n e d . H a v i n g t h e s e c u r v e s 

a v a i l a b l e , it is p o s s i b l e t o d e t e r m i n e t h e d e w p o i n t t e m -

p e r a t u r e a s t h e f u n c t i o n o f t h e p a r t i a l p r e s s u r e r a t i o 

H2O/H2. 

Figure 3: Equilibrium oxide-formation by the decarburization of 
non-oriented electrical sheets in gaseous atmosphere H2 + H2O + N2 
(Tdp - dew point temperature, E M F (mV) = electromotive force, 
(H20/H2)-eq = equilibrium pressure ratio) 
Slika 3: Ravnotežni pogoji tvorbe oksidov med razoglj ičenjem 
neorintitane pločevine v plinski atmosferi H2 + H2O + N2 (Tdp - točka 
rosišča, EMF (mV) = elektromotorna napetost, (H20/H2)-eq = 
ravnotežno razmerje plinov) 

As shown on Figure 3, the ratio of H2O/H2 at which 
t h e f o r m a t i o n o f f a y a l i t e a c t u a l l y d i s a p p e a r e d i s n e a r 

H2O/H2 = 0,24 at 840°C. 
I t i s o b v i o u s t h a t t h e p r e s s u r e r a t i o H 2 O / H 2 a n d 

C O 2 / C O is i n t e r c h a n g e a b l e w i t h t h e p a r t i a l p r e s s u r e o f 

o x y g e n - p o 3 a n d finally a l s o b y m e a n s o f t h e r e l a t i o n : 

l o g po, = l o g 
A Pco 

a c 
v / 

1 1 8 5 4 
- 9 , 0 9 0 ( 4 ) 

w h i c h a l l o w s t h e a p p l i c a t i o n o f t h e o x y g e n ( c a r b o n ) 

s e n s o r s i g n a l ( E M F ) . 

5 Conclusions 

T h e u s e o f t h e r m o d y n a m i c p r e d i c t i v e m o d e l o f f e r s 

m a n y a d v a n t a g e s o v e r c o n v e n t i o n a l g a s a t m o s p h e r e c a l -

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

c h e m i c a l r e a c t i o n s in c o m p l e x s y s t e m s , t h e a u t o m a t i c 

p e r f o r m a n c e o f e q u i l i b r i u m c o m p u t a t i o n s , o f t h e a v o i d -

a n c e p l u g g i n g w r o n g n u m b e r s in w r o n g e q u a t i o n s a n d s o 

o n . T h e r a t i o n a l a n d t h e o r e t i c a l b a s i s f o r t h e G i b b s e n -

e r g y m o d e l u s e d w a s p r e s e n t e d e l s e w h e r e 5 ' 1 7 - 1 9 . T o s u m -

m a r i s e , t h e k e y f e a t u r e s o f m o d e l c a l c u l a t i o n s f o r t h e n i -

t r o c a r b u r i z i n g a t m o s p h e r e s a r e as f o l l o w s : 



- M o d e r n c o m b u s t i o n p r o c e s s e s o f f o s s i l f u e l s m e e t 

s t r i c t r e q u i r e m e n t s f o r c o s t - e f f e c t i v e o p e r a t i o n a n d 

a v o i d a n c e o f e n v i r o m e n t a l p o l l u t i o n . T h i s a r t i c l e 

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

r e d u c t i o n N O x in h i g h t e m p e r a t u r e c o m b u s t i o n p r o c -

e s s e s . 

- T h e o b t a i n e d r e s u l t s d e m o n s t r a t e t h e u s e o f t h e s o -

p h i s t i c a t e d m e t h o d s o f t h e r m o d y n a m i c s a s o n e o f 

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

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

f o r m a t i o n o f n i t r o g e n o x i d e s , a s o n e o f t h e m o s t i m -

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

- L i t t l e i s g i v e n i n d i s p o n i b l e r e f e r e n c e s o n u s e o f 

t h e r m o d y n a m i c a l m o d e l s in t h e f i e l d o f a c t i v e a t -

m o s p h e r e s . S u c h m i x t u r e s c o n t a i n i n g b o t h g a s e o u s 

a n d c o n d e n s e d c o m p o n e n t s f o r e x a m p l e : F e + C + O 

+ H + N a r e e x t r e m l y c o m p l i c a t e d f o r t h e n u m e r i c a l 

c a l c u l a t i o n s . D e t a i l e d e x p e r i m e n t a l s t u d i e s a r e d i f f i -

c u l t a n d a l s o t h e r m o d y n a m i c a l r e s u l t s a r e m o s t l y 

p r e s e n t e d in t h e g r a p h i c a l f o r m , w h i c h a r e v e r y u s e -

f u l i n r e s e a r c h w o r k b u t o f l i t t l e e f f e c t i v n e s s in 

s e a r c h i n g s o l u t i o n s f o r a c u r r e n t p r a c t i c a l o p e r a t i o n . 

- T o o b t a i n e q u i l i b r i u m c o m p o s i t i o n s in t h e r e a l g a s e -

o u s m i x t u r e s b y h i g h t e m p e r a t u r e s , t a k i n g i n t o a c -

c o u n t b o t h e n e r g y a n d m a t e r i a l b a l a n c e s , t h e d e v e l -

o p m e n t o f n e w a p p r o a c h e s a r e s t r o n g l y r e q u i r e d . 
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Fusion of Low Carbon Steel Scrap in the Middle 
Carbon Steel Melt 

Taljenje niskougljičnog čeličnog otpatka u talini srednje 
ugljičnog čelika 

V. Grozdanič,1 Metallurgical faculty Sisak, Croatia 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

A quasi three-dimensional mathematical model of fusion of cylindrical steel scrap In converter melt was developed. The model vvas 
solved using the implicit alternating direction method. The obtained algorithm vvas programmed in ASCII FORTRAN for the 
computer SPERRY 1100/72. In the model temperature dependent thermophysical properties of material vvere incorporated. That 
gives to the model a nonlinearity. On the basis of the model it vvas concluded that the addition of 1% of Iow carbon steel scrap 
decreases the temperature of a middle carbon steel melt for cca 20°C. This is in good agreement vvith experimental data from 
literature. The mathematical model was tested for one-dimensional exact solution using the Bessel functions. A good agreement 
was found. 

Key vvords: fusion, steel scrap, mathematical model 

Razvijen je i istražen kvazitrodimenzijski matematički model taljenja valjkastog čeličnog otpatka u talini kod konverterskog procesa. 
Matematički model riješen je implicitnom metodom promjenljivog smjera. Dobiveni algoritam programiran je u programskom jeziku 
ASCII FORTRAN za računalo SPERRY 1100/72. U matematički model inkorporirana su temperaturno ovisna toplofizička svojstva 
materijala, što modelu daje nelinearnost. Na temelju matematičkog modela zaključeno je da 1 % niskougljičnog čeličnog otpatka 
snizi temperaturu srednje ugljične celične taline za cca 20°C, što se dobro slaže s eksperimentalnim podacima iz literature. 
Matematički model testiran je na jednodimenzionalnom egzaktnom rješenju pomoču Besselovih funkcija. Konstatirano je njihovo 
medusobno dobro slaganje. 

Ključne riječi: taljenje, čelični otpadak, matematički model 

1 Introduction 

F r o m t h e i n c r e a s e o f t h e s h a r e o f m e t a l i c s c r a p in t h e 
c h a r g e , a n i n c r e a s e d e c o n o m y o f s t e e l m a n u f a c t u r i n g in 
t h e c o n v e r t e r p r o c e s s e s is e x p e c t e d . T h e s h a r e o f s t ee l 
s c r a p s h o u l d a p p r o a c h t h a t in t h e o p e n h e a r t h p r o c e s s . 
S tee l s c r a p , u s u a l l y as l o w c a r b o n s t ee l r e f u s e , is a v e r y 
e c o n o m i c a l m e a n s o f m e l t c o o l i n g . I r o n o r e is o n l y b e t t e r 
m e a n s o f c o o l i n g . D a t a in r e f . l s h o w t h a t 1 % of s tee l 
s c r a p d e c r e a s e s t h e b a t h t e m p e r a t u r e f o r 12 t o 1 5 ° C , 
vvhile 1 % i r o n o r e d e c r e a s e s t he t e m p e r a t u r e f o r 3 0 t o 
4 0 ° C . Hovvever , p r o d u c t i o n e x p i r i e n c e s h o w s tha t s tee l 
s c r a p is b e t t e r t h a n i ron o r e . F o r e x a m p l e , by u s i n g s tee l 
t he q u a n t i t y o f m e t a l e j e c t e d f r o m the c o n v e r t e r is d i m i n -
i s h e d , t h e r e s i s t a n c e o f r e f r a c t o r y l i n i n g is i n c r e a s e d a n d 
a b e t t e r u t i l i z a t i o n o f e x c e s s h e a t in t h e b a t h o b t a i n e d . 
T h e r e g i m e of s c r a p f u s i o n d e p e n d s in s i g n i f i c a n t d e g r e e 
o n s c r a p s i ze , a n d a f f e c t s t h e b a t h t e m p e r a t u r e , t h e s l a g 
f o r m i n g p r o c e s s e s , a s w e l l a s t h e o x i d a t i o n o f c a r b o n a n d 
t he m e t a l d e s u l f u r i z a t i o n . F o r i n s t a n c e , s m a l l s i z e d s c r a p 
m e l t s f a s t e r a n d c o o l s q u i c k l y t h e b a t h . T h i s d e c r e a s e s 
t he r a t e o f s l a g f o r m i n g , c a r b o n o x i d a t i o n , d e s u l f u r i z a -
t i on , a n d l o w e r t h e q u a n t i t y o f blovvn o x y g e n . V e r y l a r g e 
p i e c e s o f s c r a p d o n ' t m e l t c o m p l e t l y d u r i n g t he p r o c e s s -
•ng in t h e o x y g e n c o n v e r t e r . A m a t h e m a t i c a l m o d e l o f 
l ow c a r b o n s t e e l s c r a p m e l t i n g in t h e c a r b o n s t ee l m e l t 
w a s d e v e l o p e d a n d t e s t e d vvith t h e a i m t o d e t e r m i n e t h e 
o p t i m a l s c r a p s i z e . S i n c e t he b a t h t e m p e r a t u r e is a b o v e 

Dr. Sc. Vladimir G R O Z D A N I Č 
Univcrsily of Zagreb 
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1 5 5 0 ° C the s o - c a l l e d d i f f u s i o n m e l t i n g is n o t c o n s i d e r e d . 
In figure 1 t h e i n v e s t i g a t e d s y s t e m is i l l u s t r a t e d . It c o n -
s i s t s o f a v o l u m e e l e m e n t o f m e l t in w h i c h c y l i n d r i c a l 
s t ee l s c r a p is i m m e r s e d . 

2 Mathematical model 

F o r t h e s t a r t o f t h e m e l t i n g o f a c y l i n d r i c a l s c r a p 
p i e c e in a v o l u m e e l e m e n t o f m e l t i n figure 1 t h e 
F o u r i e r ' s pa r t i a l d i f f e r e n t i a l e q u a t i o n o f h e a t c o n d u c t i o n 

h a s t h e f o r m 2 : 

dT 

dt 
= a 

V 

čPT J _ 3 T čPT 

dr2 + r dr + dz1 ( D 

S i n c e f o r t h e h o r i z o n t a l a x i s o f t he s y s t e m r — 0 t h e 
e q u a t i o n (1) is m o d i f i e d a c c o r d i n g to L ' H o s p i t a l ' s in t h e 
f o r m : 

Figure 1: Volume element of melt with cylindrieal steel scrap 



3 T 5 2 T 3 2 T 
(2) 

T h e b a s i c a s s u m p t i o n f o r t h e v a l i d i t y o f t h e d i f f e r e n -

t ia l e q u a t i o n s ( 1 ) a n d ( 2 ) is t h a t s c r a p p i e c e is i m m e r s e d 

is p h y s i c a l y r e a l i s t i c s i n c e t h e d i f f e r e n c e in d e n s i t y o f 

s t e e l s c r a p ( 7 8 6 0 k g / m 3 ) a n d m e l t ( 7 5 0 7 k g / m 3 ) is v e r y 

s m a l l . C o n s i d e r i n g t h e s y s t e m in figure 1, it c a n b e c o n -

c l u d e d t h a t m a t h e m a t i c a l m o d e l is q u a s i t h r e e - d i m e n -

s i o n a l . In t h e t i m e t = 0 t h e t e m p e r a t u r e o f t h e m e l t is TL, 

a n d t h a t o f t h e s c r a p p i e c e is T S . T h e i n i t i a l t e m p e r a t u r e 

at t h e s t e e l s c r a p / m e l t b o u n d a r y i n t e r f a c e is o b t a i n e d b y 

s o l v i n g t h e F o u r i e r ' s d i f f e r e n t i a l e q u a t i o n f o r h e a t f l o w 

t h r o u g h t h e c o n t a c t a r e a o f t w o s e m i f i n i t e m e d i a s 3 : 

T I = T . + -
TL-T, 

k„, a . 

(3) 

O n t h e c o n t a c t s t e e l s c r a p / m e l t a r e a a c o n t i n u o u s h e a t 

f l o w o c c u r s w i t h b o u n d a r y c o n d i t i o n o f t h e f o u r t h k i n d : 

Km i ~~ Ks -n 
d n d n 

(4) 

I n d e v e l o p i n g t h e m o d e l it w a s a s u m m e d t h a t t h e r m a l 

p r o p e r t i e s o f l o w c a r b o n s t e e l s c r a p ( 0 , 2 % C ) a n d m i d d l e 

c a r b o n s t e e l m e l t ( 0 , 6 % C ) a r e t e m p e r a t u r e d e p e n d e n t 4 . 

3 Implicit alternating direction method 

T h e d i f f e r e n t i a l h e a t f l o w e q u a t i o n s ( 1 ) a n d ( 2 ) w i t h 

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

n u m e r i c a l l y s o l v e d u s i n g t h e i m p l i c i t a l t e r n a t i n g d i r e c -

t i o n m e t h o d 5 a n d d i v i d i n g t h e t i m e i n t e r v a l i n t o t w o 

s t e p s . 

In t h e f i r s t h a l f o f t h e t i m e i n t e r v a l t h e e q u a t i o n is 

s o l v e d i m p l i c i t l y f o r t h e z a n d e x p l i c i t l y f o r t h e r d i r e c -

t i o n . T h e p r o c e d u r e is r e v e r s e d in t h e s e c o n d h a l f o f t i m e 

i n t e r v a l . 

C o n s e q u e n t l y , f o r t h e d i f f e r e n t i a l e q u a t i o n ( 1 ) a n d 

first h a l f o f t i m e i n t e r v a l A t / 2 w e o b t a i n : 

T11 _ T n i "T* 

J 2 r A r z a , j n A t / 2 7 

W h e r e a s f o r t h e s e c o n d A t / 2 w e o b t a i n 

pn+I _'pn+l 
- 4 - i. + i-H-1 i.j-1 + 3 2 ^ = J _ hA L , 

2 r A r r ai„i.n A t / 2 
(6) 

T h e n u m e r i c a l s o l u t i o n o f t h e d i f f e r e n t i a l e q u a t i o n 

( 2 ) o f h e a t f l o w f o r f i r s t A t / 2 is : 

npn nrn 
— + 3 ; T 

(Ar ) 2 

a n d f o r s e c o n d A t / 2 

. - L l L z Z I i 
z , 1 _ a , , „ A t / 2 

Tn+1 "-pn+1 , --pn+1 HP* 
i,2 Ai.l , rr* 1 i.l i. 
(Ar ) 2 

+ d2
rT',=-

ai.j.n A t / 2 
(8) 

T h e s o l u t i o n o f e q u a t i o n s ( 1 ) a n d ( 2 ) f o r t h e n e t p o i n t 
(i , j ) in t h e m e l t a n d s c r a p p i e c e a s w e l l a s f o r n e t p o i n t s 
o n t h e i r b o u n d a r y s u r f a c e a r e g i v e n i n A p p e n d i x 2 . 

G e n e r a l l y it h o l d s : 

b i v i + c i v i = d i 

a2Vl+b2V2+C2V3 = d 2 

a3V3+b3V3+C3V4 = d3 

a iv i - i+b iv j - t - c iv i+ i = di ( 9 ) 

a N - l V N - 2 + b N - l V N - l + C N - l V N = dN-1 

a N V N - l + b N V N = d N 

w h e r e v i s t h e u n k n o w n t e m p e r a t u r e , a n d N is a r e a l 

n u m b e r . O n t h e b a s e o f t h e p r e s e n t e d a l g o r i t h m o f f u -

s i o n a c o m p u t e r p r o g r a m w a s w r i t t e n in A S C I I F O R -

T R A N a n d s o l v e d o n S P E R R Y 1 1 0 0 / 7 2 c o m p u t e r . 

4 Discusion 

T h e s i m u l a t i o n o f f u s i o n o f a l o w c a r b o n s t e e l s c r a p 

in t h e c a r b o n s t ee l m e l t is c a r r i e d o u t b y s p a c e s t e p s A z 

= Ar = 1 c m a n d t h e t i m e s t e p At = 3 0 s t i l l tmax = 6 3 0 s. 

T h e i n i t i a l m e l t t e m p e r a t u r e s o f 1 7 0 0 ° C f o r t h e m e l t , 

2 5 ° C f o r t h e s c r a p p i e c e a n d 8 8 3 ° C f o r t h e b o u n d a r y s u r -

f a c e w e r e a s s u m e d . O n t h e b a s i s o f s u c c e s i v e t e m p e r a -

t u r e s p r i n t s o u t f o r p a r t i c u l a r n e t p o i n t s t h e f u s i o n t i m e 

o f 5 4 0 s w a s o b t a i n e d f o r a l o w c a r b o n s t e e l c y l i n d e r o f 

s i z e <|) 5 0 x 1 0 0 m m . T h e w e i g h t o f t h e s c r a p p i e c e w a s 

4 , 3 % o f t o t a l vve igh t o f t h e m e l t . T h u s , it c a n b e c o n -

c l u d e d t h a t 1 % of s t e e l s c r a p d e c r e a s e t h e t e m p e r a t u r e o f 

s t e e l m e l t f o r 2 0 t o 2 2 ° C , a v a l u e in g o o d a g r e e m e n t w i t h 

p u b l i s h e d e x p e r i m e n t a l d a t a 1 . T h r e e - d i m e n s i o n a l m a t h e -

m a t i c a l m o d e l o f f u s i o n o f s c r a p p i e c e w a s t e s t e d 

t h r o u g h t h e o n e - d i m e n s i o n a l e x a c t s o l u t i o n o f t h e f u s i o n 

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

w a s e s t a b l i s h e d . T h e d e r i v a t i o n o f t h e e x a c t s o l u t i o n u s -

i n g B e s s e l f u n c t i o n s is g i v e n in A p p e n d i x 3 . 

5 Conclusions 

A q u a s i t h r e e - d i m e n s i o n a l m a t h e m a t i c a l m o d e l o f f u -

s i o n o f l o w c a r b o n s t e e l s c r a p p i e c e in c a r b o n s t e e l m e l t 

i n o x y g e n c o n v e r t e r w a s d e v e l o p e d . T h e m o d e l w a s 

c h e c k e d in t h e b a s e o f e x p e r i e n c e d a t a . T h e s i m u l a t i o n o f 

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

o f 5 0 m m a n d l e n g t h o f 1 0 0 m m . T h e f u s i o n t i m e o f 5 4 0 

s w a s c a l c u l a t e d . A l s o it h a s b e e n e s t a b l i s h e d t h a t t h e a d -

d i t i o n o f 1 % o f s t e e l s c r a p d e c r e a s e t h e m e l t t e m p e r a t u r e 

f o r c c a 2 0 ° C , a v a l u e i n g o o d a g r e e m e n t w i t h e x p e r i m e n -

ta l d a t a , a n d a l s o w i t h t h e e x a c t o n e - d i m e n s i o n a l s o l u -

t i o n o f t h e e q u a t i o n s , w h i c h a r e t h e m o d e l b a s e . 

Appendix 1 

A b b r e v i a t i o n s u s e d : 

a - t e m p e r a t u r e c o n d u c t i v i t y 



ai , bi , c i ,d i - c o e f f i c i e n t s a d j o i n i n g t o u n k n o w n s in 

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

c p - s p e c i f i c h e a t a t c o n s t a n t p r e s s u r e 

k - t h e r m a l c o n d u c t i v i t y 

n - v e r t i c a l d i r e c t i o n 

r - s p a c e c o o r d i n a t e 

t - t i m e 

T - t e m p e r a t u r e 

vi - u n k n o w n i n s y s t e m o f s i m u l t a n e o u s a l g e b r i c 

e q u a t i o n s 

z - s p a c e c o o r d i n a t e 

Appendix 2 

Constant whivh appear in tr idiagonal coefficients 
aAt 

pi =• 
2 ( A r ) 2 

aAt 
P 2 " 4 r j A r 

P3 = P t - P2 

P4 = pi + P2 

A t ( k A + k B 
ps 

P6 = ' 

2c(Ar)2 

A t ( k A + k B 

4crjAr 

k A , k B 
C = H 

aA aB 

q i = 

= 

q3 = 

q 4 = 

q6 = 

aAt 

2 ( A z ) 2 

k A A t 

c ( A t ) 2 

k B A t 

c ( A t ) 2 

At ( k A + k B ) 

2 c ( A z ) 2 

k A A t 

c ( A r ) 2 

k B A t 

c ( A r ) 2 

T r i d i a g o n a l c o e f f i c i e n t s 

1- P o i n t ( i , j ) in t h e m e l t o r s c r a p p i e c e 

- first A t / 2 : 
a i = Ci = - q [ 

bi = 1 + 2 q , 

di = p3T n i , j_ i + ( l - 2 p i ) T \ j + p 4 T n i , j + i 

- s e c o n d A t / 2 : 
a j = "P3 
bj = 1 + 2 p i 
c j = - p 4 ^ 

d j = q i T * n j + ( l - 2 q i ) T * i j + q i T * i + i j 

(10) 

2. P o i n t ( i . j ) o n t h e b o u n d a r y s u r f a c e p a r a l l e l t o r a x i s 
s e p a r a t i n g t h e m a t e r i a l s A ( l e f t ) a n d B ( r i g h t ) 

- f i r s t A t / 2 : 

ai = -qi 

bi = 1 + q2 + q3 

Ci = -q3 

di = ( p 5 - p 6 ) T n i , j - i + ( l - 2 p 5 ) T n i , j + ( p 5 + p 6 ) T n i , j + i ( 1 2 ) 

- s e c o n d A t / 2 : 

aj = - (P5-P6) 

bj = l + 2 p 5 

Cj = - ( p s + p e ) 

d j = q 2 T j - i j + ( l - q 2 - q 3 ) T i.j + q 3 T i + i j ( 1 3 ) 

3 . P o i n t ( i , j ) o n t h e b o u n d a r y s u r f a c e p a r a l l e l z a x i s 

s e p a r a t i n g t h e m a t e r i a l s A ( d o w n ) a n d B ( u p ) 

- f i r s t A t / 2 : 

ai = Q = - q 4 

bi = l + 2 q 4 

di = ( q 5 - q 6 ) T n i , j - i + ( l - 2 p 5 ) T n i , j + ( q 6 + p 6 ) T n i , j + i 

- s e c o n d A t / 2 : 

aj = p e - q5 

bj = l + 2 p 5 

Cj = - ( q e ; P e ) 
d j = q 4 T * i - i j + ( l - 2 q 4 ) T * i j + q 4 T * i + i , j 

4 . P o i n t ( i , l ) o u t o f t h e b o u n d a r y s u r f a c e 

- f i r s t A t / 2 : 

ai = Ci = - q i 

bi = l + 2 q i 

d i = ( l - 4 p i ) T * i , i + 4 p i T n i , 2 

- s e c o n d A t / 2 : 

b j = l + 4 p i 

cj = 4 p i 
* * * d j = q i T i - i , i + ( l - 2 q i ) T i,i + q i T i+ i , i 

(14) 

(15) 

(16) 

( 1 7 ) 

5 . P o i n t ( i , l ) o n t h e b o u n d a r y s u r f a c e w h i c h s e p a r a t e s 

t h e m a t e r i a l s A ( l e f t ) a n d B ( r i g h t ) 

- f i r s t A t / 2 : 

ai = - q 2 

bi = 2 q 4 + 1 

ci = - q 3 

di = ( l - 4 p 5 ) T n i , i + 4 p 5 T n i , 2 

- s e c o n d A t / 2 : 

b j = 4 p 5 + 1 

cj = - 4 p 5 # 

d j = q 2 T * i - i , i + ( l - 2 q 4 ) T \ i + q 3 T * i + l , l 

(18) 

(19) 

Appendix 3 

O n e - d i m e n s i o n a l m a t h e m a t i c a l m o d e l o f f u s i o n o f 

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

e q u a t i o n o f h e a t c o n d u c t i o n vvith a d e q u a t e i n i t i a l a n d 

b o u n d a r y c o n d i t i o n s 

5 T ,5 2 T 

(11) 

- 1 3 T v 

a t 
0 < r < l , t > 0 ( 2 0 ) 



T ( r , 0 ) = T o 

T ( l , t ) = T L 

I T ( r , t ) | < M 

vvhere M is a p o s i t i v e rea l n u m b e r . 

It is c o n v e n i e n t t o c o n s i d e r i n s t e d o f t h e e q u a t i o n 

( 2 0 ) t h e e q u a t i o n 

9 T 3 2 T J_ 3 T 

a t " 3 r 2 + r d r 

a n d t h e n t o r e p l e a c e t b y at . 
A p p l y i n g t h e L a p l a c e t r a n s f o r m 6 , w e f i n d 

(21) 

d 2 e 1 dO 
T^ + T - s6 = _T<> dr r dr 

(22) 

9(1 ,s) = T l / s , 0(r ,s) i s c o n n e c t e d . 

T h e g e n e r a l s o l u t i o n o f t h i s e q u a t i o n is g i v e n in 

t e r m s o f B e s s e l f u n c t i o n s as 

9( r , s ) = c , J 0 ( i r V š ) + c 2 Y 0 ( i r V š ) + - ( 2 3 ) 

S i n c e Y o ( i W s ) is u n b o u n d e d as r —> 0 , w e m u s t 

c h o o s e ca = 0 . T h a n 

T 
9( r , s ) = c,J (1 ( i r V š j + — 

F r o m t h e b o u n d a r y c o n d i t i o n s w e f i n d 

9 ( 1 , s ) = c , J 0 = ^ 

c, = 
TL-T„ 

sJ„ (i V š ) 

( 2 4 ) 

( 2 5 ) 

(26) 

( 2 7 ) 
T„ J« ( ir V s ) 

T h u s 8 ( r , s ) = - f + ( T L - T „ ) R 
s s J 0 ( i V s ) 

A f t e r c o m p l e x i n v e r s i o n t h i s e q u a t i o n a c q u i r e s t h e 

f o r m 

1 r ^ " e s tJ 0 ( i r V š ) 
T( r , t ) = T„ + ( T L - T „ ) — - J 

2n\ i „ s J 0 (t V s ) d s 

a n d t h e f i n a l s o l u t i o n is o b t a i n e d a s 

T(r,T) = T L - 2 ( T L - T 0 ) ^ R f 
. (K) 

( 2 9 ) 

w h e r e A.2, ..., Xn , ... a r e p o s i t i v e z e r o s o f e q u a t i o n 

Jo(^-n) = 0, vvhich a r e g i v e n in Table 1. 

Table t: Zeros of equation Jo(A.n) = O7. 

n An 
1 2 ,40482 55577 
2 5 ,52007 81103 
3 8 ,65372 79129 
4 11,79153 44391 
5 14,93091 77086 
6 18,07106 39679 
7 21 ,21163 66299 
8 24,35247 15308 
9 27,49347 9 1 3 2 0 
10 30 ,63460 64684 

6 References 

1 M. Ja. Madžibožski, Osnovi termodinaraiki i kinetiki staleplaviteljnih 
processov, Viša škola, Kiev, 1986 

2 F. Oeters, Metallurgie der Stahlerstellung. Springer-Verlag, Berlin, 
1989 

3 V. Grozdanic. Metalurgija, 30, 1991, 1/2, 47-50 
4 V. Grozdanic, Livarstvo, 5, 1990, 1, 3-11 
5 J. Douglas, H. H. Rachford, Trans. Amer. Malh. Soc., 82, 1956, 421 
6 M. R. Spiegel. Laplace Transforms, McGraw-Hill, New York, 1965 
1 M. Abramovvitz, I. A. Stegun (eds.), Handbook of Mathematical Func-

tions vvith Formulas, Graphs and Mathematical Tables, National Bu-
reau of Standards. VVashington, 1964 



Equilibrium Grain Boundary Segregation of 
Antimony in Iron Base Alloys 

Ravnotežna segregacija antimona po mejah zrn v zlitinah 
železa in antimona 

R. Mast1, H. Viefhaus, M. Lucas, H. J. Grabke, Max-Planck-lnstitute, Dusseldorf, Ger-
many 
P r e j e m rokopisa - received: 1996-10-01; sprejem za objavo - accep ted for publication: 1996-11-04 

The equilibrium grain boundary segregation of antimony ivas investigated in iron base aiioys (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) after 
anneaiing at temperatures betvveen 550°C and 750°C. Utiiizing Auger electron spectroscopy (AES) the concentration of antimony 
at intergranular fracture faces was determined as a function of buik concentration and equilibration temperature. The segregation 
of antimony in Fe-Sb alloys with 0,012 wt.% - 0,094 wt.% Sb was described by the Langmuir-McLean equation. The evaluation 
leads to the free enthalpy of segregation AGsegr. = -19 kJ/mol - T 28 J/mol K. For Fe-0,93 wt.% Sb and Fe-1,91 wt.% Sb a 
thermodynamic calculation is not possible because of intergranular antimonides had formed. Scanning electron micrographs (SEM) 
of fractured samples show that the percentage of intergranular fracture increases with an increasing coverage of antimony at the 
grain boundaries. The addition of carbon to Fe-Sb alloys results in a higher grain boundary cohesion which is caused by two 
effects of carbon, displacement of antimony from the grain boundaries by carbon and enhanced grain boundary cohesion. In the 
Fe-Ni-Sb alloys an additional segregation of nickel was found at the grain boundaries but no enhanced antimony segregation, as 
expected from previous models of other authors, assuming Ni-Sb cosegregation. 

Key words: grain boundary segregation, antimony equilibrium segregation, Fe-Sb alloys, Fe-C-Sb alloys, Fe-Ni-Sb alloys, 
segregation thermodynamics, Langmuir-McLean equation, Auger electron spectroscopy (AES), intergranular fracture, 
embrittlement, site competition, Charpy impact tests 

Ravnotežna segregacija antimona po mejah zrn v zlitinah z železnoosnovno (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) po žarjenju v 
temperaturnem področju od 550°C do 750°C. Z metodo spektroskopije Augerjevih elektronov (AES) je bila določena koncentracija 
antimona na interkristalnih prelomnih ploskvah kot funkcija vsebnosti antimona v osnovnem materialu in ravnotežne temperature. 
Segregacija antimona v Fe-Sb zlitinah z 0.012 ut.% - 0,094 ut.% Sb je opisana z Langmuir McLeanovo enačbo izračunana je bila 
prosta entalpija segregacije AGsegr. = -19 kJ/mol - T 28 J/mol K. Za zlitini Fe -0,93 ut.% Sb in Fe -0,91 ut.% Sb termodinamični 
izračuni niso mogoči zaradi tvorbe interkristalnih antimonidov. Posnetek z vrstičnim elektronskim mikroanalizatorjem (SEM) 
prelomljenih vzorcev kaže, da odstotek interkristalnega preloma narašča z naraščajočo segregirano plastjo antimona na mejah zrn. 
Dodatek ogljika v Fe-Sb zlitino povzroči večjo kohezijo med posameznimi zrni, ogljik namreč izrine antimon z mej zrn in zviša 
kohezijo kristalnih mej. V Fe-Ni-Sb zlitinah je bila določena še segregacija niklja na mejah zrn ne pa tudi povečana koncentracija 
antimona kot je bilo pričakovati po prejšnjih modelih nekaterih avtorjev, ki so predvideli skupno segregacijo Ni-Sb. 

Ključne besede: segregacija na mejah zrn, ravnotežna segregacija antimona, Fe-Sb zlitine, Fe-C-Sb zlitine, Fe-Ni-Sb zlitine, 
termodinamika segregacij, Langmuir McLeanova enačba, spektroskopija Augerjevih elektronov (AES), interkristalni prelom, krhkost, 
tekmovanje za prosta mesta na površini, Charpyjev udarni preizkus 

1 Introduction 

T h e i n c r e a s e d u s a g e o f l o w q u a l i t y s c r a p in s t ee l p r o -
d u c t i o n w i l l l e a d t o a h i g h e r c o n t e n t o f a n t i m o n y in 
s t ee l s , w h i c h m a y h a v e a d e l e t e r i o u s e f f e c t o n m a t e r i a l 
p r o p e r t i e s . T h e p r e s e n c e o f a n t i m o n y ( a n d / o r o t h e r t r a m p 
e l e m e n t s s u c h as P, S n , S , A s ) i n d u c e s t e m p e r e m b r i t t l e -
m e n t o f l o w a l l o y f e r r i t i c s t e e l s b y s e g r e g a t i o n t o t h e 
g r a i n b o u n d a r i e s d u r i n g a p p l i c a t i o n at h i g h e r t e m p e r a -
tures 1 ' 2 - 1 . T h e d r i v i n g f o r c e s f o r s u c h an e n r i c h m e n t in a 
r a n g e of a m o n o l a y e r a r e t he d e c r e a s e o f i n t e r f a c i a l e n -
e r g y a n d t he r e l e a s e o f e l a s t i c e n e r g y . E s p e c i a l l y t he la t -
ter e f f e c t is i m p o r t a n t f o r a n t i m o n y b e c a u s e of its l a r g e 
a t o m s i z e c o m p a r e d to i r o n a t o m s . M a n y r e s e a r c h e s h a v e 
b e e n s h o w n tha t t h e a m o u n t of a n t i m o n y s e g r e g a t i o n d e -
p e n d s o n t h e t o t a l c o m p o s i t i o n o f t h e s t e e l . H o w e v e r , 
t h e r e is n o u n i f o r m e v i d e n c e h o w o t h e r a l l o y i n g c o m p o -
n e n t s , e s p e c i a l l y n i cke l 2 - 4 ' 5 , i n f l u e n c e a n t i m o n y s e g r e g a -
t ion . 

Dr.Sc. Ralph M A S T 

Max-Planck-Inslitut fiir Eisenforschung G m b H 
Postfach 140 444. 40074 Dusseldorf, Germany 

T h e r e f o r e , t h e e q u i l i b r i u m g r a i n b o u n d a r y s e g r e g a -
t i o n o f a n t i m o n y a n d i ts e f f e c t s o n m a t e r i a l p r o p e r t i e s 
vvere e x a m i n e d in s i m p l e i r o n b a s e a l l o y s t o a v o i d t h e 
c o m p l e x c h e m i s t r y o f m u l t i c o m p o n e n t s t e e l s . T h e d e g r e e 
o f c o v e r a g e vvas d e t e r m i n e d b y A u g e r e l e c t r o n s p e c t r o s -
c o p y ( A E S ) o n t h e i n t e r g r a n u l a r f r a c t u r e f a c e s a f t e r f r a c -
t u r e b y i m p a c t i n s i d e t h e U H V c h a m b e r . T h e i n f l u e n c e 
o n t h e m e c h a n i c a l b e h a v i o u r vvas s t u d i e d b y s c a n n i n g 
e l e c t r o n m i c r o s c o p y ( S E M ) a n d C h a r p y i m p a c t t e s t s . 

2 Experimental procedure 

T h e a l l o y s u s e d in t h i s s t u d y vvere m e l t e d in a v a c -
u u m i n d u c t i o n f u r n a c e . T h e c h e m i c a l c o m p o s i t i o n s a r e 
l i s t e d in Table 1. S m a l l a m o u n t s o f m a n g a n e s e ( 0 , 0 2 
w t . % ) vvere a d d e d t o e a c h a l l o y t o t i e u p s u l f u r , vvhich 
h a s a s t r o n g t e n d e n c y f o r g r a i n b o u n d a r y s e g r e g a t i o n 3 

a n d m a y h i n d e r a n t i m o n y s e g r e g a t i o n . 

T h e i n g o t s o f t h e F e - S b , F e - C - S b a n d F e - N i - S b a l -
l o y s vvere h o t f o r g e d a n d t h e n m a c h i n e d i n t o r e c t a n g u l a r 
s p e c i m e n s . T h e F e - S b a n d F e - N i - S b s a m p l e s vvere h e a t 
t r e a t e d b y a u s t e n i t i z i n g a t 1 0 6 0 ° C f o r 7 0 - 9 0 m i n , a i r 



Table 1: Chemical composition of the Fe-Sb. Fe-C-Sb and Fe-Ni-Sb 
alloys (wt.%) 

Alloy Sb C Mn P S 
Fe-Sb 1 0 ,012 0 ,005 0 ,027 0 ,0015 0 ,0013 
Fe -Sb2 0 ,049 0 ,0048 0 ,027 0,0011 0,001 
Fe-Sb3 0 ,094 0 ,0057 0 ,027 0,001 0,0011 
Fe -Sb4 0,93 0 ,006 0 ,026 0 ,0013 0 ,0012 
Fe -Sb5 1,91 0 ,0039 0,028 0 ,0014 0 ,0012 
Fe-C-Sb 1 0 ,056 0 ,0043 0 ,025 <0 ,002 0 ,0013 
Fe -C-Sb2 0 ,053 0 ,0085 0 ,023 <0 ,002 0 ,0013 
Fe -C-Sb3 0 ,052 0 ,0144 0 ,023 <0 ,002 0 ,0014 
F e - C - S b 4 0 ,094 0 ,0057 0 ,027 0,001 0.0011 

Alloy Sb Ni C Mn P 
Fe-Ni -Sb 1 0 ,049 0,53 0 ,0035 0 ,022 <0 ,002 
Fe -Ni -Sb2 0 ,049 2,85 0 ,0069 0 .024 <0 ,002 

c o o l i n g , a n d t h e n t e m p e r i n g a t 7 8 0 ° C f o r 168 h a n d 

w a t e r q u e n c h i n g . T h e s e t w o h e a t t r e a t m e n t s w e r e p e r -

f o r m e d in f l o w i n g w e t h y d r o g e n t o d e c r e a s e t h e b u l k 

c a r b o n c o n c e n t r a t i o n b e l o w 10 w t . - p p m . 

T h e F e - C - S b a l l o y s w e r e a n n e a l e d in f l o w i n g d r y a r -

g o n t o a v o i d c a r b o n l o s s e s . T h e s a m p l e s w e r e h o m o g e -

n i z e d a t 1 0 6 0 ° C f o r 7 0 m i n a n d a i r c o o l e d . A f t e r w a r d s 

t h e y w e r e r e c r y s t a l l i z e d a t 7 8 0 ° C f o r 2 h a n d w a t e r 

q u e n c h e d . 

T h e n a l i s p e c i m e n s w e r e h e l d a t a g e i n g t e m p e r a t u r e s 

o f 5 5 0 ° C , 6 0 0 ° C , 6 5 0 ° C , 7 0 0 ° C a n d 7 5 0 ° C f o r d i f f e r e n t 

p e r i o d s o f t i m e , to e s t a b l i s h t h e e q u i l i b r i u m c o n c e n t r a -

t i o n o f a n t i m o n y a t t h e g r a i n b o u n d a r i e s . T h e t i m e n e c e s -

s a r y f o r e q u i l i b r a t i o n at e a c h t e m p e r a t u r e c a n b e a s -

s e s s e d u s i n g a n e q u a t i o n p r o p o s e d b y M c L e a n 6 . A E S 

m e a s u r e m e n t s c o n f i r m e d t h a t t h e c a l c u l a t e d t i m e w a s 

l o n g e n o u g h t o r e a c h e q u i l i b r i u m s e g r e g a t i o n ; t he c o n d i -

t i o n s o f e a c h e x p o s u r e a r e l i s t ed in T a b l e 2. 

Table 2: Conditions for the establishment of segregation equilibria 

Ageing Tempera ture / 
Ageing T ime 

Exposure Condi t ions 

550°C/600 h vacuum/quenched in vvater 
600°C /140 h vacuum/quenched in vvater 
650°C/ 50 h flovving argon/quenched in vvater 
700°C/ 5 h flovving argon/quenched in vvater 
750°C/ 2 h flovving argon/quenched in vvater 

T h e a m o u n t o f g r a i n b o u n d a r y s e g r e g a t i o n w a s t o b e 

m e a s u r e d b y A E S , vvhich is c o n d u c t e d in U H V t o a v o i d 

s u r f a c e c o n t a m i n a t i o n . A f t e r c o o l i n g to a b o u t - 1 2 0 ° C t h e 

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

in t h e U H V c h a m b e r o f t h e s p e c t r o m e t e r . T h e f r a c t u r e 

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

in a s c a n n i n g e l e c t r o n m i c r o s c o p e ( S E M ) m o d e to d i s t i n -

g u i s h b e t w e e n i n t e r g r a n u l a r a n d t r a n s g r a n u l a r a r e a s . 

A u g e r s p e c t r a w e r e t a k e n f r o m at l e a s t 10 i n d i v i d u a l 

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

( C M A ) a n d t h e r e s u l t s w e r e a v e r a g e d . T h e p e a k - t o - p e a k 

h e i g h t s o f a n t i m o n y ( 4 5 4 e V ) , n i c k e l ( 8 4 8 e V ) a n d c a r b -
o n ( 2 7 1 e V ) w e r e r e l a t e d t o t he i r o n p e a k a t 6 5 1 eV. T h e 
e n t i r e a n a l y s i s o f e a c h f r a c t u r e f a c e h a d t o b e c o m p l e t e d 
w i t h i n a p p r o x i m a t e l y 3 h t o p r e v e n t c o n t a m i n a t i o n e f -
f e c t s . T h e o p e r a t i n g c o n d i t i o n s w e r e as f o l l o w s : p r i m a r y 
b e a m e n e r g y 5 kV, p r i m a r y b e a m c u r r e n t 3 x 10"6 A , a n d 
p r i m a r y b e a m s i z e 10 p m . 

T o e s t i m a t e t h e d e g r e e o f c o v e r a g e of a n t i m o n y a t t h e 
g r a i n b o u n d a r i e s , it c a n b e a s s u m e d t ha t a n t i m o n y is u n i -
f o r m l y d i s t r i b u t e d o n b o t h f r a c t u r e f a c e s . T h i s s u p p o s i -
t i on w a s v e r i f t e d b y s o m e A E S m e a s u r e m e n t s in w h i c h 
o p p o s i t e f r a c t u r e f a c e t s vvere i n v e s t i g a t e d 7 . F r o m L E E D 
s t u d i e s o f s u r f a c e s e g r e g a t i o n o n F e - S b s i n g l e c r y s t a l s a 
c a l i b r a t i o n f a c t o r h a d b e e n o b t a i n e d vvhich c o n v e r t s t h e 
p e a k - t o - p e a k h e i g h t r a t i o t o t h e d e g r e e o f c o v e r a g e 8 . 

S u p p l e m e n t a r y s u r f a c e a n a l y t i c a l m e t h o d s vvere e m -
p l o y e d . T h e b i n d i n g s t a t e o f c o r e e l e c t r o n s o f s e g r e g a t e d 
a n t i m o n y w a s d e t e r m i n e d b y X - r a y p h o t o e l e c t r o n s p e c -
t r o s c o p y ( X P S ) , vvhi le s c a n n i n g A u g e r m i c r o s c o p y 
( S A M ) vvas a p p l i e d to e x a m i n e t h e d i s t r i b u t i o n o f s e g r e -
g a t e d e l e m e n t s o n g r a i n b o u n d a r y f a c e t s . 

T h e f r a c t u r e t y p e a n d t h e m e c h a n i c a l p r o p e r t i e s vvere 
i n v e s t i g a t e d u s i n g S E M ( a c c e l e r a t i n g v o l t a g e 2 0 k V ) a n d 
C h a r p y i m p a c t t e s t s ( D I N 5 0 1 1 5 ) . 

3 Resul ts and d iscuss ion 

3.1 Fe-Sb alloys 

T y p i c a l A u g e r s p e c t r a o f t r a n s g r a n u l a r a n d i n t e r -
g r a n u l a r a r e a s a r e r e p r e s e n t e d in F i g u r e 1. O n t r a n s -
g r a n u l a r f r a c t u r e s u r f a c e s o f t h e F e - 0 , 0 9 4 w t . % S b a l l oy , 
n o a n t i m o n y p e a k vvas o b s e r v e d , s i n c e t h e b u l k c o n c e n -
t r a t i o n is belovv t h e d e t e c t i o n l i m i t o f t h e A E S m e t h o d . 
T h e o x y g e n p e a k is d u e to a d s o r p t i o n f r o m t h e r e s i d u a l 
a t m o s p h e r e a f t e r b r e a k i n g t h e s a m p l e . T h e s p e c t r u m 
t a k e n o n a g r a i n s u r f a c e o f t h e s a m e a l l o y c l e a r l y i n d i -
c a t e s t h e e n r i c h m e n t o f a n t i m o n y vvhich is c a u s e d b y 
g r a i n b o u n d a r y s e g r e g a t i o n . 

F i g u r e 2 i l l u s t r a t e s t h a t t h e a v e r a g e c o v e r a g e o f a n t i -
m o n y a t t h e g r a i n b o u n d a r i e s i n c r e a s e s vvith i n c r e a s i n g 
b u l k c o n c e n t r a t i o n a n d d e c r e a s i n g e q u i l i b r a t i o n t e m p e r a -
tu re . T h e s c a t t e r o f t h e d a t a i n d i c a t e d b y t h e e r r o r b a r s in 
o n e c u r v e is r a t h e r l a r g e ( 2 5 % - 3 0 % of t h e m e a n v a l u e ) 
d u e m a i n l y to t h e fo l l ovv ing r e a s o n s : 

a ) T h e s e g r e g a t i o n o f a n t i m o n y m a y b e s t r o n g l y d e -
p e n d e n t o n g r a i n o r i e n t a t i o n a s i n d i c a t e d b y s u r f a c e s e g -
r e g a t i o n s t u d i e s o n F e - S b s i n g l e c r y s t a l s 8 . 

b ) T h e e x a m i n e d a r e a s h a v e d i f f e r e n t d i s t a n c e s a n d 
d i f f e r e n t s u r f a c e n o r m a l s to t h e c y l i n d r i c a l m i r r o r a n a -
l y z e r ( C M A ) . 

c ) T h e d e g r e e o f c o v e r a g e is c a l c u l a t e d f r o m m e a s -
u r e m e n t s o n o n l y o n e s i d e o f t h e i n t e r g r a n u l a r f r a c t u r e 
f a c e . I t vvas v e r i f i e d b y s o m e A E S m e a s u r e m e n t s in 
vvhich o p p o s i t e f r a c t u r e f a c e t s vvere i n v e s t i g a t e d t h a t t h e 
a v e r a g e g r a i n b o u n d a r y a n t i m o n y c o n c e n t r a t i o n is n e a r l y 
t he s a m e o n b o t h f r a c t u r e f a c e s 7 . T h e a s s u m p t i o n t h a t a n -



100 200 300 400 500 

Kinetic Energy [eV] 

600 700 

100 200 300 400 500 

Kinetic Energy [eVj 
600 700 

. 6 AH, 
ln lnxoh = -

1 - 0 S b R T 

A c e x s 
segr ^ _ ' - ' segr 

R (D 

w h i c h e x p r e s s e s t h e r e l a t i o n s h i p s b e t w e e n b u l k c o n c e n -

t r a t i o n ( m o l e f r a c t i o n ) xsb, t e m p e r a t u r e T, a n d d e g r e e o f 

c o v e r a g e 0 , a t t h e g r a i n b o u n d a r i e s . T h e r e s u l t s a c c o r d -

i n g t o t h e L a n g m u i r - M c L e a n e q u a t i o n a r e p l o t t e d in 

F i g u r e 3. T h e e s t i m a t i o n y i e l d s t h e s e g r e g a t i o n e n -

t h a l p y AHsegr. = - 1 9 k J / m o l ± 5 k J / m o l a n d t h e s e g r e g a -

t i o n e n t r o p y AS s e g r . = 2 8 J / m o l K ± 6 J / m o l K . T h e f r e e 

e n t h a l p y o f s e g r e g a t i o n in a - i r o n c a n b e e x p r e s s e d as 
f o l l o w s : 

A G « g r = - ( 1 9 k J / m o l ± 5 k J / m o l ) 

- T ( 2 8 J / m o l K ± 6 J / m o l K ) 
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Figure 2: Grain boundary concentration of antimony plotted as a 
funetion of equilibration temperature for the alloys Fe - 0,012 wt.% Sb, 
Fe - 0,049 wt.% Sb and Fe - 0,094 wt.% Sb 
Slika 2: Koncentracija antimona na kristalni meji kot funkcija 
ravnotežne temperature za zlitine Fe - 0,012 ut.% Sb, Fe - 0,049 ut.% 
Sb in Fe - 0,094 ut.% Sb 

Figure 1: Auger spectra of fracture surfaces of Fe - 0,094 wt.% Sb 
alloy after annealing at 650°C. a) cleavage facet, b) intergranular 
fracture surface 
Slika 1: AES spekter prelomnih površin Fe - 0,094 ut.% Sb po žarjenju 
pri 650°C. a) prelomna ploskev, b) interkristalna prrlomna površina 

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

In s p i t e o f t h e l a r g e s c a t t e r o f t h e d a t a , a t h e r m o d y -
n a m i c c a l c u l a t i o n w a s a t t e m p t e d , a p p l y i n g t h e L a n g -
m u i r - M c L e a n e q u a t i o n 
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Figure 3: Langmuir-McLean plot of the data in Figure 2 
Slika 3: Langmuir-McLeanov diagram podatkov iz slike 2 

T h e s e g r e g a t i o n e n t h a l p y v a l u e is l o w c o m p a r e d t o 
v a l u e s f o r p h o s p h o r u s ( A H s e g r = - 3 4 k J / m o l ) 9 o r t in 
(AHsegr = - 2 3 k J / m o l ) 1 0 , t h i s i n d i c a t e s t h e l o w t e n d e n c y 
f o r g r a i n b o u n d a r y s e g r e g a t i o n o f a n t i m o n y in i r o n . 

I t w o u l d b e u n r e a s o n a b l e in t h e p r e s e n t t h e r m o d y -
n a m i c c a l c u l a t i o n s to i n c l u d e t h e A E S d a t a f o r t h e F e -
0 , 9 3 w t . % S b a n d F e - 1 , 91 w t . % S b a l l o y s , s i n c e u n -
k n o w n a n t i m o n i d e s h a d f o r m e d a t t h e g r a i n b o u n d a r i e s . 
In F i g u r e 4 , a t y p i c a l s c a n n i n g e l e c t r o n m i c r o g r a p h a n d 
t h e c o r r e s p o n d i n g e l e m e n t a l m a p f o r a n t i m o n y o n t h e 
s a m e i n t e r g r a n u l a r a r e a o f t h e F e - 0 , 9 3 w t . % S b a l l o y 
i n d i c a t e s ta r s h a p e d a n t i m o n i d e s . 

In s p i t e o f t h e l o w t e n d e n c y f o r g r a i n b o u n d a r y s e g -
r e g a t i o n , a n t i m o n y h a s a s t r o n g l y e m b r i t t l i n g e f f e c t . T h e 
r e l a t i o n s h i p b e t v v e e n t h e p e r c e n t a g e o f i n t e r g r a n u l a r 
f r a c t u r e a n d t h e g r a i n b o u n d a r y c o v e r a g e o f a n t i m o n y is 
d e m o n s t r a t e d in F i g u r e 5. W i t h i n c r e a s i n g e n r i c h m e n t of 
a n t i m o n y a t t h e g r a i n b o u n d a r i e s t he f r a c t u r e m o d e a t 
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Figure 4: Intergranular antimonides observed in Fe - 0.93 wt.% Sb 
after annealing at 650°C; a) scanning electron micrograph. b) 
corresponding scanning Auger image of Sb 
Slika 4: Interkristalni antimonidi opaženi v Fe - 0,93 ut.% Sb po 
žarjenju na 650°C; a) posnetek z vrstičnim elektronskim 
mikroanalizatorjem, b) vrstični Augerjev posnetek 

l o w t e m p e r a t u r e s ( a b o u t - 1 2 0 ° C ) c h a n g e s f r o m t r a n s -

g r a n u l a r t o i n t e r g r a n u l a r a l r e a d y at r a t h e r l o w g r a i n 

b o u n d a r y c o n c e n t r a t i o n s . 

T h e i n f l u e n c e o f a n t i m o n y s e g r e g a t i o n o n t h e m e -

c h a n i c a l p r o p e r t i e s vvas a l s o s t u d i e d b y C h a r p y i m p a c t 

t e s t i n g . T h e t r a n s i t i o n t e m p e r a t u r e d e t e r m i n e d TT is a 

m e a s u r e o f t h e e m b r i t t l e m e n t o f i r o n b a s e a l l o y s . T t is 

d e f i n e d as t h e t e m p e r a t u r e vvhere h a l f o f t h e d i f f e r e n c e 

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

f r a c t u r e a n d t h e i m p a c t vvork f o r b r i t t l e f r a c t u r e is 

r e a c h e d . F o r t h e F e - S b a l l o y s a s h i f t o f t h e i m p a c t t r a n s i -

t i o n t e m p e r a t u r e t o h i g h e r v a l u e s is e x p e c t e d vvith in -

c r e a s i n g a n t i m o n y c o n c e n t r a t i o n at t h e g r a i n b o u n d a r i e s . 

T h i s s u p p o s i t i o n is v e r i f t e d in F i g u r e 6 . F o r e a c h o f t h e 

tvvo i n v e s t i g a t e d a l l o y s a h i g h e r t r a n s i t i o n t e m p e r a t u r e is 

o b t a i n e d vvith i n c r e a s i n g c o v e r a g e o f a n t i m o n y a t t h e 

g r a i n b o u n d a r i e s . H o v v e v e r , t h e F e - 0 , 0 9 4 w t . % S b a l l o y 

t e m p e r e d a t 7 5 0 ° C h a s a lovver t r a n s i t i o n t e m p e r a t u r e 

t h a n t h e F e - 0 , 0 4 9 w t . % S b a l l o y a n n e a l e d at t h e s a m e 

t e m p e r a t u r e . T h e o b s e r v e d p h e n o m e n o n c a n b e e x -

p l a i n e d b y t h e d i f f e r e n t a v e r a g e g r a i n s i z e o f t h e s e m a t e -

r i a l s ( F e - 0 , 0 4 9 % S b : 0 , 2 1 m m ; F e - 0 , 0 9 4 % S b : 0 , 0 8 

m m ) , vvith i n c r e a s i n g a n t i m o n y c o n c e n t r a t i o n t h e g r a i n 

0,1 0,2 0,3 0,4 "0,5 
Peak-to-Peak Height Ratio [I(Sb)/I(Fe)] 

Figure 5: Percentage of intergranular fracture versus peak-to-peak 
height ratio I(Sb)/I(Fe) 
Slika 5: Odstotek interkristalnega preloma v odvisnosti od razmerja 
višine vrhov I(Sb)/I(Fe) 

s i z e d e c r e a s e vvhich l e a d s t o a h i g h e r s t r e n g t h o f t h e m a -

t e r i a l . 

O n e p o s s i b l e w a y to e x p l a i n t h e e m b r i t t l i n g b e h a v -

i o u r o f a n t i m o y is to a p p l y q u a n t u m m e c h a n i c a l m o d -

e l s " 1 2 . T h e m a i n c o n c l u s i o n s o f t h e s e c a l c u l a t i o n s c a n 

be s u m m a r i z e d a s fo l lovvs : 

T h e s e g r e g a t e d a n t i m o n y a t o m s a r e e l e c t r o n e g a t i v e 

vvith r e s p e c t to t h e h o s t m e t a l i r o n . C o n s e q u e n t l y e l e c -

t r o n i c c h a r g e is t r a n s f e r r e d f r o m i r o n to a n t i m o n y . T h i s 

c h a r g e t r a n s f e r l e a v e s fevver e l e c t r o n s t o p a r t i c i p a t e in 
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Figure 6: Dependence of the transition temperature on the grain 
boundary antimony concentration for Fe - 0,049 wt.% Sb and Fe -
0,094 wt.% Sb alloys 
Slika 6: Odvisnost koncentracije antimona na mejah zm od prehodne 
temperature za zlitine Fe - 0,049 ut.% Sb in Fe - 0,094 ut.% Sb 



Figure 8: SEM of a faceted grain boundary in Fe - 0,094 wt.% Sb after 
annealing at 650°C 
Slika 8: SEM posnetek facetirane meje v zlitini Fe - 0.094 ut.% po 
žarjenju na temperaturi 650°C 

Figure 9: Pore at a grain boundary facet of Fe - 0,094 wt.% Sb after 
annealing at 600°C; a) SEM. b) corresponding scanning Auger image 
of Sb 
Slika 9: Razpoka v kristalni meji Fe - 0,094 ut.% po žarjenju na 
temperaturi 600°C: a) SEM posnetek, b) odgovarjajoči SAM posnetek 
Sb 
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Figure 7: Photolines of pure Sb and segregated Sb in Fe-Sb alIoys 
Slika 7: XPS krivulje čistega Sb in segregiranega Sb v Fe-Sb zlitini 
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t h e i r o n - i r o n b o n d i n g a n d t h e s e b o n d s a t t h e g r a i n 

b o u n d a r y w i l l b e w e a k e n e d . 

X P S m e a s u r e m e n t s o n a l a r g e a r e a o f i n t e r g r a n u l a r 

f r a c t u r e o f F e - 0 , 9 3 w t . % S b a l l o y a f t e r a n n e a l i n g at 

6 0 0 ° C s h o w t h a t t h e e n e r g i e s o f t h e S b 3 d e l e c t r o n l e v e l s 

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

( F i g u r e 7) . T h e e n e r g y s h i f t o f a b o u t - 0 , 5 e V in c o m -

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

to s e g r e g a t e d a n t i m o n y , a s e x p e c t e d in t h e a b o v e m o d e l . 

I t is a l s o p o s s i b l e t o e x p l a i n t h e e m b r i t t l i n g b e h a v i o u r 

o f a n t i m o n y in a n o t h e r w a y b y t a k i n g i n t o c o n s i d e r a t i o n 

t h a t t h e g r a i n b o u n d a r i e s o f t e n a r e f a c e t t e d , a s i l l u s t r a t e d 

in F i g u r e 8. T h e s e g r e g a t i o n o f a n t i m o n y i n d u c e s a r e -

c o n s t r u c t i o n o f t h e g r a i n f a c e s vvh ich r e s u l t s in a d e -

c r e a s e o f g r a i n b o u n d a r y c o h e s i o n . 

O n s o m e i n t e r g r a n u l a r a r e a s p o r e s w e r e d e t e c t e d w i t h 

a n a v e r a g e d i a m e t e r o f 2 p m as c a n b e s e e n in F i g u r e 9 . 

A n a n t i m o n y m a p r e c o r d e d f o r t h e s a m e a r e a , shovvs a n -

t i r n o n y e n r i c h m e n t vv i th in t h i s p o r e . S e g r e g a t e d a n t i -

m o n y c e r t a i n l y f a v o u r s t h e f o r m a t i o n o f s u c h p o r e s s i n c e 

i t s s u r f a c e s e g r e g a t i o n c a u s e s a p r o n o u n c e d d e c r e a s e o f 

3.2 Fe-C-Sb alloys 

S a m p l e s vvith d i f f e r e n t a n t i m o n y a n d c a r b o n c o n t e n t s 

vvere i n v e s t i g a t e d t o s t u d y t h e e f f e c t o f c a r b o n o n a n t i -

m o n y g r a i n b o u n d a r y s e g r e g a t i o n . T h e f r a c t u r e f a c e s o f 

t h e F e - C - S b a l l o y s vvith 0 , 0 4 9 w t . % S b shovv t r a n s g r a n u -

la r f r a c t u r e c a u s e d b y t h e c a r b o n c o n t e n t . T h e h i g h e r c o -

h e s i o n o f t h e s e m a t e r i a l s c o m p a r e d vvith c o r r e s p o n d i n g 

F e - S b a l l o y s is d u e t o t h e f a c t t h a t a n t i m o n y is d i s p l a c e d 

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

e q u a t i o n 

C ( d i s s o l v e d ) + S b ( s e g r e g a t e d ) 

= C ( s e g r e g a t e d ) + S b ( d i s s o l v e d ) ( 2 ) 

T h e m u t u a l d i s p l a c e m e n t o f t h e s e tvvo e l e m e n t s c o r -

r e s p o n d i n g to t h e d i s p l a c e m e n t e q u i l i b r i a in t h e s y s t e m s 

F e - C - P 9 a n d F e - C - S n 1 0 , vvas p r o v e n f o r t h e F e - C - S b a l -

l o y vvith 0 , 0 9 4 w t . % S b , a s shovvn in F i g u r e 10. T h e a v -

e r a g e g r a i n b o u n d a r y c o n c e n t r a t i o n o f a n t i m o n y d e -

c r e a s e s vvith i n c r e a s i n g g r a i n b o u n d a r y a n d b u l k 

c o n c e n t r a t i o n o f c a r b o n . S i m u l t a n e o u s l y t h e p e r c e n t a g e 
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Figure 10: Dependence of the Sb and C grain boundary concentrations 
on the bulk concentration of carbon in Fe - 0,094 wt.% Sb 
Slika 10: Odvisnost koncentracij Sb in C na mejah zrn od 
koncentracije ogljika v osnovnem materialu Fe - 0,094 ut.% Sb 
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Figure 12: Dependence of the transition temperature on bulk 
concentration of carbon for Fe - 0,040 wt.% Sb and Fe - 0,094 wt.% 
Sb after annealing at 750°C 
Slika 12: Odvisnost prehodne temperature žilavosti od vsebnosti 
ogljika v osnovnem materialu Fe - 0,049 ut.% Sb in Fe - 0,094 ut.% Sb 
po žarjenju na temperaturi 750°C 

of t r a n s g r a n u l a r f r a c t u r e r i s e s w i t h i n c r e a s i n g b u l k c o n -
c e n t r a t i o n o f c a r b o n ( F i g u r e 11 ) . 

T h e d e c r e a s e o f b r i t t l e i n t e r g r a n u l a r f r a c t u r e of F e - C -
S b a l l o y s c a n b e e x p l a i n e d b y t h e f o l l o v v i n g e f f e c t s : 

a ) T h e s t r o n g l y e m b r i t t l i n g a n t i m o n y is d i s p l a c e d 
f r o m t h e g r a i n b o u n d a r i e s b y c a r b o n . 

b ) T h e s e g r e g a t e d c a r b o n c a u s e s a h i g h e r g r a i n 
b o u n d a r y c o h e s i o n . 

I f e n e r g e t i c i n t e r a c t i o n s b e t w e e n s e g r e g a t e d c a r b o n 
a n d a n t i m o n y a r e n e g l e c t e d , t h e a b o v e m e n t i o n e d p h e -
n o m e n a c a n b e d e s c r i b e d b y c o n s i d e r i n g o n l y t h e s i te 
c o m p e t i t i o n o f t h e t w o e l e m e n t s 

6s 

i - e S b -

e r 

' = x S b e x P 

0sb ~ 9 c 
= x c e x p 

R T 

R T 

(3) 

( 4 ) 

T h e d e - e m b r i t t l i n g e f f e c t o f c a r b o n w a s a l s o d e m o n -
s t r a t e d by C h a r p y i m p a c t t e s t s . F i g u r e 1 2 i l l u s t r a t e s f o r 
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Figure 11: Variation of the percentage of intergranular fracture with 
bulk concentration of carbon in Fe - 0,094 wt.% Sb 
Slika 11: Sprememba odstotka interkristalnih prelomnih ploskev v 
odvisnosti od koncentracije ogljika v zlitini Fe - 0,094 ut.% Sb 
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Figure 13: Auger spectrum of an intergranular fracture surface of Fe • 
2,85 wt.% Ni - 0,049 wt.% Sb 
Slika 13: AES spekter interkristalne prelomne površine zlitine Fe • 
2,85 ut.% Sb 

b o t h F e - S b a l l o y s ( 0 , 0 4 9 w t . % S b o r 0 , 0 9 4 w t . % S b ) 
t e m p e r e d a t 7 5 0 ° C tha t t h e t r a n s i t i o n t e m p e r a t u r e s h i f t s 
t o lovver v a l u e s if c a r b o n is a d d e d t o e a c h a l l o y . 

3.3 Fe-Ni-Sb alloys 

T h e i n f l u e n c e o f n i c k e l o n t h e g r a i n b o u n d a r y s e g r e -
g a t i o n o f a n t i m o n y w a s a l s o i n v e s t i g a t e d f o r t w o F e - N i -
S b a l l o y s . A u g e r s p e c t r a t a k e n f r o m i n t e r g r a n u l a r a r e a s 
i n d i c a t e t he e n r i c h m e n t o f a n t i m o n y a n d n i c k e l ; a t y p i c a l 
A u g e r s p e c t r u m is s h o w n in F i g u r e 13 . T h e t e m p e r a t u r e 
d e p e n d e n c e of a n t i m o n y a n d n i c k e l e q u i l i b r i u m s e g r e g a -
t i o n c o n t r a d i c t s p r e v i o u s r e s u l t s o f o t h e r a u t h o r s 2 - 4 ' 5 

( F i g u r e 14) . N o e v i d e n c e w a s f o u n d f o r c o s e g r e g a t i o n o f 
a n t i m o n y a n d n i c k e l o r f o r a n t i m o n y s e g r e g a t i o n b e e i n g 
e n h a n c e d b y t h e p r e s e n c e o f n i c k e l , a s w a s o b s e r v e d b y 
o t h e r a u t h o r s 2 ' 4 . F o r t h e F e - 0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % 
S b a l l o y t he a n t i m o n y g r a i n b o u n d a r y c o n c e n t r a t i o n is 
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Figure 14: Grain boundary segregation of Sb and Ni plotted as a 
function of equilibration temperature for two Fe-Ni-Sb alloys 
Slika 14: Segregacija Sb in Ni po mejah zrn prikazana kot funkcija 
ravnotežne temperature za dve zlitini Fe-Ni-Sb 

Figure 15: Dependence of the transition temperature on the bulk 
concentration of nickel for Fe-Ni- 0,049 wt.% Sb alloys after annealing 
at 750°C 
Slika 15: Odvisnost prehodne temperature žilavosti od vsebnosti niklja 
v Fe-Ni- 0,049 ut.% Sb po žarjenju na 750°C 

n e a r l y t h e s a m e at ali t e m p e r a t u r e s as f o r t h e s a m e a l l o y 

w i t h o u t n i c k e l a n d is t h e r e f o r e n o t e n h a n c e d b y t h e p r e s -

e n c e o f n i c k e l . A d d i t i o n a l l y , t h e a m o u n t o f n i c k e l s e g r e -

g a t i o n is a l w a y s t h e s a m e a t a l i t e m p e r a t u r e s . A E S s t u d -

i e s o n t h e F e - 2 , 8 5 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y 

i l l u s t r a t e t h a t t h e a v e r a g e a m o u n t o f a n t i m o n y i s lovver 

t h a n in t h e F e - 0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y . T h e 

g r a i n b o u n d a r y c o n c e n t r a t i o n o f a n t i m o n y i n c r e a s e s vvith 

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

n i c k e l is s l i g h t l y d i f f e r e n t . A f t e r i n c r e a s i n g s e g r e g a t i o n 

vvith d e c r e a s i n g t e m p e r a t u r e t h e g r a i n b o u n d a r y s e g r e g a -

t i o n o f n i c k e l d e c r e a s e s a t 6 0 0 ° C . C o n s e q u e n t l y 

G u t t m a n n ' s m o d e l o f c o s e g r e g a t i o n d o e s n o t h o l d t r u e 

f o r t h e F e - N i - S b s y s t e m . I t vvas a l s o a s s e r t e d t h a t t h e 

p r e s e n c e o f n i c k e l e n h a n c e s t h e e m b r i t t l i n g b e h a v i o u r o f 

a n t i m o n y . C h a r p y i m p a c t t e s t s o f F e - N i - S b a l l o y s t e m -

p e r e d a t 7 5 0 ° C shovv d i f f e r e n t r e s u l t s ( F i g u r e 1 5 ) . T h e 

t r a n s i t i o n t e m p e r a t u r e o f F e - 0 , 0 4 9 w t . % S b a n d F e -

0 , 5 3 w t . % N i - 0 , 0 4 9 w t . % S b a l l o y is n e a r l y t h e s a m e , 

vvhile t h e t r a n s i t i o n t e m p e r a t u r e o f F e - 2 , 8 5 w t . % N i -

0 , 0 4 9 vvt .% S b a l l o y d e c r e a s e s t o a v a l u e vvhich is t y p i c a l 

f o r d u c t i l e m a t e r i a l s . W i t h r e g a r d t o t h i s r e s u l t t h e d e -

e m b r i t t l i n g e f f e c t o f n i c k e l c a n b e e x p l a i n e d b y t h e f o l -

lovving e f f e c t s : 

a ) N i c k e l p r o m o t e s t h e r e f i n e m e n t o f g r a i n s . 

b ) T h e s e g r e g a t i o n d e c r e a s e in a n t i m o n y m a y b e d u e 
t o n i c k e l s e g r e g a t i o n . 

T h u s t h e e x p e c t e d s e v e r e e m b r i t t l e m e n t o f F e - N i - S b 
a l l o y s a c c o r d i n g t o e a r l i e r i n v e s t i g a t i o n s vvas n o t c o n -
f i r m e d . 
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VACUUM HEAT TREATMENT 
LABORATORY 

Vacuum Heat Treatment 
Vacuum Heat Treatment is recognised as a high quality cost effective and ultra clean method for 
processing a vvide range of components and materials currently in use in today's industry. The range 
of our equipment enables us to heat treat most sizes of load, from small batches to work up to 350 mm 
diameter, 910 mm high, and vveight up to 380 kg. 

ADVANTAGES 
• Clean, bright surface fmish 
• Minimal distortion 
• Minimal post treatment operations, e.g., grinding or polishing 

Five years of continual investment has ensured that VHTL maintains it position as market leader in 
the field of high quality sub-contract metal processing. 
We operate the latest generation of IPSEN VTTC furnace capable of processing components up to 
350 mm in diameter, which in addition to our high pressure, rapid quenching facilities increases the 
range of materials suitable for Vacuum Heat Treatment. 

TTPICAL APPLICATIONS 
• Bright Annealing 
• Bright Stress Relieving 
• Hardening/Tempering 
• Brazing/Hardening/Tempering 
• Solution Treatment 

Demagnetisation 
Degassing 
Diffusion Treatments 
Sintering 

QUALITY ASSURANCE 
Quality is fundamental to the IMT philosophy. The choice of process, ali processing operations and 
process control are continuously monitored by IMT Quality Control Department. 
The high level of quality resulting from this tightly organised activity has been acknowledged by 
government authorities. industry and International companies. 



Sn Influence on the Recrystallization of 
Non-Oriented Electrical Sheet 

Vpliv Sn na rekristalizacijo neorientirane elektro pločevine 

M. Godec1, M. Jenko, IMT Ljubljana, Slovenija 
R. Mast, Max-Planck-lnstitut fur Eisenforschung, Dusseldorf, Germany 
F. Vodopivec, IMT Ljubljana, Slovenija 
H. J. Grabke, H. Viefhaus, Max-Planck-lnstitut fur Eisenforschung, Dusseldorf, Germany 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r pub l i ca t i on : 1 9 9 6 - 1 1 - 0 4 

During the recrystailization microalioyed tin in non-oriented silicon steel segregates to the surface and grain boundary and as a 
surface active element selectively decreases the surface energy of grains, planeš of vvhich (100) lie parallel to the surface sheet. 
This phenomenon can be used to achieve non-oriented electrical steel vvith improved electromagnetic properties. Auger electron 
spectroscopy was used to measure the grain boundary and surface segregation of tin in non-oriented electrical steels. The grain 
boundary segregation of the specimens. vvhich vvere previously aged at 550°C for different times and vvere fractured in UHV 
conditions, vvas measured. The segregation temperature dependence and its kinetics vvere follovved in polycrystalline specimens in 
the temperature range from 400"C to 900"C on the grains of knovvn orientations: (100), (111) and (110). In spite of fact that the 
grain boundary segregation is much smaller compared vvith surface segregation, both might have an influence on recrystallization 
and on texture development in electrical steel. The textures of electrical steels vvere measured by X-ray texture goniometer. The 
results vvere presented a s orientation distribution functions. The selective grain growth can be achieved by controlled surface 
segregation by vvhich the electrical properties of non-oriented electrical steel are improved. The best results vvere obtained by 
alloying it vvith 0.05 wt. % Sn. 

Key vvords: non-oriented silicon steel, tin, surface and grain boundary segregation, recrystallization, texture 

Kositer, mikrolegiran v neorientirani elektro pločevini, pri rekristalizaciji segregira na površino in meje zrn in kot površinsko aktivni 
element selektivno zmanjša površinsko energijo zrn, katerih ravnine (100) ležijo vzporedno s površino pločevine. Ta pojav lahko 
izkoristimo za izdelavo neorientirane elektro pločevine z izboljšanimi elektromagnetnimi lastnostmi. S spektroskopijo Augerjevih 
elektronov smo zasledovali segregacijo po mejah zrn in na površini neorientirane elektropločevine. Segregacijo po mejah zrn smo 
merili na vzorcih, ki so bili predhodno starani na temperaturi 550°C različno dolgo in prelomljeni v pogojih UVV. Tudi temperaturno 
odvisnost segregacije in njeno kinetiko smo zasledovali na polikristalnih vzorcih, v temperaturnem območju od 400°C do 900°C, na 
zrnih znanih orientacij: (100), (111) in (110). Kljub temu, da je segregacija po mejah zrn veliko manjša od segregacije na površini, 
pa imata verjetno obe vpliv na rekristalizacijo in tako na razvoj teksture elektro pločevine. Teksturiranost elektro pločevin smo 
določili z rentgenskim goniometrom. Rezultati so predstavljeni z orientacijskimi porazdelitvenimi funkcijami. S kontrolirano 
površinsko segregacijo dosežemo selektivno rast zrn, kar izboljša električne lastnosti neorientirane elektro pločevine. Najboljše 
rezultate smo dosegli pri legiranju z 0.05 mas.% Sn. 

Ključne besede: neorientirana elektro pločevina, kositer, površinska segregacija in segregacija po mejah zrn, rekristalizacija, 
tekstura 

1 Introduction 

R e c r y s t a l l i z a t i o n , c o r r o s i o n , a d s o r p t i o n , c a t a l y s i s , 
s u r f a c e d i f f u s i o n , a d h e s i o n , s i n t e r i n g a n d s o m e o t h e r 
p r o c e s s e s a r e d e c i s i v e l y d e p e n d e d o f c h e m i c a l c o m p o s i -
t ion a n d s t r u c t u r e o f s u r f a c e . O n t h e o t h e r h a n d t h e m e -
c h a n i c a l p r o p e r t i e s a n d t h e c o r r o s i o n r e s i s t i v i t y o f m e t a l s 
a n d a l l oys a r e g r e a t l y i n f l u e n c e d b y t h e a t o m i c c o m p o s i -
t i on o f g r a i n b o u n d a r i e s a n d i n t e r f a c e s 1 . 

T h e c h e m i c a l c o m p o s i t i o n o f s u r f a c e s a n d g r a i n 
b o u n d a r i e s a r e d r a s t i c a l l y c h a n g e d d u r i n g h e a t t r e a t m e n t 
o f s t e e l s d u e t o t h e w e l l - k n o w n p h e n o m e n o n c a l l e d s e g -
r e g a t i o n . S o m e o f t he a l l o y i n g e l e m e n t s a n d a l s o s o m e of 
t h e t r a m p e l e m e n t s in p p m l e v e l f r o m I V A t o V I A 
g r o u p e n r i c h s u r f a c e a n d g r a i n b o u n d a r i e s . E q u i l i b r i u m 
s e g r e g a t i o n is r e a c h e d b y t h e i n t e r a c t i o n o f f r e e b o n d s on 
t he s u r f a c e vvith t h e s e g r e g a t i n g e l e m e n t s . T h i s d e c r e a s e s 
t he s u r f a c e e n e r g y a n d r e l e a s e s t he e l a s t i c e n e r g y o f t h e 
l a t t i ce 2 . 
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B y a l l o y i n g n o n - o r i e n t e d e l e c t r i c a l s t e e l s vvith s m a l l 
a d d i t i o n s of s u r f a c e a c t i v e e l e m e n t s s u c h as S n , S b , Te 
a n d S e , t he t e x t u r e c a n b e s i g n i f i c a n t l y i m p r o v e d 3 " 9 . T i n , 
vvhen a d d e d in t h e r a n g e o f a 0 . 0 2 - 0 . 1 w t % , c a n i m p r o v e 
m a g n e t i c p r o p e r t i e s , t h o u g h it is n o t d e s i r a b l e in s t e e l 1 0 . 
D u r i n g t h e r e c r y s t a l l i z a t i o n p r o c e s s , t in s e g r e g a t e s a t t he 
g r a i n b o u n d a r i e s a n d o n t h e s u r f a c e . T h e t h i c k n e s s a n d 
s t r u c t u r e o f t h e s e g r e g a t e d l a y e r d e p e n d o n t h e c r y s t a l -
l o g r a p h i c o r i e n t a t i o n 1 ' . T h u s , b y s e g r e g a t i o n , t h e s u r f a c e 
e n e r g y d e c r e a s e s s e l e c t i v e l y , a n d so t h e d i f f e r e n c e in t h e 
t o t a l e n e r g y of t h e g r a i n , vvhich is t h e d r i v i n g f o r c e f o r 
its grovvth d u r i n g r e c r y s t a l l i z a t i o n . I t is l o g i c a l t o e x p e c t 
a s e l e c t i v e e f f e c t o n g r a i n grovvth vvith a d i f f e r e n t s p a c e 
o r i e n t a t i o n . 

T h e a i m of t h e p r e s e n t vvork vvas to f i n d o u t t h e c o r -
r e l a t i o n o f s e g r e g a t i o n a n d t h e t e x t u r e d e v e l o p m e n t . S u r -
f a c e a n d g r a i n b o u n d a r y s e g r e g a t i o n o f t in in n o n - o r i -
e n t e d e l e c t r i c a l s t ee l a l l o y e d vvith 2 w t . % Si a n d 1 w t . % 
A l a n d d i f f e r e n t c o n t e n t s o f t in ( 0 . 0 2 5 , 0 . 0 5 a n d 
0 . 1 . w t . % ) vvere d e t e r m i n e d . T h e t e m p e r a t u r e d e p e n d e n c e 
a n d t h e k i n e t i c s o f s u r f a c e s e g r e g a t i o n vvere s t u d i e d vvith 
t he e m p h a s i s o n o r i e n t a t i o n d e p e n d e n c e . T h e c o r r e l a t i o n 



betvveen t in s e g r e g a t i o n a n d t e x t u r e d e v e l o p m e n t w a s as-
c e r t a i n e d . T h e s e g r e g a t i o n of tin d u r i n g t he r e c r y s t a l l i z a -
t ion i n c r e a s e d t h e g r a i n g r o w t h of ( 1 0 0 ) g r a i n s l y i n g in 
the p l a n e o f t h e s h e e t a n d in t h e s a m e t i m e d e c r e a s e d t he 
g r o w t h o f ( 1 1 1 ) g r a i n s . 

2 Exper imenta l 

F o u r e x p e r i m e n t a l n o n - o r i e n t e d e l e c t r i c a l s h e e t s w e r e 
p r o d u c e d f r o m t h e s a m e b a s i c m a t e r i a l . T h e c o m p o s i -
t i o n s o f v a c u u m m e l t e d a n d č a s t s t e e l s a r e l i s t ed in T a b l e 

Table 1: Chemical composition of steels in wt.% 
Tabela 1: Kemijska sestava preiskovanih jekel v mas.% 

Steel C Mn Si S Al Sn 
A 0 .0015 0 .24 2.2 0 .0005 1.10 0 .000 
B 0 .0025 0 .26 2.01 0 .0028 1.10 0.027 
C 0 .0015 0.23 2.02 0 .0005 0.95 0.048 
D 0 .0015 0 .23 2.08 0 .0004 0.95 0.097 

T h e r e s u l t i n g i n g o t s o f a b o u t 15 k g w e i g h t s vvere h o t 
r o l l e d , a t a s t a r t i n g t e m p e r a t u r e o f 1 2 0 0 ° C , t o t h e f i n a l 
s t r ip t h i c k n e s s e s o f 6 m m a n d 2 . 5 m m . T h e s t r i p s vvere 
d e s c a l e d a n d d e c a r b u r i z e d in a w e t h y d r o g e n (devv p o i n t 
2 5 ° C ) f o r t w o h o u r s a t 8 4 0 ° C . 

S e g r e g a t i o n vvas s t u d i e d " in s i t u " u s i n g A u g e r E l e c -
t ron S p e c t r o s c o p y - A E S . T h e t in e n r i c h m e n t on t h e su r -
f a c e vvas d e t e r m i n e d b y fo l lovv ing t h e p e a k h e i g h t r a d o 
( P H R ) o f a m p l i t u d e s b e t v v e e n t h e d o m i n a n t 
S n ( M j N 4 5 N 4 5 ) a n d t h e F e ( L ? M 2 3 M 5 4 ) A u g e r t r a n s i t i o n s , 
l o c a t e d a t t h e 4 3 0 a n d 6 5 1 e V k i n e t i c e l e c t r o n e n e r g i e s . 

F o r g r a i n b o u n d a r y s e g r e g a t i o n t h e n o t c h e d c y l i n d r i -
c a l s p e c i m e n s o f 3 .7 m m a n d 5 m m in d i a m e t e r a n d o f 3 
m m l e n g t h , vvere p r e p a r e d f r o m a 6 m m t h i c k h o t r o l l e d 
s t r ip . T h e s p e c i m e n s vvere e n c a p s u l a t e d in q u a r t z t u b e s 
a n d vvere e v a c u a t e d t o 10"6 m b a r . A f t e r t h e y h a d b e e n 
n o r m a l i s e d f o r 2 4 h o u r s a t 1 0 0 0 ° C , t h e y vvere a g e d f r o m 
5 to 1 0 0 0 h o u r s a t 5 5 0 ° C . T h e c y l i n d r i c a l n o t c h e d s p e c i -
m e n s vvere i n t r o d u c e d i n t o a U H V c h a m b e r of t h e s p e c -
t r o m e t e r , b e i n g c o o l e d t o a b o u t - 1 2 0 ° C , t h e s p e c i m e n s 
vvere f r a c t u r e d b y i m p a c t . T h e n e w l y - f o r m e d s u r f a c e vvas 
i m a g e d b y a s c a n n i n g e l e c t r o n m i c r o s c o p e ( S E M ) . T h e 
A u g e r s p e c t r a vvere t a k e n f r o m a s m a n y i n t e r g r a n u l a r 
f r a c t u r e s a s p o s s i b l e a n d t h e r e s u l t s vvere a v e r a g e d 1 2 " 1 3 . 

T h e s p e c i m e n s f o r s u r f a c e s e g r e g a t i o n vvere p r e p a r e d 
f r o m a h o t r o l l e d s t r i p o f 2 . 5 m m , d e s c a l e d , d e c a r b u r i z e d 
a n d , a f t e r i n t e r m e d i a t e a n n e a l i n g ( 9 0 0 ° C , 1 h o u r , d r y h y -
d r o g e n ) , c o l d r o l l e d to t h e final t h i c k n e s s of 0 . 5 , 0 .2 , a n d 
0 . 1 m m vvith a c o l d d e f o r m a t i o n o f 6 0 % . S p e c i m e n s 
vvere s e c o n d a r y r e c r y s t a l l i z e d i n - s i t u d u r i n g A E S m e a s -
u r e m e n t s in U H V ( 1 0 - 1 0 m b a r ) , a s vvell as in a t u b e f u r -
n a c e in an a r g o n a t m o s p h e r e . 

T h e g r a i n o r i e n t a t i o n vvas d e t e r m i n e d b y t he e t c h p i t -
t i ng m e t h o d 1 4 , 1 5 . T h e s p e c i m e n s vvith knovvn o r i e n t a t i o n 
vvere h e a t e d t o 9 0 0 ° C f o r 10 m i n u t e s a n d c o o l e d dovvn to 
r o o m t e m p e r a t u r e . T h e s e vvere t h e n s p u t t e r c l e a n e d a n d 

a n n e a l e d in a t e m p e r a t u r e r a n g e o f 4 5 0 ° C t o 1 0 0 0 ° C . 
T h e t e m p e r a t u r e vvas i n c r e a s e d in s t e p s o f 5 0 ° C e v e r y 15 
m i n u t e s a n d t h e A E S s p e c t r a vvere r e c o r d e d i n - s i t u e v e r y 
3 .5 m i n u t e s . F o r t he k i n e t i c s s t u d i e s , t h e s p e c i m e n s vvere 
h e a t e d to a c e r t a i n t e m p e r a t u r e , s p u t t e r e d to a c l e a n s u r -
f a c e a n d e x p o s e d to t h e s a m e t e m p e r a t u r e f o r d i f f e r e n t 
p e r i o d s o f t i m e . 

T h e X - r a y d i f f r a c t i o n m e t h o d vvas u s e d f o r t e x t u r e 
m e a s u r e m e n t s . A g o n i o m e t e r u s i n g M o K a r a d i a t i o n vvas 
a p p l i e d a n d t h e ( 2 0 0 ) , ( 1 1 0 ) a n d ( 2 1 1 ) p o l e f i g u r e s vvere 
p e r f o r m e d . A d d i t i o n a l l y , o r i e n t a t i o n d i s t r i b u t i o n f u n c -
t i ons ( O D F ) vvere c a l c u l a t e d a n d t e x t u r e f i b r e s vvere p l o t -
ted . 

3 Results and discuss ion 

T i n a d d e d in to e x p e r i m e n t a l s t e e l s vvas in t h e r a n g e 
o f s o l u b i l i t y in a - F e at ali e x a m i n e d t e m p e r a t u r e s b u t it 
vvas belovv t h e d e t e c t i o n l i m i t o f A E S . A f t e r t h e s p e c i -
m e n s vvere e x p o s e d to h i g h e r t e m p e r a t u r e t in e n r i c h e d 
t he s u r f a c e , g r a i n b o u n d a r i e s a n d i n t e r f a c e s d u e to e q u i -
l i b r i u m s e g r e g a t i o n a n d its s e g r e g a t i o n vvere d e t e c t a b l e 
b y A E S . A l i A E S s p e c t r a v / e r e n o r m a l i s e d t o 
Fe (L3M23M54) A u g e r t r a n s i t i o n a t t h e 6 5 1 e V k i n e t i c e n -
e r g y " . 

3.1 Grain boundary segregation 

T h e e q u i l i b r i u m s e g r e g a t i o n o f t in vvas a t t a i n e d a f t e r 
a n n e a l i n g t h e s p e c i m e n a l l o y e d vvith 0 . 1 % S n f o r 2 0 0 
h o u r s a t 5 5 0 ° C ( f i g u r e 1). C o n s i d e r i n g t h a t t in i s e q u a l 
d i s t r i b u t e d o n b o t h f r a c t u r e d s i d e s , it vvas e s t i m a t e d a 7 % 
tin m o n o l a y e r a t g r a i n b o u n d a r i e s . T h e s c a t t e r i n g o f r e -
su l t s vvas r a t h e r l a rge d u e t o t h e s t r o n g d e p e n d e n c e o f t in 
s e g r e g a t i o n to g r a i n b o u n d a r y o r i e n t a t i o n 1 2 , 1 6 . S t e e l a l -
l o y e d vvith 0 . 0 5 % S n h a d m u c h l e s s i n t e r g r a n u l a r f a c e t s . 
E v a l u a t e d e q u i l i b r i u m s e g r e g a t i o n vvas s m a l l e r t h a n in 
s t e e l a l l o y e d vvith 0 . 1 % S n . D e t a i l e d A E S a n a l y s e s o f 
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Figure 1: Peak height ratio (PHR) between the dominant 
Sn(M5N45N45) and the Fe(LjM23M54) Auger transitions at the kinetic 
electron energy of 430 eV and 651, respectively, in dependence of 
different ageing time 
Slika 1: Razmerje višine vrhov (RVV) med Sn(MsN45N45) in 
Fe(L3M23M54) Augerjevimi prehodi pri kinetični energiji elektronov 
430 eV in 651 eV v odvisnosti od časa staranja 



Steel Fe-Si-Sn(0.05%) 
Grain orientation (111) 

e n t s u r f a c e t in s e g r e g a t i o n o n d i f f e r e n t g r a i n s w a s n o -

t i c e d . D i f f e r e n t g r a i n o r i e n t a t i o n p r o v i d e d d i f f e r e n t s i t e s 

f o r s e g r e g a t e d t in a t o m s . B y c o m p a r i n g P H R s S n / F e 

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

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

A u g e r i r o n s i g n a l is v e r y s e n s i t i v e t o t h e a n g l e o f s a m p l e 

s u r f a c e a n d a n a l y s e r a x i s 1 3 . 

F i g u r e 3 s h o w s t h e t e m p e r a t u r e d e p e n d e n c e o f s u r -

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

o r i e n t e d e l e c t r i c a l s t e e l a l l o y e d vvith 0 . 0 5 % S n o n d i f f e r -

e n t g r a i n o r i e n t a t i o n s - ( 0 0 1 ) a n d ( 1 1 1 ) - r e s p e c t i v e l y . 

E l e c t r i c a l s t e e l is a m u l t i c o m p o n e n t s y s t e m a n d s o v e r y 

c o m p l i c a t e d t o u n d e r s t a n d t h e t e m p e r a t u r e d e p e n d e n c e 

b e h a v i o u r o f s u r f a c e s e g r e g a t i o n , t h e r e f o r e t h e r e s u l t s 

o b t a i n e d o n b i n a r y a l l o y s s h o u l d b e c o n s i d e r e d 1 7 . T h e r e -

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

d i f f u s i v i t i e s a r e a s f o l l o w s : A H ° s i < A H ° c < A H ° p a n d 

D c v » D s i v > D p v 1 7 . 

A t l o w e r t e m p e r a t u r e s ( ~ 3 0 0 ° C ) , C s e g r e g a t e d t o t h e 

s u r f a c e d u e t o v e r y h i g h d i f f u s i o n c o e f f i c i e n t in c o m p a r i -

s o n t o Si a n d P, a l t h o u g h t h e b u l k c o n c e n t r a t i o n w a s at 

v e r y l o w 15 p p m . A t h i g h e r t e m p e r a t u r e s , C a t o m s w e r e 

d i s p l a c e d b y S i a t o m s ' 8 . T h e P a n d S a t o m s d i s p l a c e d t h e 

s i l i c o n a t h i g h e r t e m p e r a t u r e s 1 7 . T h e i r b u l k d i f f u s i o n c o -

Steel Fe-Si-Sn(0.05%) 
Grain orientation (100) 

Grain 1 2 3 4 5 7 
P H R Sn/Fe 0 .23 0.31 0 .29 0 .40 0 .30 0 .40 
Orientat ion (144) (025) (118) (111) (5913) (236) 

f r e e s u r f a c e s b e t v v e e n i n c l u s i o n ( A 1 N , A b C h ) a n d m a t r i x 

c l e a r l y i n d i c a t e d t h a t t h e c o n s i d e r a b l e t in s e g r e g a t i o n o c -

c u r s at t h e i n t e r f a c e . T h e d e g r e e o f t in s e g r e g a t i o n at t h e 

i n t e r f a c e is f i v e t i m e s l a r g e r t h a n a t t h e g r a i n b o u n d a r i e s . 

3.2 Surface segregation 

S c a n n i n g A u g e r i m a g e ( S A M ) o f n o n - o r i e n t e d e l e c -

t r i c a l s t e e l h e a t e d t o 8 0 0 ° C f o r 10 m i n u t e s w a s t a k e n . 

T h e o r i e n t a t i o n o f i n d i v i d u a l g r a i n s vvas d e t e r m i n e d b y 

t h e m e t h o d d e s c r i b e d in o u r p r e v i o u s p u b l i c a t i o n 1 5 . F i g -
u r e 2 shovvs S E M a n d S A M i m a g e s o f s u r f a c e . A d i f f e r -

Figure 2: a) SEM image of 0.2 mm thick non-oriented electrical steel 
alloyed with 0.1% Sn. b) a SAM image Sn-MNN transition recorded 
on a same area, c) table shows a relation between grain orientation and 
Sn PHR 
Slika 2: a) SEM posnetek površine neorientirane elektro pločevine 
legirane z 0.1% Sn, b) SAM posnetek Sn MNN prehoda posnet na 
istem mestu, c) tabela podaja zvezo med orientacijami zrn in RVV 

T (°C) 

Figure 3: Temperature dependence of surface segregation of C, Si, P, 
S and Sn of electrical steels alloyed vvith 0.05% Sn a) (100) oriented 
grain and b) (111) oriented grain 
Slika 3: Temperaturna odvisnost površinske segregacije C, Si, P, S in 
Sn za elektro pločevino legirano s 0.05% Sn a) zrno (100) orientacije 
in b) zrno (111) orientacije 



e f f i c i e n t w a s r a t h e r lovv, b u t t h e i r s e g r e g a t i o n e n t h a l p y 

vvas v e r y h i g h , s o t in s t a r t e d s e g r e g a t i n g s i g n i f i c a n t l y 

a b o v e 6 0 0 ° C . T h e k i n e t i c s s t u d y c o n f i r m e d t h e o r i e n t a -

t i o n d e p e n d e n c e o f t i n s u r f a c e s e g r e g a t i o n a s w e l l a s 

t h i c k n e s s o f s e g r e g a t e d l aye r . 

It w a s a s c e r t a i n e d " t h a t o n ( 1 0 0 ) a n d ( 1 1 1 ) f a c e s , t h e 

s e g r e g a t i o n o f t i n w a s b e y o n d o n e m o n o l a y e r , d u e to t h e 

s t r o n g d e c r e a s e o f s u r f a c e e n e r g y . O n a s u r f a c e w i t h a 

( 1 1 1 ) o r i e n t a t i o n F e S n i n t e r m e t a l l i c c o m p o u n d of o n e 

u n i t c e l i t h i c k n e s s w a s f o u n d . O u r m e a s u r e m e n t s s h o w e d 

t h a t t i n s u r f a c e c o v e r a g e d e p e n d e n c e o n t in b u l k c o n c e n -

t r a t i o n a n d © v a l u e a p p r o a c h e d o n e f o r ( 1 0 0 ) a n d ( 1 1 1 ) 

o r i e n t a t i o n . 

3.3 Texture measurements 

T h e t e x t u r e s o f 0 . 5 m m t h i c k e l e c t r i c a l s t e e l s w e r e 

m e a s u r e d o n t h e s u r f a c e a n d in t h e m i d d l e p l a n e a f t e r t h e 

h a l f o f t h e s h e e t t h i c k n e s s w e r e r e m o v e d . T a k i n g i n t o a c -

c o u n t t h a t a p p r o x i m a t e l y s i x c r y s t a l g r a i n s c o n s t i t u t e t h e 

0 . 5 m m t h i c k c r o s s - s e c t i o n s t e e l s h e e t a n d t h e f a c t t ha t 

p e n e t r a t i o n d e p t h s o f x - r a y s vvere l e s s t h a n 0 . 1 m m o n e 

m i g h t c o n c l u d e t h a t t h e r e vvere a n a l y s e d s o m e g r a i n s 

vvhose g rovv th vvas n o t a f f e c t e d b y t h e s u r f a c e s e g r e g a t e d 

t i n . N e v e r t h e l e s s , t h e r e vvere n o t m o r e t h a n 1 0 % of s u c h 

g r a i n s . 
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Figure 4: Fibre diagram of recrystallized texture for electrical steels 
measured a) in the middle plane and b) on the surface 
Slika 4: Diagram vlaken rekristalizacijske teksture za elektro 
pločevine merjen a) v sredini in b) na površini 

T h e o r i e n t a t i o n d i s t r i b u t i o n f u n c t i o n s ( O D F ) f ( g ) 

vvere c a l c u l a t e d f r o m t h e ( 2 0 0 ) , ( 1 1 0 ) a n d ( 2 1 1 ) p o l e f i g -

u r e s . T h e t e x t u r e s vvere p r e s e n t e d as a , y a n d r | f i b r e s . 

F i g u r e 4 shovvs t e x t u r e f i b r e s in t h e m i d d l e p l a n e ( a ) a n d 

on t h e s u r f a c e ( b ) o f e l e c t r i c a l s t e e l s a l l o y e d vvith a n d 

vvi thout t in . T h e v o l u m e f r a c t i o n o f g r a i n s vvith t h e ( 1 0 0 ) 

p l a n e š m e a s u r e d on t h e s u r f a c e a n d in t h e m i d d l e p l a n e 

i n c r e a s e d t o t h e o r d e r o f tvvo c o m p a r e d t h e s t e e l vv i thou t 

• t in vvith t h e s t e e l a l l o y e d vvith 0 . 0 5 % t i n . L e s s h a r d m a g -

n e t i c o r i e n t a t i o n s vvere f o u n d o n t h e s u r f a c e . T e x t u r e d e -

v e l o p m e n t d u r i n g t h e r e c r y s t a l l i z a t i o n vvas. S t e e l a l l o y e d 

vvith 0 . 0 5 % S n , v v h i c h h a d p r e v i o u s l y b e e n a g e d 2 5 

h o u r s a t 5 5 0 ° C , c o m p a r e d t o t h e s t e e l v v i t h o u t t i n , 

s h o v v e d a n i n c r e a s e o f ( 1 0 0 ) p l a n e š p a r a l l e l t o t h e r o l l i n g 

d i r e c t i o n t o t h e o r d e r o f t h r e e . 

4 Conc lus ions 

G r a i n b o u n d a r y a n d s u r f a c e s e g r e g a t i o n o f t i n in n o n -

o r i e n t e d e l e c t r i c a l s t e e l s vvere d e t e r m i n e d . M a x i m u m 

e q u i l i b r i u m s e g r e g a t i o n o n t h e s u r f a c e vvere r e a c h e d a t 

7 5 0 ° C a n d a p p r o a c h e d f o r m a j o r i t y o f o r i e n t a t i o n s o n e 

m o n o l a y e r . O n e i r o n a t o m o n t h e s u r f a c e c o r r e s p o n d s t o 

o n e s e g r e g a t i n g t in a t o m . It vvas p r o v e d t h a t t h i c k n e s s o f 

t in s e g r e g a t i n g l a y e r d e p e n d e d o f t i n b u l k c o n c e n t r a t i o n . 

T i n s e g r e g a t i o n vvas c o n t r o l l e d b y b u l k d i f f u s i o n ; t h u s , 

t h e e q u i l i b r i u m e n r i c h m e n t o f t i n o n t h e s u r f a c e vvas 

s l i g h t l y f a s t e r f o r a s p e c i m e n vvith h i g h e r t in c o n t e n t s . 

T h e t e n d e n c y f o r t i n s u r f a c e s e g r e g a t i o n vvas m u c h 

h i g h e r c o m p a r e d t o g r a i n b o u n d a r y s e g r e g a t i o n . A t e q u i -

l i b r i u m g r a i n b o u n d a r y s e g r e g a t i o n o n l y 7 a n d 3 % o f t in 

a t o m s vvere f o u n d o n a g r a i n b o u n d a r y f o r s t e e l a l l o y e d 

vvith 0 . 1 a n d 0 . 0 5 % S n , r e s p e c t i v e l y . 

D i f f e r e n t c r y s t a l l o g r a p h i c o r i e n t a t i o n s c a n p r o v i d e 

d i f f e r e n t s i t e s f o r s e g r e g a t i n g t in a t o m s . D u r i n g t h e r e -

c r y s t a l l i z a t i o n t in a t o m s s e g r e g a t e d o n t h e s u r f a c e a n d 

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

e n e r g y o f c r y s t a l g r a i n s s e l e c t i v e l y . 

T h e o b t a i n e d r e s u l t s c o n f i r m e d o u r s u p p o s i t i o n . T i n 

s e g r e g a t i o n t o o k p l a č e d u r i n g t h e r e c r y s t a l l i z a t i o n a n d 

d e c r e a s e d t h e s u r f a c e e n e r g y o f c r y s t a l g r a i n s vvith ( 1 0 0 ) 

a n d ( 1 1 0 ) p l a i n s p a r a l l e l t o t h e s h e e t s u r f a c e . T e x t u r e s 

r e p r e s e n t e d as s e c t i o n s t h r o u g h t h r e e - d i m e n s i o n a l o r i e n -

t a t i o n d i s t r i b u t i o n s p a c e in f i x e d d i r e c t i o n s s h o v v e d t h a t 

v o l u m e f r a c t i o n o f m a g n e t i c a l l y s o f t g r a i n s i n c r e a s e d f o r 

tvvo t i m e s c o m p a r e d t o s t e e l vv i thou t t i n . S l i g h t l y b e t t e r 

t e x t u r e s vvere o b t a i n e d n e a r t h e s u r f a c e t h a n i n t h e m i d -

d l e p l a n e o f 0 . 5 m m t h i c k s t e e l s h e e t . T h e b e s t r e s u l t s 

vvere o b t a i n e d f o r s t e e l a l l o y e d vvith 0 . 0 5 % S n . W e s u p -

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

s i r e d s e l e c t i v e g r a i n g rovv th . 
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Corrosion Resistance of NdDyFeB Basic Alloys 

Korozijska obstojnost osnovnih zlitin NdDyFeB 

S. Kobe Beseničar1, IJS Ljubljana, Slovenija 
L. Vehovar, IMT Ljubljana, Slovenija 
B. Saje, Magneti d.d. Ljubljana, Slovenija 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

Nd-Dy-Fe-B-X (X = Zr, Hf) alloys were exposed to severe corrosion conditions and the corrosion rates vvere followed by various 
technigues (eiectrochemistry, Tafei extrapolation method). The vveight loss vvas measured over a period of 10 weeks in a wet 
corrosion chamber. Corrosion products were anaiysed using X-ray diffraction and the microstructures were investigated by optical 
microscopy and on SEM - EDS. In aggresive media, such as diluted NaCI or H2SO4, the differences between the corrosion rates 
vvere small. The lowest potential difference between the anodic phase (corrosion products) and the matrix, acting as cathode, vvas 
observed in Nd-Dy-Fe-B-Zr alloys. Corrosion rates in fresh vvater vvere 0,30 mm/year for Nd-Dy-Fe-B alloy and 0,02 mm/year for 
Nd-Dy-Fe-B-Zr alloy. The same trend vvas shovvn on samples exposed to conditions of simulated condensed atmospheric humidity. 
The highest cumulative vveight loss occurred vvith pure Nd-Dy-Fe-B alloys and the lowest vvith the alloy improved by Zr02 addition. 
The corrosion rates for three different alloys were 0.089 mm/year for Nd-Dy-Fe-B alloy, 0,072 mm/year for Nd-Dy-Fe-B-Hf alloy and 
0,063 mm/year for Nd-Dy-Fe-B-Zr alloy. 

Key words: corrosion, Nd-Fe-B alloys, permanent magnets 

Osnovne zlitine Nd-Dy-Fe-B-X (X = Zr, Hf) smo izpostavili agresivnim korozijskim pogojem in zasledovali korozijski proces z 
različnimi metodami (elektrokemija, Taflova ekstrapolacijska metoda). V vlažni komori smo merili izgubo teže v obdobju desetih 
tednov. Korozijske produkte smo analizirali z uporabo X -žarkovne difrakcije ter opazovanjem mikrostrukture z optično mikroskopijo 
in elektronskim mikroskopom opremljenim z EDS. I/ agresivnih medijih kot sta NaCI in H2SO4 so bile razlike y korozijski hitrosti med 
različnimi zlitinami majhne. Najmanjšo razliko potenciala med anodno fazo (korozijski produkt) in matrico, ki deluje kot katoda, smo 
opazili pri zlitini Nd-Dy-Fe-B-Zr. Korozijska hitrost v vodi je bila 0,30 mm/leto pri zlitinah Nd-Dy-Fe-B in 0,02 mm/leto pri zlitinah 
Nd-Dy-Fe-B-Zr. Enako tendenco smo opazili pri eksperimentih, pri katerih so bile zlitine izpostavljene pogojem, ki so simulirali 
nasičeno zračno vlago. Najvišja kumulativna izguba teže je bila dosežena s čistimi Nd-Dy-Fe-B zlitinami in najnižja z Nd-Dy-Fe-B-Zr 
zlitinami. Korozijske hitrosti za različne zlitine so bile 0,089 mm/leto za zlitino brez dodatkov, 0,072 mm/leto za zlitino z dodatkom 
Hf02 in 0,063 mm/leto za zlitino z dodatkom cirkon oksida. 

Ključne besede: korozija, Nd-Fe-B zlitine, trajni magneti 

1 I n t r o d u c t i o n 

A m o n g the r a r e e a r t h b a s e d p e r m a n e n t m a g n e t s , N d -

F e - B m a g n e t s h a v e a s s u m e d a n i m p o r t a n t p o s i t i o n d u e t o 

t h e i r o u t s t a n d i n g m a g n e t i c p r o p e r t i e s 1 , 2 a n d t h e i r u s e is 

s t i l i o n g rovv ing in d i f f e r e n t f i e l d s o f a p p l i c a t i o n 3 . Hovv-

ever , c o t T o s i o n h a s b e e n a p r o b l e m vvith N d - F e - B m a g -

ne t s , b e c a u s e p h a s e s r i c h in r a r e e a r t h e l e m e n t s a r e e a s i l y 

o x i d i s e d in air, e s p e c i a l l y in h u m i d air4-5 . S i n c e c o r r o s i o n 

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

t he o t h e r h a n d , c a n a l s o b e d e t r i m e n t a l t o m a g n e t i c c i r -

cu i t s , m u c h e f f o r t ha s b e e n m a d e t o i m p r o v e t h e c o r r o -

s i o n r e s i s t a n c e o f N d - F e - B m a g n e t s . E v e n c o a t i n g a n d 

p l a t i n g a r e n o t t h e p e r f e c t s o l u t i o n t o t h i s p r o b l e m , b e -

c a u s e t h e y c a n b e i m p e r f e c t a n d allovv t h e p e n e t r a t i o n of 

r e a c t i n g s p e c i e s s u c h as m o i s t u r e to t h e m a g n e t s u r f a c e 6 . 

S e a r c h i n g f o r a b e t t e r r e s i s t a n c e o f t h e m a t e r i a l i t se l f , 

v a r i o u s r e f e r r e d p o s s i b i l i t i e s h a v e b e e n s t u d i e d . 

N a r a s i m h a n e t a l . 7 r e p o r t e d t h a t r a i s i n g t h e o x y g e n 

c o n t e n t to be tvveen 0 , 6 t o 3 , 5 % s i g n i f i c a n t l y i m p r o v e d 

t h e c o r r o s i o n r e s i s t a n c e ; K i m a n d J a c o b s o n r e p o r t e d t ha t 

t h e a d d i t i o n o f A l , D y or D y z 0 3 i m p r o v e d t h e c o r r o s i o n 

r e s i s t a n c e in h u m i d a i r 4 , vvhi le T e n a u d , V i a l , S a g a v v a 8 

a n d H i r o s a v v a e t a l . 9 u s e d V a n d M o to i m p r o v e t h e b a s i c 

1 Dr. Spomenka K O B E BESENIČAR 
Inslitul Jožef Štefan. Jamova 39 
1001 Ljubl jana. Slovenija 

c o r r o s i o n r e s i s t a n c e o f N d - F e - B m a g n e t s . K o b e e t a l . r e -
p o r t e d on t h e b e n e f t c i a l i n f l u e n c e o f ZrC>2 a d d i t i o n n o t 
o n l y to t h e i n e r e a s e d c o e r c i v i t y , b u t a l s o t o t h e c o r r o s i o n 
r e s i s t a n c e o f t h e N d - D y - F e - B m a g n e t s 1 0 . P r e v i o u s l y 
N a k a m u r a 1 1 a t t a i n e d b e t t e r c o r r o s i o n r e s i s t a n c e o f t h e 
N d - r i c h p h a s e b y t h e s u b s t i t u t i o n of F e vvith C o a n d Zr , 
a n d Sagavva e t a l . 1 2 i m p r o v e d t h e c o r r o s i o n r e s i s t a n c e b y 
a d d i t i o n o f C o a n d A l . K i m e t a l . 6 i n f l u e n c e d t h e c o r r o -
s i o n r e s i s t a n c e b y v a r y i n g t h e a m o u n t o f O , C a n d N in 
t h e b a s i c c o m p o s i t i o n o f N d - F e - B m a g n e t s . 

O n t he b a s i s o f t h e p r o m i s i n g r e s u l t s in o u r p r e v i o u s 
w o r k 1 0 , vve c o n t i n u e d o u r s t u d i e s o n t h e i n f l u e n c e o f 
Z r 0 2 a n d H f 0 2 a d d i t i o n s o n i m p r o v i n g t h e c o r r o s i o n r e -
s i s t a n c e o f t he b a s i c N d - D y - F e - B a l l o y vvith t h e c o m p o -
s i t i on N d i 5 D y i F e 7 6 B 8 . T h e c o r r o s i o n r e s i s t a n c e vvas f o l -
lovved o v e r e x p e r i m e n t a l p e r i o d s d u r i n g vvh ich t h e 
s a m p l e s vvere e x p o s e d t o v a r i o u s s e v e r e c o r r o s i o n c o n d i -
t i ons . 

2 E x p e r i m e n t a l 

T h e b a s i c a l l o y s u s e d f o t t h e c o r r o s i o n e x p e r i m e n t s 
vvere p r e p a r e d b y a r e m e l t i n g t h e a l l o y s N d F e , D y F e , 
F e B a n d F e povvder in a p u r e A r a t m o s p h e r e . In o r d e r to 
p r e v e n t t he o x i d a t i o n Ti s p o n g e vvas u s e d as a g e t t e r f o r 
o x y g e n . T h r e e d i f f e r e n t b a t e h e s vvere p r e p a r e d : A - s a m -
p l e s vv i thou t o t h e r a d d i t i v e s , B - 1 w t . % h a f n i a vvas 



a d d e d b e f o r e a r e m e l t i n g , C - I w t . % o f z i r c o n i a w a s 

a d d e d p r i o r t o a r e m e l t i n g . S a m p l e s w e r e r e m e l t e d t h r e e 

t i m e s in o r d e r t o a t t a i n a b e t t e r h o m o g e n e i t y . B u t t o n s o f 

m e l t e d a l l o y s w e r e s l i c e d a n d p o l i s h e d t o d i s e s , d i m e n -

s i o n a l l y a p p r o p r i a t e f o r t h e c o r r o s i o n t e s t s . 

T h e i n v e s t i g a t i o n s w e r e f o c u s e d o n g e n e r a l c o r r o s i o n 

r e s i s t a n c e , b a s e d o n e l e c t r o c h e m i c a l d e t e r m i n a t i o n s o f 

t h e p o s s i b l e p a s s i v i t y o f e l e c t r o d e s u r f a c e s , o r a e t i v e c o r -

r o s i o n . M o r e o v e r , s e r v i c e c o n d i t i o n s w e r e s i m u l a t e d b y 

e x p o s i n g t h e t e s t s p e c i m e n s i n a w e t c o r r o s i o n f a c i l i t y 

( D I N 5 0 1 7 ) , w i t h t h e a i m o f e s t a b l i s h i n g t h e e f f e c t o f 

c h e m i c a l c o m p o s i t i o n a n d m i c r o s t r u c t u r e o n t h e c o r r o -

s i o n r a t e a n d t h e f o r m o f c o r r o s i o n . 

T h e p o t e n t i o d y n a m i c a n o d i c p o l a r i s a t i o n m e a s u r e -

m e n t s w e r e p e r f o r m e d u s i n g a n E G a n d G - P A R p o t e n -

t i o s t a t a n d " S o f t c o r r 3 5 2 " s o f t v v a r e . E x p e r i m e n t s w e r e 

c a r r i e d o u t in f r e s h w a t e r a n d in v a r i o u s a q u e o u s t e s t - s o -

l u t i o n s c o n t a i n i n g l o w c o n c e n t r a t i o n s o f a g g r e s s i v e i o n s 

s u e h a s C l " a n d SO4 2 *. S u e h m e d i a c o u l d o n l y r e p r e s e n t 

a p p r o x i m a t i v e a t m o s p h e r i c c o n d i t i o n s in t h e i n d u s t r i a l 

e n v i r o n m e n t . E l e c t r o c h e m i c a l d e t e r m i n a t i o n o f c o r r o s i o n 

r a t e s w e r e p e r f o r m e d b y t h e T a f e l p l o t t e c h n i q u e . 

A f t e r e x p o s i n g t h e s a m p l e s t o v a r i o u s c o r r o s i o n c o n -

d i t i o n s t h e y w e r e c h a r a c t e r i s e d b y o p t i c a l a n d e l e c t r o n 

m i c r o s c o p y ( S E M / E P M A J E O L , J X A 8 4 0 A ) . P h a s e s in 

c o r r o s i o n p r o d u c t s w e r e i d e n t i f i e d u s i n g E D S a n d W D S 

a n a l y s i s f a c i l i t i e s a n d a n X - r a y d i f f r a c t o m e t r y ( P h i l i p s 

1 7 1 0 ) . 

3 Results and discussion 

3.1 Effect of the HfC>2 and ZrC>2 additives on the corro-
sion rate of Nd-Dy-Fe-B alloys 

T h e e x a m p l e o f t h e a n o d i c p o l a r i s a t i o n s c u r v e s p r e -

s e n t e d in F i g u r e 1 i n d i c a t e s t h a t a l i o f t h e t h r e e m a t e r i a l s 

c a n n o t a c h i e v e p a s s i v i t y . T h e o v e r a l l s h a p e o f t h e c u r v e s 

i n d i c a t e s t h a t t h e m a t e r i a l s u n d e r g o a e t i v e c o r r o s i o n . I t is 

e v i d e n t t h a t t h e p o t e n t i o d y n a m i c s c a n s d i d n o t r e v e a l a n y 

s i g n i f i c a n t f e a t u r e , s u e h a s a p a s s i v e r e g i o n w h e r e p a s s i -

v a t i o n is s p o n t a n e o u s , t h e p i t t i n g p o t e n t i o n a l o r t h e e r i t i -

c a l a n o d i c c u r r e n t . T h e c o n c l u s i o n f r o m t h e a n o d i c p o -

t e n t i o d y n a m i c s c a n s o f t h e m a t e r i a l s c a r r i e d o u t in d i f -

f e r e n t s o l u t i o n s w a s t h a t n o s i g n i f i c a n t p a s s i v a t i o n o c -

c u r r e d . 

D u e to s u e h p o l a r i s a t i o n b e h a v i o u r o f t h e m a t e r i a l s , 

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

T a f e l p l o t t e c h n i q u e . T h e c o r r o s i o n r a t e s o f t h e m a t e r i a l s 

t e s t e d vvhen e x p o s e d in v a r i o u s m e d i a a r e p r e s e n t e d in 

T a b l e 1 a n d g r a p h i c a l l y in F i g u r e 2 . 

F r o m t h e s e r e s u l t s it c a n b e c o n c l u d e d t h a t c h l o r i d e 

i o n s d r a s t i c a l l y p r o m o t e c o r r o s i o n . A s t h e i r c o n c e n t r a -

t i o n i n e r e a s e s , s o d o e s t h e r a t e o f c o r r o s i o n . T h e c o r r o -

s i o n p r o c e s s is a l s o p a r t i c u l a r l y d r a m a t i c i n a c i d s o l u -

t i o n s c o n t a i n i n g S O 4 2 " i o n s , w h i c h r e p r e s e n t v e r y 

a g g r e s s i v e i n d u s t r i a l a t m o s p h e r e . T h e c o r r o s i o n r a t e s o f 

a l i m a t e r i a l s in f r e s h w a t e r a r e r e l a t i v e l y f a v o u r a b l e . I n 

a d d i t i o n , t h e r e s u l t s o f t h i s i n v e s t i g a t i o n s h o w e d t h a t a 

d e f i n e d t r e n d w h i c h f a v o u r s a N D F B - Z r 0 2 m a t e r i a l e x -

i s t s ( F i g u r e 3 , T a b l e 1) . 

T h e s a m e t r e n d a m o n g t h e m a t e r i a l s w a s o b s e r v e d b y 

e x p o s u r e in a w e t c o r r o s i o n f a c i l i t y , b u t a s u b s t a n t i a l i m -

p r o v e m e n t o f t h e c o r r o s i o n p r o p e r t i e s b y a d d i t i o n o f 

Z r O a w a s n o t a c h i e v e d . R e s u l t s a r e p r e s e n t e d i n T a b l e 2 . 
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Figure 1: Potentiodynamie polarisation curves for three types of alloys 
tested in fresh water, 20°C 

Table 1: Corrosion rates of alloys in different media at 20°C 

Mate r i a l M e d i a C o r r o s i o n rate ( m m / y e a r ) 

N F B f r e sh vvater 0 , 3 0 0 

N F B - H f O : f r e sh wa te r 0 , 5 3 0 

N F B - Z r C b f r e s h wa te r 0 , 0 2 2 

N F B 0 , 0 9 M N a C l 2 , 1 2 0 

N F B - H f 0 2 0 , 0 9 M N a C l 2 , 7 1 0 

N F B - Z r 0 2 0 ,09 M N a C l 2 , 6 5 0 
N F B 0 ,17 M N a C l 2 , 6 5 0 

N F B - H f C h 0 , 1 7 M N a C l 3 ,260 

N F B - Z r 0 2 0 , 1 7 M N a C l 3 , 1 5 0 
N F B 0 ,5 M H 2 S 0 4 3 0 3 , 0 

N F B - H f O j 0 ,5 M H2SO4 2 7 4 , 0 
N F B - Z r O j 0 ,5 M H2SO4 237 ,8 

5 4 6 

E 
E 

Figure 2: Corrosion rates of the materials exposed in various media 
presented graphically 



Figure 5: Microstructures (cross sections) of sample with Hf02 (B) 
and sample vvith ZrC>2 (C) (385 x) 

p r o c e e d s in s a m p l e s A . In s a m p l e s B a n d C t h e c o r r o s i o n 
p r o d u c t s a r e l o c a t e d m a i n l y o n t h e s u r f a c e , e s p e c i a l l y in 
s a m p l e s C , vvhere n o d e e p c o r r o s i o n in t h e b u l k m a t e r i a l 
w a s o b s e r v e d . T h e r e a s o n f o r s u c h l o c a l c o r r o s i o n is s u p -
p o s e d t o b e t h e p r e s e n c e o f p a r t i c u l a r p h a s e s . 

M o r e d e t a i l e d a n a l y s e s o f t h e p h a s e s p r e s e n t vvere 
o b t a i n e d b y e l e c t r o n m i c r o s c o p y . F i g u r e 6 s h o w s t h e 
c o m b i n e d B S / S E i m a g e o f a n S E M m i c r o g r a p h o f s a m -
p l e A a n d s p e c t r a o f p h a s e s P i a n d P2. T h e p h a s e s p r e -
s e n t i n t h e c o r r o s i o n p r o d u c t s o f s a m p l e A vvere f o u n d t o 
b e c o m b i n e d N d , D y a n d F e o x i d e s . T h e r a t i o be tvveen 
N d a n d F e o x i d e s d i f f e r s in t h e p h a s e s P i a n d P2. T h e 
r e s u l t s o f s t a n d a r d l e s s q u a n t i t a t i v e a n a l y s e s ( Z A F c o r r e c -
t i on p r o g r a m ) a r e p r e s e n t e d in Table 3. 

Table 3: The results of standardless quantitative analyses of the oxide 
phases 

N d 2 0 3 (wt .%) D y 2 0 3 (wt .%) F e O (wt .%) 
Phase P, 43 ,35 30 ,18 24 ,47 
Phase P 2 07,69 - 92,31 
Phase P n 37,55 24,73 37 ,72 
Phase P | 2 11,99 - 88,01 

In s a m p l e s B a H f - F e r i c h p h a s e vvas d e t e c t e d . T h e 
c o m b i n e d B S / S E i m a g e o f t h e S E M m i c r o g r a p h o f s a m -
p l e B a n d t he c o r r e s p o n d i n g s p e c t r u m o f p h a s e P6 a r e 
shovvn in F i g u r e 7. O t h e r p h a s e s p r e s e n t a r e t h e m a t r i x 
p h a s e P5 ( R E j F e n B ) a n d R E - r i c h p h a s e P7. 

In s a m p l e s C a Z r - F e - r i c h p h a s e vvas f o u n d , m o s t l y 
o n t h e p h a s e b o u n d a r i e s b e t v v e e n t h e h a r d m a g n e t i c 
R E 2 F e i 4 B p h a s e ( P 5 ) a n d t h e R E - r i c h p h a s e ( P 7 ) . A 
c o m b i n e d B S / S E i m a g e o f t h e S E M m i c r o g r a p h o f s a m -
p l e C a n d t h e c o r r e s p o n d i n g s p e c t r u m o f Z r - F e - r i c h 
p h a s e P9 a r e shovvn in F i g u r e 8 . T h e S E M m i c r o g r a p h o f 
t h e s a m e s a m p l e s h o v v i n g d i f f e r e n t p h a s e s in t h e c o r -
r o d e d a r e a a n d t h e c o r r e s p o n d i n g s p e c t r a o f t h e s e p h a s e s 
a r e p r e s e n t e d in Figure 9. In s a m p l e s C , t h e b a r r i e r 
b a s e d o n t he Z r - F e - r i c h p h a s e , vvhich e x i s t s be tvveen t h e 

0 1 2 3 4 6 6 7 8 9 10 

Time (weeks) 

Figure 3: Cumulative mass-loss of different alloys during 10 vveeks of 
exposure in a wet corrosion chamber 

Table 2:Corrosion rates of alloys exposed in a wet corrosion cabinet 

Material Env i ronment Corros ion rate 
(mm/year) 

N F B Wet corrosion chamber 0 ,089 
N F B - H f O : Wet corrosion chamber 0 ,072 
N F B - Z r O ; Wet corrosion chamber 0 ,063 

3.2 Microstructural study 

C r o s s s e c t i o n o f t h e s a m p l e s A , B , C vvere g r o u n d 

a n d p o l i s h e d vvith d i a m o n d p a s t e . T h e p o l i s h e d s u r f a c e s 

vvere e x a m i n e d b y o p t i c a l m i c r o s c o p y a n d e l e c t r o n m i -

c r o s c o p y ( S E I a n d B S E I ) . T h e p h a s e s p r e s e n t vvere a n a -

l y s e d u s i n g E D S s t a n d a r d l e s s q u a n t i t a t i v e a n a l y s e s . 

F i g u r e 4 shovvs a c o m p a r i s i o n o f t h e m i c r o s t r u c t u r e s 

( c r o s s s e c t i o n s ) o f s a m p l e vvi thout a n y a d d i t i o n ( A ) a n d 

s a m p l e vvith 1 w t . % o f H f 0 2 a d d i t i o n ( B ) . F i g u r e 5 

shovvs t h e c r o s s s e c t i o n s o f t h e p o l i s h e d s u r f a c e s o f s a m -

p l e s vvith H f 0 2 ( B ) a n d Z r 0 2 ( C ) a d d i t i o n . T h e r e is a n 

o b v i o u s d i f f e r e n c e in t h e l e v e l o f c o r r o s i o n a t t a c k b e -

tvveen t h e t h r e e s a m p l e s . T h e m o s t a g g r e s s i v e c o r r o s i o n 

Figure 4: Microstructures (cross sections) of sample without any 
addition (A) and sample vvith 1 wt.% of Hf02 (B) (385 x) 



Phase P 9 44 ,22 54,02 05,76 
Phase P|» 37 ,28 54,35 08,38 

4 Conc lus ion 

T h e r e s u l t s o f t h e c o r r o s i o n e x p e r i m e n t s a n d a n a l y s e s 
o f R E - F e - B - X a I l o y s , a s w e l l a s a n a l y s e s o t t h e c o r r o s i o n 
p r o d u c t s a n d m i c r o s t r u c t u r a l o b s e r v a t i o n a n d a n a l y s e s 
s h o w , t ha t z i r c o n i a a d d i t i o n g i v e s t h e m o s t p r o m i s i n g r e -

Figure 7: Coinbined BS/SE image of SEM micrograph of sample B 
and corresponding spectra of Hf-Fe -rich phase Ps 

p ODO VFS • 4036 10 240 

Figure 8: Back scattered image of SEM micrograph of sample C and 
the corresponding spectrum of Zr-Fe -rich phase Pio 

c o r r o s i o n p r o d u c t s ( in t h e R E - r i c h p h a s e ) a n d t h e h a r d 
m a g n e t i c m a t r i x p h a s e , p r e v e n t s t he p r o p a g a t i o n of c o r -
r o s i o n . P h a s e P i o shovvn o n S E M m i c r o g r a p h ( F i g u r e 9 ) 
i l l u s t r a t e s t h i s t e n t a t i v e e x p l a n a t i o n . T h e r e s u l t s o f s t a n -
d a r d l e s s a n a l y s e s o f t h e Z r - F e - r i c h p h a s e s f o u n d a r e p r e -
s e n t e d in T a b l e 4. 

Table 4: The results of standardless quantitative analyses of Zr-Fe 
-rich phases 

Figure 6: Combined BS/SE image of SEM micrograph of sample A 
and spectra of phases Pi and P2 



s u l t s in c o r r o s i o n p r o t e c t i o n o f t h e b a s i c m a t e r i a l . C o r r o -

s i o n r a t e s in f r e s h w a t e r w e r e 0 , 3 0 m m / y e a r f o r N d - D y -

F e - B a l l o y a n d 0 , 0 2 m m / y e a r f o r N d - D y - F e - B - Z r a l l o y . 

T h e s a m e t r e n d vvas shovvn vvhen t h e s a m p l e s vvere e x -

p o s e d t o c o n d i t i o n s v v h e r e c o n d e n s e d a t m o s p h e r i c h u -

m i d i t y vvas s i m u l a t e d . T h e h i g h e s t c u m u l a t i v e v v e i g h t 

l o s s o c c u r e d vvith p u r e N d - D y - F e - B a l l o y s a n d t h e lovv-

e s t vvith t h e a I l o y i m p r o v e d b y Z r O : a d d i t i o n . 

A t e n t a t i v e e x p l a n a t i o n f o r t h e d i f f e r e n c e is t h a t t h e 

c h a n g e in m i c r o s t r u c t u r e is o b v i o u s l y r e s p o n s i b l e f o r i m -

p r o v i n g t h e c o r r o s i o n r e s i s t a n c e o f N d - D y - F e - B - Z r a ! l o y . 

T h e r e a s o n f o r l o c a l c o r r o s i o n is t h e p r e s e n c e o f p a r t i c u -

l a r p h a s e s , ( F e - H f , F e - Z r ) a c t i n g a s a n a n o d e , vvith c o n -

s i d e r a b l e p o t e n t i a l d i f f e r e n c e b e t v v e e n t h e s e a n d t h e m a -

t r i x . A t e n t a t i v e e x p l a n a t i o n f o r t h e f o r m a t i o n o f F e - H f 

a n d F e - Z r - r i c h p h a s e s is t h a t in t h e s a m p l e s vvith HfC>2 

a n d Z r O a a d d i t i o n , d u r i n g t h e a r e m e l t i n g p r o c e s s m o s t 

p r o b a b l y N d f r o m N d - r i c h p h a s e r e d u c e s b o t h o x i d e s 

a n d H f o r Z r - r i c h p h a s e s a r e f o r m e d . T h e y a c t a s t h e 

b a r r i e r b e t v v e e n t h e c o r r o s i o n p r o d u c t s ( i n t h e R E - r i c h 

p h a s e ) a n d t h e h a r d m a g n e t i c m a t r i x p h a s e a n d t o s o m e 

e x t e n t p r e v e n t t h e p r o p a g a t i o n o f c o r r o s i o n . 

T h e i m p r o v e m e n t o f t h e c o r r o s i o n r e s i s t a n c e o f b a s i c 

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

o f c o a t e d m a g n e t i c m a t e r i a l . 
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Figure 9: SEM micrograph of sample C showing various phases in the 
corroded area and the corresponding spectra of phases PJO, PU and P12 
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Some Aspects of lmpurity Grain Boundary 
Segregation in Low Alloy Cr-Mo-V Steels 

Segregacije nečistoč v nizko legiranih Cr-Mo-V jeklih 

J. Janovec1, Institute of Materials Research, Košice, Slovakia 
V. Magula, VVelding Research Institute, Bratislava, Slovakia 
P. Sevc, Institute of Materials Research, Košice, Slovakia 

P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 4 ; s p r e j e m za o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 1 

The present work is focused on theories of grain boundary segregation. An overvievv of different approaches to solution of surface 
enrichment phenomenon is given in the first part. The second part is devoted to the verification of introduced theories by means of 
experimental results. 

Key words: low alloy steels. phosphorus, grain boundary segregation, non-equilibrium segregation, kinetics 

V članku so predstavljene teorije različnih avtorjev o segregaciji po mejah zrn. V prvem delu je podan pregled različnih razlag 
obogatitve prostih površin. V drugem delu smo obravnavane teorije verificirali z eksperimentalnimi rezultati. 

Ključne besede: nizko legirana jekla, segregacija po mejah zrn, neravnotežne segregacije, kinetika segregacije po mejah zrn 

1 I n t r o d u c t i o n 

E n r i c h m e n t o f s o l u t e o r s o l v e n t a t o m s f r o m b u l k at 
t he g r a i n b o u n d a r i e s is r e f e r r e d to a s g r a i n b o u n d a r y s e g -
r e g a t i o n . S e g r e g a t i o n is m o s t l y a t t r i b u t e d to t h e g r a i n 
b o u n d a r y w e a k e n i n g d u e t o l o w e r i n g t h e i n t e r f a c e c o h e -
s i o n . A s a c o n s e q u e n c e , a n i n t e r g r a n u l a r e m b r i t t l e m e n t 
o c c u r s . B e c a u s e s e g r e g a t i o n p h e n o m e n o n d e c i s i v e l y in-
f l u e n c e s p r o p e r t i e s o f c o m m e r t i a l m a t e r i a l s , t h e g r a i n 
b o u n d a r y s e g r e g a t i o n h a s b e e n i n t e n s i v e l y s t u d i e d in las t 
d e c a d e s 1 " 8 . 

T h e p r e s e n t vvork d e a l s vvith s e g r e g a t i o n t h e o r i e s 9 - 1 5 

a n d t h e i r e x p e r i m e n t a l v e r i f i c a t i o n . B y u s e o f m u l t i c o m -
p o n e n t i a l a l l o y s in t h e v e r i f i c a t i o n , t h e i n t r o d u c t i o n o f 
s o m e s i m p l i f i c a t i o n s is n e c e s s a r y b e c a u s e t h e s e g r e g a -
t i o n t h e o r i e s vvere m o s t l y d e r i v e d f o r b i n a r y o r t e r n a r y 
s o l i d s o l u t i o n s . F o r e x a m p l e , lovv a l l o y s t e e l s c o n t a i n i n g 
F e , Cr , M o , V, M n , S i , C a n d P vvere c o n s i d e r e d to b e 
b i n a r y F e - P o r t e r n a r y F e - M o - P s y s t e m s 1 3 " 1 5 . 

2 S e g r e g a t i o n t h e o r i e s 

2.1 Non-interactive equilibrium segregation 

T h e t h e o r y o f e q u i l i b r i u m s e g r e g a t i o n f o r d i l u t e b i -
n a r y s o l i d s o l u t i o n F e - I ( F e - s o l v e n t , I - s o l u t e i m p u r i t y ) 
vvas d e r i v e d b y M c L e a n to b e t h e g r a i n b o u n d a r y a n a l o -
g o u s o f L a n g m u i r a d s o r p t i o n a t f r e e s u r f a c e s 1 , 1 6 . T h e 
L a n g m u i r - M c L e a n i s o t h e r m y i e l d s : 

CFC<I C ? 

l-CfC4 l - c j 
, Ag, 

e x P ( - w ) (D 
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Institute I)f Materials Research. Slovak Academy of Sciences 
VVatsonova 47. (14353 Košice. Slovakia 

vvhere C i E e q i s t h e e q u i l i b r i u m g r a i n b o u n d a r y c o n c e n -
t r a t i o n o f i m p u r i t y , C i B is t h e b u l k c o n c e n t r a t i o n o f i m -
p u r i t y , Ag i is t h e f r e e e n e r g y o f i m p u r i t y s e g r e g a t i o n , 
a n d k is t h e B o l t z m a n n c o n s t a n t . 

T h e e q u i l i b r i u m s e g r e g a t i o n k i n e t i c s c a n b e c a l c u -
l a t ed a s 1 : 

Cf(t)-C? 
£Eeq _ £E0 = 1 - e x p 

4 D , t 
e r f e 

V r y ~ 

af d E . (2) _(af)2 (dE)2 

w h e r e C i E ( t ) is t h e g r a i n b o u n d a r y c o n c e n t r a t i o n o f i m -

p u r i t y f o r t h e t i m e t, C i E 0 = C i E ( t = 0 ) is t h e i n i t i a l c o n -

c e n t r a t i o n o f i m p u r i t y , d E i s t h e g r a i n b o u n d a r y t h i c k -

n e s s , D i is t he d i f f u s i o n c o e f f i c i e n t of i m p u r i t y , a n d a i E 

= Ci E e c VCi E 0 is t h e e n r i c h m e n t f a c t o r . 

2.2 Interactive equilibrium segregation (co-segregation) 

G u t t m a n n 4 1 7 m o d i f i e d t h e L a n g m u i r - M c L e a n i s o -
t h e r m t o b e s u i t a b l e f o r t h e c a l c u l a t i o n o f i n t e r a e t i v e 
e q u i l i b r i u m s e g r e g a t i o n in t e r n a r y F e - M - I s y s t e m s . H e 
a s s u m e d f o r t h i s s y s t e m a n a t t r a c t i v e i n t e r a e t i o n be tvveen 
t he i m p u r i t y I a n d t h e s o l u t e m e t a l i c e l e m e n t M . If t h e 
M - I c o m p e t i t i o n f o r c o n v e n i e n t s i t e s a t t h e g r a i n b o u n d -
a ry e x i s t s , i m p u r i t y g r a i n b o u n d a r y c o n c e n t r a t i o n c a n b e 
c a l c u l a t e d a c c o r d i n g to : 

C f = i C f Ag j 
r5 T~ ~ i T exp ( _ 7"^r) . i=I. M (3) 

1 - C f - C g j k T ; ' 

T h e i n t e r a e t i o n l e a d i n g t o t h e M - I c o - s e g r e g a t i o n vvas 

d e f i n e d in t e r m s o f s e g r e g a t i o n f r e e e n e r g y , Agi, i = I, M : 

Ag , = Ag? - 2cc F e I Cp« + a ' M I ( C j ? - C&) , ( 4 ) 

A g M = AgM - 2 a P e I (C* ' " - Cm) + a ' M I C f * , ( 5 ) 

vvhere A g i 0 a n d AgM 0 a r e t h e f r e e e n e r g i e s o f s e g r e g a -
t i o n f o r I a n d M in t h e i r r e s p e e t i v e b i n a r y s y s t e m s vvith 



F e , vvhile a ' m i a n d aFei a r e t h e r e l a t i v e c h e m i c a l i n t e r a c -
t i o n e n e r g i e s b e t w e e n M - I a n d F e - I , r e s p e c t i v e l y . F o r 
n o n - c o m p e t i t i v e s e g r e g a t i o n t h e f o l l o v v i n g e x p r e s s i o n 
w a s o b t a i n e d 1 7 , 1 8 

C E c q C B A<? 
= L—r e x p ( - T-=f) , i= I , M (6 ) 

1 _ C f e q 1 — C® k T 

w h e r e Agi h a s t h e s a m e m e a n i n g as in t h e p r e v i o u s č a s e . 

K i n e t i c s o f i n t e r a c t i v e s e g r e g a t i o n c a n b e d e s c r i b e d 
b y m e a n s o f t h e r e g u l a r s o l u t i o n m o d e l p r o p o s e d b y 
S e a h 1 8 . In t h e m o d e l i t is a s s u m e d a l o c a l e q u i l i b r i u m 
be tvveen c o n c e n t r a t i o n s o f i m p u r i t y a t t h e g r a i n b o u n d -
a ry , C i E ( t ) , a n d in a d j a c e n t b u l k l a y e r s , C i B ( t ) . T h e n 

C ? (t) 

1 - C f (t) 
= C f ( t ) e x p ( - ^ r ) (7) 

/ 

E f 

e x p 

V v 

• E f Eh - E f 

kT„ k T 

w h e r e Eb is t he v a c a n c y - i m p u r i t y a t o m b i n d i n g e n e r g y 
a n d Ef is t h e e n e r g y o f v a c a n c y f o r m a t i o n . T h e k i n e t i c 
e q u a t i o n o f n o n - e q u i l i b r i u m s e g r e g a t i o n h a s a f o r m 2 7 : 

V d J ^ • < r c r (o • 
£<Nmax _ = 1 - e x p 

4 D , t 

(a»y-(dy 
e r f c 

a , d N 
(9) 

w h e r e C i N ( t ) is t h e g r a i n b o u n d a r y c o n c e n t r a t i o n o f i m -
p u r i t y f o r t i m e t, C i N 0 = C i N ( t = 0 ) is t h e i n i t i a l c o n c e n t r a -
t i o n o f i m p u r i t y , D c i s t he d i f f u s i o n c o e f f i c i e n t o f c o m -
p l e x e s , d N is t h e t h i c k n e s s o f g r a i n b o u n d a r y , a n d a i N = 
C i N m a x / C i N 0 i s t h e e n r i c h m e n t f a c t o r . T h e e q u a t i o n ( 9 ) is 
u s e d f o r t i m e s o f i m p u r i t y d i f f u s i o n s h o r t e r t h a n t h e 
c r i t i c a l t i m e . T h e c r i t i c a l t i m e t c is g i v e n b y 2 7 

T h e c o m b i n a t i o n o f e q u a t i o n s ( 4 ) a n d ( 7 ) is f r e -
q u e n t l y u s e d in k i n e t i c c a l c u l a t i o n s , a s f i r s t l y b y T y s o n 1 9 . 

In r e c e n t l y p r o p o s e d t h e o r i e s , t h e g r a i n b o u n d a r y 
s e g r e g a t i o n is a s s u m e d t o b e a b u l k - d i f f u s i o n - c o n t r o l l e d 
p r o c e s s . T h e r e a r e a l s o k i n e t i c m o d e l s f a v o u r i n g o t h e r 
c o n t r o l l i n g m e c h a n i s m s , f o r i n s t a n c e t h e f a s t d i f f u s i o n 
p a t h 2 0 ' 2 1 o r t h e g r a i n b o u n d a r y d i f f u s i o n 2 2 , 2 3 . D u P l e s s i s 
a n d V a n W y k 2 4 , f o r i n s t a n c e , p r o p o s e d a m o d e l c o n s i d e r -
i ng t h e c h e m i c a l p o t e n t i a l g r a d i e n t a s a d r i v i n g f o r c e of 
t h e g r a i n b o u n d a r y s e g r e g a t i o n . 

2.3 Non-equilibrium segregation 

N o n - e q u i l i b r i u m s e g r e g a t i o n t h e o r y w a s e s t a b l i s h e d 
b y A u s t et a l . 2 5 a n d A n t h o n y 2 6 . T h e y s u p p o s e d t h a t va -
c a n c i e s a n d i m p u r i t i e s f o r m v a c a n c y - i m p u r i t y c o m p l e x e s 
w i t h a b i n d i n g e n e r g y h i g h e r t h a n t h e t h e r m a l e n e r g y . 
T h e c o n t r o l l i n g m e c h a n i s m of n o n - e q u i l i b r i u m s e g r e g a -
t i o n is t h e v a c a n c y c o n c e n t r a t i o n g r a d i e n t . T h e h i g h e r 
t e m p e r a t u r e t h e h i g h e r is t h e e q u i l i b r i u m c o n c e n t r a t i o n 
o f v a c a n c i e s . T h e t e m p e r a t u r e d e c r e a s e d u r i n g r a p i d 
c o o l i n g l e a d s t o a l o s s o f v a c a n c i e s a l o n g g r a i n b o u n d a -
r i e s d u e to t h e i r a n n i h i l a t i o n . T h i s p r o c e s s is in a c c o r d -
a n c e vvith t h e t e n d e n c y to a c h i e v e a l o w e r e q u i l i b r i u m 
c o n c e n t r a t i o n o f v a c a n c i e s a t lovver t e m p e r a t u r e . T h e va -
c a n c y c o n c e n t r a t i o n d e c r e a s e n e a r t h e g r a i n b o u n d a r i e s 
r e s u l t s in t h e d i s s o c i a t i o n o f v a c a n c y - i m p u r i t y c o m -
p l e x e s in t h i s r e g i o n . In t h e i n t e r i o r o f g r a i n s , w h e r e l e s s 
v a c a n c y s i n k s a r e p r e s e n t , t h e c o n c e n t r a t i o n s o f v a c a n -
c i e s a n d v a c a n c y - i m p u r i t y c o m p l e x e s d e c r e a s e l e s s e r . 
C o n s e q u e n t l y , t h e d i f f u s i o n o f t h e c o m p l e x e s f r o m in t e -
r i o r to t h e g r a i n b o u n d a r i e s o c c u r s d u e to t h e c o n c e n t r a -
t i o n g r a d i e n t be tvveen t h e s e tvvo a r e a s . T h e p r o c e s s l e a d s 
t o a n e x c e s s i v e i m p u r i t y c o n c e n t r a t i o n n e a r t h e g r a i n 
b o u n d a r i e s a n d c a u s e s t h e n o n - e q u i l i b r i u m s e g r e g a t i o n . 

T h e m o d e l o f n o n - e q u i l i b r i u m s e g r e g a t i o n vvas p r o -
p o s e d b y F a u l k n e r 6 a n d e x t e n d e d b y X u T i n g d o n g 2 7 . 
W h e n a s a m p l e is h e l d a t t h e s o l u t i o n - t r e a t m e n t t e m p e r a -
t u r e To a n d t h e n q u i c k l y c o o l e d to t h e lovver t e m p e r a t u r e 
T, t he m a x i m u m of t h e i m p u r i t y g r a i n b o u n d a r y c o n c e n -
t r a t i o n C i N m a x i n d u c e d d u r i n g h o l d i n g at t h e t e m p e r a t u r e 
T is c a l c u l a t e d as 6 - 2 7 : 

t , = 
f In ( D . / D , ) 

4 5 ( D c - D, ) 
(10) 

vvhere y is t h e a v e r a g e a u s t e n i t e g r a i n s i z e a n d a is t h e 
c r i t i c a l t i m e c o n s t a n t 2 8 . F o r t i m e s o f i m p u r i t y d i f f u s i o n 
l o n g e r t h a n t h e c r i t i c a l t i m e t h e p r o c e s s o f d e s e g r e g a -
t i o n o c c u r s . 

T h e c o n c e n t r a t i o n l eve l o f i m p u r i t y at g r a i n b o u n d a -
r ies d u r i n g t h e d e s e g r e g a t i o n c a n b e c a l c u l a t e d a c c o r d i n g 
to 2 9 - 3 0 : 

C f (t) = C ? + [C,N ( t c ) - C f ] • 

HN/9 - d N / 2 
•[erf ( , / 2) - e r f ( ; t> t c ( 1 1 ) 

[ 4 D , ( t - t c ) ] [ 4 D , ( t - t c ) ] 

T h e p r o c e s s in vvhich t h e d e s e g r e g a t i o n is d o m i n a n t 
c a n o n l y o c c u r vvhen C i N ( t c ) > CiE e c i f o r a g i v e n t e m p e r a -
tu re . It m e a n s t h e d e s e g r e g a t i o n is l i m i t e d b y r e a c h i n g 
t h e e q u i l i b r i u m g r a i n b o u n d a r y c o n c e n t r a t i o n . T h e m i -
g r a t i o n of g r a i n b o u n d a r i e s d u r i n g a u s t e n i t i z i n g a n d r e -
c r y s t a l l i z a t i o n c a n a l s o c o n t r i b u t e to t h e n o n - e q u i l i b r i u m 
s e g r e g a t i o n in t e r m of a svveep e f f e c t . T h e n a t u r e of t h i s 
p h e n o m e n o n r e s i d e s in e m b e d d i n g a n d s u b s e q u e n t d r a g -
g i n g o f s o l u t e s p e c i e s b y m o v i n g g r a i n b o u n d a r y . A s a 
c o n s e q u e n c e t h e g r a i n b o u n d a r y e n r i c h m e n t o f s o l u t e 
s p e c i e s o c c u r s 3 1 ' 3 2 . 

2.4 Segregation under stress 

S t r e s s a n d t h e r m a l e n e r g y d o e s n o t a f f e c t t h e e q u i l i b -
r i u m g r a i n b o u n d a r y c o n c e n t r a t i o n o f i m p u r i t i e s d u r i n g 
t h e t e m p e r i n g ( a g i n g ) s i g n i f i c a n t l y , b u t it i n f l u e n c e s s e g -
r e g a t i o n k i n e t i c s . G r a i n b o u n d a r y s e g r e g a t i o n o f i m p u r i -
t i es vvith h i g h e r d i f f u s i v i t y c a n b e e n h a n c e d e f f e c t i v e l y 
b y a p p l i e d s t r e s s . A t o m s o f s o m e i m p u r i t i e s ( e .g . c a r b o n , 
n i t r o g e n , b o r o n ) f a s t l y o c c u p y t h e c o n v e n i e n t s i t e s o n 
g r a i n b o u n d a r i e s a n d t h e y p r e v e n t s u b s e q u e n t l y d u e t o 
c o m p e t i t i o n e f f e c t t h e s e g r e g a t i o n o f o t h e r e l e m e n t s 3 3 " 3 5 . 

S h i n o d a a n d N a k a m u r a 3 6 s t u d i e d t h e g r a i n b o u n d a r y 
s e g r e g a t i o n o f p h o s p h o r u s in lovv c a r b o n s t e e l d u r i n g 
l o n g - t e r m t e m p e r i n g a n d s u b s e q u e n t a g i n g u n d e r s t r e s s 
at t h e s a m e t e m p e r a t u r e . In t h e f i r s t s t e p o f a g i n g u n d e r 



t e n s i o n ( c o m p r e s s i o n ) p h o s p h o r u s g r a i n b o u n d a r y c o n -
c e n t r a t i o n i n c r e a s e s ( d e c r e a s e s ) , t h e n i ts v a l u e a p p r o x i -
m a t e t o t he i n i t i a l o n e 3 6 . C h a n g e s in i m p u r i t y c o n c e n t r a -
t i o n a t t h e g r a i n b o u n d a r i e s o r i e n t e d n o r m a l t o t h e 
a p p l i e d s t r e s s A C i s c a n b e c a l c u l a t e d as fo l lovvs 3 7 : 

4<|)CfD IpCTAt 

"f R T 
(12) 

w h e r e 0 is a n u m e r i c a l f a c t o r o f t h e o r d e r o f u n i t y , C i s o 

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

is t h e s p e c i f i c v o l u m e o f a l l oy , c is t h e s t r e s s r e l a t e d to 

t h e g r a i n b o u n d a r y , a n d At is t h e a g i n g t i m e u n d e r 

s t r e s s . 

3 Verif icat ion of segregat ion theories 

To v e r i f y t h e a b o v e d e s c r i b e d t h e o r i e s t h e p h o s p h o -
r u s g r a i n b o u n d a r y s e g r e g a t i o n in f i v e l o w a l l o y s t e e l s 
w a s i n v e s t i g a t e d , T a b l e 1. S c h e d u l e s o f h e a t t r e a t m e n t 
a n d p h a s e s i d e n t i f i e d in i n d i v i d u a l i n v e s t i g a t e d s t e e l s 
t e r m e d 1, 2 , 3 , 4 , a n d 5 a r e g i v e n in T a b l e 2. G r a i n 
b o u n d a r y c o n c e n t r a t i o n s o f r e l e v a n t e l e m e n t s w e r e ca l -
c u l a t e d a f t e r D a v i š e t a l . 3 8 f r o m A u g e r s p e c t r a . P e a k s of 
Pl20eV, Sl52eV, M0l86eV, C272eV, N379eV, V473 ev, Cr529eV 
a n d Fe703eV w e r e u s e d in c a l c u l a t i o n . T h e p e a k o f o x y g e n 
w a s n o t c o n s i d e r e d b e c a u s e o f a d d i t i o n a l a d s o r p t i o n o f 
t h i s e l e m e n t o n f r e s h l y f r a c t u r e d s u r f a c e . P a r a m e t e r s , a t 
w h i c h A u g e r s p e c t r a w e r e a c h i e v e d a r e g i v e n in R e f . 1 3 , 1 5 . 

Table 1: Chemical composition of investigated steels in wt.% 

Steel C M n Si Cr M o Ni 
1 0.110 0.004 0.525 0.385 2.685 0.694 0.355 - 0.010 
2 0.100 0.014 0.700 0.270 2.620 0.690 0.330 - 0.007 
3 0.110 0.027 0.665 0.340 2.700 0.733 0.357 - 0.010 
4 0.060 0.013 0.650 0.290 2.660 0.700 0.310 - 0.009 
5 0.160 0.014 0.460 0.290 2.700 0.640 0.300 0.060 0.015 

Table 2: Schedules of heat treatment and phases identified in 
investigated steels 

Steel Hea t t reatment Phases identified 

1 1250°C/0.75h, water quenching. 

680°C/20 h, water cooling, 
Ferrite+M7C3+MC 

aging at 500°C for 0 .33h, lh ,5h,150h 

2 

1250°C/0.75h, water quenching. 

680°C/20 h, water cooling, 
Ferrite+M7C3+MC 

aging at 500°C for 0 .33h, lh ,5h,150h 3 

1250°C/0.75h, water quenching. 

680°C/20 h, water cooling, 
Ferrite+M7C3+MC 

aging at 500°C for 0 .33h, lh ,5h,150h 

4 
1250°C/0.16h, water quenching, 

680°C/20h, water cooling, 
aging 580°C for 5 min and 150h 

Ferite+M7C3+MC 

5 

welding cycle:Tmax=1300°C 
At«/5=30s, 580°C/100h 

Ferrite+MjC+IvbCi 

5 welding cycle:Tm a s=l 300°C,Atn/5=30s, 
600°C/120s under stress(strain rate 

300mm.h"1) 
Ferrite+M3C 

P h o s p h o r u s g r a i n b o u n d a r y c o n c e n t r a t i o n s m e a s u r e d 
f o r s t e e l s 1, 2 , 3 a g e d a t 5 0 0 ° C f o r d i f f e r e n t t i m e s 
shovved t h e b e s t f i t w i t h M c L e a n s n o n - i n t e r a c t i v e k i n e t i c 
e q u a t i o n (2 ) , ( F i g u r e 1). T h e s e g r e g a t i o n c a n b e c h a r a c -
t e r i z e d as s l o w , b e c a u s e a f t e r 1 5 0 h a g i n g t h e e q u i l i b r i u m 
vvas n o t r e a c h e d f o r a n y o f t h e s t ee l s . A c o m p l e t e l y d i f -
f e r e n t s i t u a t i o n vvas o b s e r v e d f o r s t e e l 4 a g e d at 5 8 0 ° C 
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Figure 1: McLean's non-interactive equilibrium kinetic equation fitted 
to values of phosphorus grain boundarv concentration for steels: 1 (a), 
2 (b), and 3 (c), aged at 500°C (after15) 
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Figure 2: Interactive kinetic equations (4) and (7) fitted to values of 
phosphorus grain boundary concentration for steel 4 aged at 580°C 
(after13) 



( F i g u r e 2) . H e r e , t h e m e a s u r e d v a l u e s o f p h o s p h o r u s 

g r a i n b o u n d a r y c o n c e n t r a t i o n s c o r r e l a t e vvith t h e c u r v e , 

c a l c u l a t e d a c c o r d i n g t o e q u a t i o n s ( 4 ) a n d ( 7 ) . T h e e q u i -

I i b r i u m vvas r e a c h e d a f t e r 5 m i n , a n d t h a t i n d i c a t e s t o 

v e r y r a p i d s e g r e g a t i o n p r o c e s s . T h e o b t a i n e d r e s u l t s 

s h o v v e d t h a t b o t h r a t e o f e q u i l i b r i u m s e g r e g a t i o n a n d 

a l s o p a r t i c i p a t i o n s o f i n t e r a c t i o n s in t h i s p r o c e s s a r e t e m -

p e r a t u r e d e p e n d e n t . M c L e a n ' s n o n - i n t e r a c t i v e k i n e t i c 

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

g a t i o n k i n e t i c s a t l o w e r a g i n g t e m p e r a t u r e s ( s lovver s e g -

r e g a t i o n r a t e s ) a n d i n t e r a c t i v e e q u a t i o n s a r e m o r e c o n -

v e n i e n t f o r h i g h e r o n e s ( a c c e l e r a t e d s e g r e g a t i o n r a t e s ) . 

In F i g u r e 3 A u g e r s p e c t r a f o r t h e s t e e l 5 a f t e r t e m -

p e r i n g ( a ) a n d s h o r t - t e r m a g i n g u n d e r s t r e s s ( b ) a r e 

s h o w n . F o r l o a d e d s t a t e t h e p e a k s o f C , S, N , a n d C r 

vvere e v i d e n t l y h i g h e r t h a n f o r t e m p e r e d o n e ( T a b l e 3 ) . 

D i f f e r e n c e s b e t v v e e n c a r b o n , s u l p h u r a n d p h o s p h o r u s 

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

e x p l a i n e d b y d i f f e r e n t d i f f u s i v i t y o f t h e s e e l e m e n t s in 

i r o n at 6 0 0 ° C 2 0 ' 3 9 ' 4 0 . A t o m s o f c a r b o n a n d s u l p h u r d i f -

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

c o n v e n i e n t s i t e s a t g r a i n b o u n d a r i e s . S i t e c o m p e t i t i o n b e -

tvveen P - C a n d P - S 5 ' 4 1 m a k e i m p o s s i b l e a n a d d i t i o n a l 

p h o s p h o r u s e n r i c h m e n t a t g r a i n b o u n d a r i e s . W i t h p r o -

l o n g i n g t h e a g i n g a n i n e r e a s e in p h o s p h o r u s a n d a d e -

c r e a s e in c a r b o n g r a i n b o u n d a r y c o n c e n t r a t i o n s o c c u r b e -

c a u s e o f c a r b i d e p r e c i p i t a t i o n 5 ' 4 2 , 4 3 . 

Table 3: Experimentally measured grain boundary concentrations of 
C, S. P, N, Cr. Mo, and V for steel 5 in at.% 

C S P N Cr M o V 
t e m p e r e d 9 .5±1 .0 - 4 . 4 1 1 . 6 - 4 .9±0 .5 1,4±0.5 2 .7±0 .4 
s t ressed 26.9 17.7 5 .4 9 .3 9 .6 2.1 2.5 

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

a n d n i t r o g e n i n t h e f i r s t p e r i o d of a g i n g u n d e r s t r e s s a r e 

p r o b a b l y c a u s e d b y C r - N i n t e r a c t i v e s e g r e g a t i o n . M i s r a 

a n d B a l a s u b r a m a n i a n 3 4 ' 3 5 s u p p o s e d a C r - N c o - s e g r e g a -

t i o n ( s t r e s s i n g u p t o 5 m i n at 5 8 0 ° C ) d u e t o s t r o n g 

c h e m i c a l i n t e r a e t i o n b e t v v e e n t h e s e e l e m e n t s . A f t e r 

r e a c h i n g t h e m a x i m u m c o v e r a g e ( d e p e n d i n g o n a g i n g 

t e m p e r a t u r e ) , a c o n t i n u o u s d e c r e a s e in C r a n d N g r a i n 

b o u n d a r y c o n c e n t r a t i o n s o c c u r s . 

T h e s h a p e o f c a r b o n p e a k s ( F i g u r e 3 ) i n d i c a t e s t h e 

o c c u r e n c e o f c a r b i d e p a r t i c l e s o n t h e g r a i n b o u n d a r i e s 4 4 . 

T h e n , a l s o p e a k s o f a l l o y i n g e l e m e n t s , p r e f e r e n t i a l l y C r , 

m u s t o r i g i n a t e p a r t i a l l y f r o m t h e s e p a r t i c l e s 4 5 " 4 7 . R e -

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

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

b e n e g l e c t e d in i n t e r p r e t a t i o n o f g r a i n b o u n d a r y s e g r e g a -

t i o n in m u l t i c o m p o n e n t i a l a l l o y s . 

4 Conc lud ig remarks 

A n ove rv i evv o f t h e t h e o n e s o f g r a i n b o u n d a r y s e g r e -

g a t i o n is g i v e n in t h e p r e s e n t vvork. T h e v e r i f i c a t i o n o f 

E [eV] 

Figure 3: Characteristic Auger spectra taken on intergranular facets of 
steel 5: a) tempered at 580°C for 100 h, b) aged under stress for 120 s 
at 600°C 

t h e t h e o r i e s f o r m u l t i c o m p o n e n t i a l C r - M o - V lovv a l l o y 

s t e e l s l e a d s t o t h e f o l l o v v i n g findings: 

1. T h e M c L e a n ' s n o n - i n t e r a c t i v e e q u a t i o n is t h e m o s t 

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

k i n e t i c s a t lovver t e m p e r a t u r e s ( 5 0 0 ° C ) , vvhi le t h e i n t e r -

a c t i v e e q u a t i o n s a r e m o r e s u i t e d f o r t h e d e s c r i p t i o n o f 

e q u i l i b r i u m s e g r e g a t i o n k i n e t i c s a t h i g h e r t e m p e r a t u r e s 

( 5 8 0 ° C ) 

2 . I n c o m p a r i s i o n vvith u n s t r e s s e d a g i n g , t h e h i g h e r 

r a t e s o f C , S , N a n d C r g r a i n b o u n d a r y s e g r e g a t i o n in t h e 

f i r s t p e r i o d o f t h e a g i n g u n d e r s t r e s s ( 6 0 0 ° C ) vvere o b -

s e r v e d 

3 . In t h e i n v e s t i g a t e d m u l t i c o m p o n e n t i a l s t e e l s , a n i n -

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

c a n n o t b e n e g l e c t e d . 

Ackno\vledgment - T h i s s t u d y vvas s u p p o r t e d b y t h e 

G r a n t A g e n c y o f S l o v a k R e p u b l i c u n d e r g r a n t N o . 

2 / 2 0 0 1 / 9 6 . 
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Mechanical Properties of High Temperature Vacuum 
Brazed HSS on Structural Carbon Steel vvith 
Simultaneous Heat Treatment 

Mehanske lastnosti visokotemperaturno vakuumsko 
spajkanih in istočasno toplotno obdelanih spojev 

V. Leskovšek1, D. Kmetic, B. Šuštaršič, IMT Ljubljana, Slovenija 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d for pub l i ca t i on : 1 9 9 6 - 1 1 - 0 4 

The high temperature vacuum brazing process, at the HSS austenitization temperature makes it possible to carry out 
simultaneousiy the brazing of HSS on structural carbon steel and heat treatment. The advantages of this process are: increased 
strength of brazed joints and toughness of the part, optimum hardness and cutting edge strength for a given combination vvorking 
part/cutting tool. The process is economical when used in modern mass production methods, irrespective of the number of metals 
to be joined and heat treated. The adaptability makes the process so economical. 

Key vvords: high temperature vacuum brazing, hardness, microstructure, shear strength, tensile strength, vacuum heat treatment 

Postopek visoko temperaturnega vakuumskega spajkanja v enokomorni vakuumski peči s homogenim plinskim ohlajanjem pod 
visokim tlakom vodimo v območju avstenitizacije hitroreznih jekel. Prednost tako izdelanih rezilnih orodij je predvsem v doseganju 
želene žilavosti nosilnega dela iz konstrukcijskega jekla, v doseganju optimalne trdote rezila izdelanega iz hitroreznega jekla ter 
njegove odpornosti proti otopitvi pri dani kombinaciji del/orodje. Trdnostne lastnosti vezne plasti so odvisne od dodajnega 
materiala, tehnologije izdelave in pogojev vakuumske toplotne obdelave. Uporaba tega postopka je ekonomična, če moramo spojiti 
in vakuumsko toplotno obdelati le nekaj ali pa večje število orodij. 

Ključne besede: visoko temperaturno vakuumsko spajkanje, trdota, mikrostukture, strižna trdnost, natezna trdnost, vakuumska 
toplotna obdelava 

1 I n t r o d u c t i o n 

H i g h t e m p e r a t u r e v a c u u m b r a z i n g is a m e t h o d o f 

j o i n i n g o f m e t a l s b y m e a n s o f h e a t a n d f i l l e r m e t a l in 

v a c u u m at t e m p e r a t u r e s a b o v e 9 0 0 ° C , y e t b e l o w t h e 

m e l t i n g p o i n t o f t h e j o i n e d m e t a l s , a n d vvith n o u s e o f 

f l u x e s . T h e p r o d u c t s a r e d e f e c t - f r e e j o i n t s vvith v e r y h i g h 

b o n d i n g s t r e n g t h t ha t c a n e v e n r e a c h t he s t r e n g t h o f t h e 

j o i n e d m e t a l in m a n y c a s e s ( e . g . s t ee l , n i c k e l o r c o b a l t 

a l l o y s ) . 

T h e h i g h t e m p e r a t u r e v a c u u m b r a z i n g o f H S S o n 

s t r u c t u r a l c a r b o n s t ee l vvith s i m u l t a n e o u s h e a t t r e a t m e n t 

is p e r f o r m e d in s i n g l e c h a m b e r v a c u u m f u r n a c e s , vvith 

u n i f o r m h i g h - p r e s s u r e g a s q u e n c h i n g at t he a u s t e n i t i z a -

t i on t e m p e r a t u r e o f H S S . In th i s vvork h i g h t e m p e r a t u r e 

b r a z e d j o i n t s o f H S S a n d s t r u c t u r a l c a r b o n s t ee l vvith si-

m u l t a n e o u s h e a t t r e a t m e n t vvere i n v e s t i g a t e d . Tvvo b r a z -

i ng a l l o y s b a s e d o n N i - C r - S i a n d c o p p e r vvere a p p l i e d as 

filler m e t a l s . T h e s h e a r s t r e n g t h o f an o v e r l a p j o i n t a n d 

t h e t e n s i l e s t r e n g t h o f a b u t j o i n t a s vvell as , t h e m i c r o -

s t r u c t u r e a n d f r a c t u r e s u r f a c e vvere i n v e s t i g a t e d . 

T h e a d v a n t a g e s o f t h e p r o c e s s a r e , t h e r e q u e s t e d 

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

s t ee l a n d t h e o p t i m u m h a r d n e s s a n d c u t t i n g e d g e s t r e n g t h 

o f H S S f o r t h e g i v e n c o m b i n a t i o n o f vvork ing p a r t / c u t -

t i n g t o o l . S u c h m e c h a n i c a l p r o p e r t i e s o f c u t t i n g t o o l s 

1 Vojteh L E S K O V Š E K . dipl.inž. 
Inštitut za kovinske materiale in tehnologije 
1000 Ljubl jana. Lepi pot 11. Slovenija 

m a n u f a c t u r e d in t h e c o n v e n t i o n a l w a y f r o m H S S c a n 
o n ! y b e o b t a i n e d b y an a d d i t i o n a l t e m p e r i n g o p e r a t i o n . 

O t h e r a d v a n t a g e s o f t h e h i g h t e m p e r a t u r e v a c u u m 
p r o c e s s a r e e n e r g y s a v i n g s , t h e o m i t t a n c e o f e x p e n s i v e 
tool s t e e l s a n d t h e i r c l e a n i n g , as vvell as , fevv p a r t s a r e t o 
b e j o i n e d or h u n d r e d s o f t h o u s a n d s vvhen it is e c o n o m i -
ca l t o u s e v a c u u m b r a z i n g vvith m o d e r n m a s s p r o d u c t i o n 
m e t h o d s . T h e a d a p t a b i l i t y m a k e s v a c u u m b r a z i n g o f i n -
c r e a s i n g u s e in t h e m e t a l - j o i n i n g p r o c e s s e s . 

2 B a s i c f a c t o r s a f f e c t i n g t h e m e c h a n i c a l p r o p e r t i e s 

o f t h e b r a z e d j o i n t 

T h e s t r e n g t h o f t h e filler m e t a l is o n e o f t h e m a i n f a c -
t o r s i n f l u e n c i n g t h e s t r e n g t h p r o p e r t i e s o f t h e b r a z i n g 
j o i n t , s i n c e it is a d i r e c t m e a s u r e f o r t h e s t r e n g t h p r o p e r -
t i es o f t he j o i n t s . T h e r e f o r e , j o i n t s b r a z e d vvith n i c k e l -
b a s e filler m e t a l a r e s t r o n g e r t h a n t h o s e b r a z e d vvith c o p -
p e r - b a s e filler m e t a l . 

T h e narrovv j o i n t c l e a r a n c e c a u s e s a h i g h c a p i l l a r y 
filling p r e s s u r e ; t h e r e f o r e , t h e g a p s h o u l d b e p a r a l l e l o v e r 
t h e vvhole l e n g t h o f t h e j o i n t . O n l y in t h i s w a y b y in -
c r e a s e d c a p i l l a r y filling p r e s s u r e t h e f i l l e r m e t a l c a n b e 
a s p i r e d i n t o t h e g a p . T h e m o s t f a v o u r a b l e j o i n t c l e a r a n c e 
f o r h i g h v a c u u m t e m p e r a t u r e b r a z i n g is a p p r o x i m a t e l y 0 
- 1 0 0 p m , vvhen m e a s u r e d a t the b r a z i n g t e m p e r a t u r e . 
F i g u r e 1 shovvs s c h e m a t i c a l l y t h e r e l a t i o n be tvveen j o i n t 
c l e a r a n c e a n d t h e t e n s i l e s t r e n g t h o f t h e j o i n t f o r f l u x 
b r a z i n g a n d h i g h t e m p e r a t u r e b r a z i n g 1 . 
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Figure 2: Tensile strength of the brazing joint as 
tensile strength of the base metal1 

Slika 2: Natezna trdnost spajkanega spoja v odvisnosti od natezne 
trdnosti osnovne kovine 
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Figure 1: Relation between the joint clearance and the tensile strength 
of the joint1 

Slika 1: Odvisnost med širino špranje in natezno trdnostjo spoja 

T h e t e n s i l e s t r e n g t h o f a b r a z i n g j o i n t i n c r e a s e s w i t h 
t h e i n c r e a s i n g t e n s i l e s t r e n g t h o f t h e b a s e m e t a l , if ali 
o t h e r c o n d i t i o n s s u c h as f i l l e r m e t a l a n d j o i n t c l e a r a n c e 
a r e t h e s a m e , ( F i g u r e 2) . T h e t e n s i l e s t r e n g t h o f t h e b a s e 
m e t a l h a s n o i n f l u e n c e o n t h e s h e a r s t r e n g t h o f t he b r a z -
i ng j o i n t , ( F i g u r e 3) . I n t h i s č a s e , o n l y t h e p r o p e r t i e s o f 
t h e f i l l e r m e t a l a r e d o m i n a n t . T h e t e n s i l e s t r e n g t h o f t h e 
b r a z i n g j o i n t d e c r e a s e s w i t h t h e i n c r e a s e o f t h e b r a z i n g 
c o n t a c t a r e a , ( F i g u r e 4) . T h i s c a n b e e x p l a i n e d b y t h e 
f a c t t ha t t h e c h a n c e f o r t h e f o r m a t i o n o f b l o w h o l e s in-
c r e a s e s vvith t h e c o n t a c t a r e a , e s p e c i a l l y if t he flovv p a t h 
f o r t h e f i l l e r m e t a l a l s o i n c r e a s e s . Hovvever , t h e l o a d a b i l -
i ty of t h e p i e c e is i n c r e a s e d by i n c r e a s i n g t h e c o n t a c t s u r -
f a c e o f b r a z i n g . 

T o a c h i e v e t h e d e s i r e d s t r e n g t h p r o p e r t i e s f o r t h e 
b r a z i n g j o i n t , t h e e x a c t b r a z i n g t e m p e r a t u r e h a s t o b e 

0 20 40 60 60 100 
Tensile s t r e n g t h of base m e t a l ( d a N / m m 2 ) 

Figure 3: Shear strength of the brazing joints as a function of the 
tensile strength of the base metal1 

Slika 3: Strižna trdnost spajkanega spoja v odvisnosti od natezne 
trdnosti osnovne kovine 
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Figure 4: Relationship between the tensile strength of the brazing joint 
and the brazing contact area1 

Slika 4: Odvisnost med natezno trdnostjo spajkanega spoja in stično 
površino spajkanja 

c h o s e n 2 . If it is t o o lovv, t h e f i l l e r m e t a l vvill n o t flovv, a n d 

vvill c o n s e q u e n t l y n o t vvet t h e s u r f a c e , a n d t h u s , f a i l t o 

b o n d t h e b a s e m e t a l . O n t h e o t h e r s i d e , t h e b r a z i n g t e m -

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

e l e m e n t s in t h e f i l l e r m e t a l m i g h t e v a p o r a t e o r u n d e s i r e d 

c h a n g e s o f t h e b a s e m e t a l c o u l d t a k e p l a č e . 

I n s o m e c a s e s l o n g e r s o a k t i m e a t t h e b r a z i n g t e m -

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

u t e s t o i n c r e a s e t h e s t r e n g t h p r o p e r t i e s . In t h i s č a s e , t h e 

d i f f u s i o n z o n e is l a r g e r t h a t r e s u l t s in h i g h e r s t r e n g t h 

p r o p e r t i e s of t h e j o i n t a s l o n g as n o b r i t t l e i n t e r m e t a l l i c 

p h a s e s a r e f o r m e d 2 . I n v e s t i g a t i o n s h a v e shovvn t h a t e v e n 

vvith s m a l l q u a n t i t i e s of i m p u r i t i e s 1 in t h e f i l l e r m e t a l s , 

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

T h e b r a z i n g j o i n t b e c o m e s b r i t t l e b e c a u s e o f t h e f o r m a -

t ion o f b r i t t l e l a y e r s be tvveen t h e f i l l e r m e t a l a n d t h e b a s e 

m e t a l . 



3 E x p e r i m e n t a l p r o c e d u r e 

E x p e r i m e n t s w e r e p e r f o r m e d o n h i g h t e m p e r a t u r e 
v a c u u m b r a z e d j o i n t s o f t h e H S S W . N o . 1 . 3 3 4 3 a n d 
M 1 5 ( A I S I ) a n d t h e s t r u c t u r a l c a r b o n s t e e l W . N o . 
1 . 1 1 4 1 ( D I N ) vvith s i m u l t a n e o u s h e a t t r e a t m e n t . T h e 
f i l l e r m e t a l s u s e d in t h i s p r o c e s s vvere tvvo b r a z i n g a l l o y s 
m a n u f a c t u r e d b y t h e N i c r o b r a z W a l l C o l m o n o y f i r m 
( L M , 3 0 ) b a s e d o n N i - C r - S i a n d v v a t e r - a t o m i s e d c o p p e r 
povvde r w i t h t h e r e q u i r e d b r a z i n g p r o p e r t i e s , ( T a b l e 1). 

50 30 _ 

V / / / ) i ui\ (o el 

Figure 5: Shear specimens with single and four-fold overlap 
Slika 5: Strižna preizkušanca z enkratnim in štirikratnim prekritjem 

Table 1: Chemical composition of base metals and filler metals (in 
wt%) 
Tabela 1: Kemijska sestava jekel in dodajnih materialov (v ut.%) 

Material Si Mn Cr W Mo Co 
1.3343 0,89 0,35 0,29 0,018 0,018 4,2 6,3 4,9 1,8 -
1.1141 0,14 0,27 0,32 0,007 0,012 0,1 -
M15(AISI) 1,5 - - - - 4,5 6,5 3,5 5,0 5,0 
LM 7% Cr: 4,5% Si; 3;0% Fe; 2,1% B; max.0,( 
30 19% Cr; 10,2% Si; inax.0,10% C: bal. Ni 
Cu 99,8% Cu 

M 15 (AISI) W.No. 1.1H1 (DIN) 
>153 (152.87) 

>40 

jL 
60 >40 

> C; bal. Ni 
Figure 6: Tensile test specimen vvith but joint 
Slika 6: Natezni preizkušanec s čelnim spojem 

To g e t a h i g h e r s t r e n g t h o f t h e j o i n t o r to m a k e t h e 
f i x t u r i n g o f p a r t s t o b e b r a z e d e a s i e r , a l a p j o i n t s h o u l d 
b e s e l e c t e d . T h i s j o i n t s h o u l d b e d e s i g n e d to o b t a i n t h e 
s a m e s t a b i l i t y u n d e r l o a d o f t h e j o i n t a n d of t h e b a s e 
m e t a l . T h e l a p l e n g t h is t h e n f u n c t i o n o f t h e t e n s i l e 
s t r e n g t h o f t h e b a s e m e t a l a n d t h e s h e a r i n g s t r e n g t h o f 
t h e j o i n t : 

U = ̂  (1) 
T 

vvhere U = l e n g t h o f t h e l a p in m m , 

R m = t e n s i l e s t r e n g t h o f b a s e m e t a l in N m m " 2 , 

t = s h e a r i n g s t r e n g t h o f t h e j o i n t in N m m " 2 , 

t = t h i c k n e s s o f b a s e m e t a l in m m . 

I f , in a d d i t i o n , a s a f e t y f a c t o r a n d an i m p a i r m e n t of 

t h e j o i n t c a u s e d b y s m a l l b r a z i n g e r r o r s is t a k e n i n t o a c -

c o u n t , t h e n t h e l e n g t h o f t h e l a p s h o u l d b e 3 to 6 t i m e s 

t h e t h i c k n e s s o f t h e b a s e m e t a l . G e n e r a l l y , t h r e e t i m e s 

t h e b a s e m e t a l i s s u f f i c i e n t f o r m e t a l s o f l o w t e n s i l e 

s t r e n g t h ; s i x t i m e s s h o u l d b e u s e d f o r m e t a l s o f h i g h t e n -

s i l e s t r e n g t h 1 . 

T h e b u t j o i n t is u s e d f o r t h i c k e r p a r t s (t > 2 m m ) i f a 

l a p j o i n t is n o t p o s s i b l e 1 . I n c o n t r a s t to s o l d e r i n g , t h e s ta -

b i l i t y u n d e r l o a d o f t h i s t y p e o f j o i n t is o f t e n s u f f i c i e n t 

f o r p r a c t i c a l u s e if t h e p a r t s a r e b r a z e d . 

E x p e r i m e n t s 3 vvere p e r f o r m e d o n s h e a r s p e c i m e n s 

vvith s i n g l e a n d f o u r f o l d o v e r l a p , ( F i g u r e 5 ) . T h e l a m e l -

l a e f r o m H S S a n d s t r u c t u r a l c a r b o n s t e e l s vvere, f i n e l y 

g r o u n d a f t e r r o u g h m a c h i n i n g . M e a s u r e m e n t s s h o v v e d 

t h a t t h e s u r f a c e r o u g h n e s s R a = 0 . 4 4 ^im in t h e l o n g i t u d i -

na l d i r e e t i o n vvas e q u a l f o r b o t h s u r f a c e s . 

T h e t e s t s p e c i m e n vvith b u t j o i n t shovvn in F i g u r e 6 
vvas u s e d f o r t h e t e n s i l e t e s t . 

F o r t h e b r a z i n g o f t h e s h e a r a n d t e n s i l e t e s t s p e c i -

m e n s vvith t h e b u t j o i n t t h e c l e a r a n c e o f 8 0 |4m vvas c h o -

s e n . T h e b r a z i n g t e m p e r a t u r e vvas 1 1 2 0 ° C f o r s p e c i m e n s 

b r a z e d vvith t h e filler m e t a l s L M a n d C u , a n d 1 1 6 0 ° C f o r 
t h o s e b r a z e d vvith t h e filler m e t a l 3 0 . A f t e r d i f f u s i o n h e a t 
t r e a t m e n t , t h e s p e c i m e n s vvere c o o l e d in n i t r o g e n flovv at 
t h e p r e s s u r e u n d e r 5 b a r a b s , a n d t h a n d o u b l e t e m p e r e d 
a t 5 5 0 ° C , ( F i g u r e 7 ) . T h e b r a z i n g vvas p e r f o r m e d in a 
v a c u u m 5 x 10~2 m b a r . S h e a r a n d t e n s i l e s p e c i m e n s vvith 
b u t j o i n t s vvere u s e d f o r m e t a l o g r a p h i c a l a n d m e c h a n i c a l 
r e s e a r c h . 

F o r t h e i n v e s t i g a t i o n o f e n d u r a n c e o f b r a z i n g j o i n t , 
tvvo p a p e r k n i v e s vvith t h e d i m e n s i o n s o f 4 2 5 x 1 1 7 x 1 0 
m m a n d o n e k n i f e vvith t h e d i m e n s i o n 5 6 0 x 1 1 7 x 1 0 m m , 
vvere m a n u f a c t u r e d f r o m H S S W . N o . 1 . 3 3 4 3 s t e e l a n d 
t h e i r b e a r i n g p a r t s f r o m t h e s t e e l W . N o . 1 . 7 1 3 1 ( D I N ) 
s t ee l , ( F i g u r e 8 ) . T h e filler m e t a l m a r k e d L M vvas u s e d 
f o r t h e s e k n i v e s a n d c o n s i d e r i n g t h e k n i v e s ' s h a p e , a l a p 
j o i n t vvith 8 0 p m c l e a r a n c e vvas c h o s e n . T h e b r a z i n g t e m -
p e r a t u r e vvas 1 1 9 0 ° C . A f t e r d i f f u s i o n h e a t t r e a t m e n t , t h e 
k n i v e s vvere c o o l e d in a n i t r o g e n flovv a t a p r e s s u r e u n d e r 
5 b a r a b s , f o l l o v v e d b y d o u b l e t e m p e r i n g a t 5 4 0 ° C , ( F i g -
u r e 7 ) . T h e b r a z i n g vvas p e r f o r m e d in a v a c u u m , 5 x 10"2 

m b a r . 

4 R e s u l t s a n d d i s c u s s i o n 

4.1 Mechanical tests 

N e x t to t h e r e q u i r e d p r o p e r t i e s o f s t r u c t u r a l c a r b o n 
s t ee l a n d H S S , t h e m o s t i m p o r t a n t p r o p e r t y is t h e b o n d 
s t r e n g t h be tvveen t h e m . M e c h a n i c a l t e s t s vvere p e r f o r m e d 
o n f o u r t e e n s h e a r s p e c i m e n s vvith a s i n g l e a n d f o u r - f o l d 
o v e r l a p a n d l e n g t h o f t h e l a p o f 2 t o 6 t i m e s t h e t h i c k n e s s 
o f t h e b a s e m e t a l a n d t h r e e t e n s i l e t e s t s p e c i m e n s b r a z e d 
vvith L M a n d C u f i l l e r m e t a l . 

T h e j o i n t c l e a r a n c e f o r h i g h t e m p e r a t u r e v a c u u m 

b r a z i n g vvas a m o n g 5 0 - 7 0 | i m f o r t h e s p e c i m e n s b r a z e d 

vvith fillers L M a n d 3 0 , a n d 2 0 - 5 0 u m f o r t h e s p e c i m e n s 



Breazing temperature 

Figure 7: High temperature brazing with simultaneous heat treatment 
process model 
Slika 7: Model visoko temperaturnega vakuumskega spajkanja z 
istočasno toplotno obdelavo 

Figure 8: Paper knives manufactured by high temperature vacuum 
brazing vvith simultaneous heat treatment process to achieve a hardness 
of 64 Hrc 
Slika 8: Noža za rezanje papirja izdelana po postopku visoko 
temperaturnega vakuumskega spajkanja in istočasno toplotno obdelana 
na 64 HRc 

b r a z e d w i t h t h e c o p p e r filler. D a t a r e g a r d i n g s p e c i m e n s 

c h a r a c t e r i s t i c s a n d t h e s h e a r s t r e n g t h o b t a i n e d b y t h e I n -

s t r o n t e n s i l e t e s t i n g m a c h i n e a r e s u m m a r i s e d in table 2. 

Table 2: Specimens characteristics and the shear strength 
Tabela 2: Karakteristike preizkušancev in strižne trdnostip rekrovnih 
spojev 

S a m p l e Fi l ler meta l O v e r l a p Leng th of 
the lap 

Shear 
s t rength 
N m n r 2 

A / l L M fou r - fo ld 3 x t > 30 
A / 2 * L M fou r - fo ld 3 x t 27 
A / 3 L M four - fo ld 6 x t > 30 

A / 4 * L M four - fo ld 6 x t 18 
A / 5 L M s ing le - fo ld 3 x t > 71 
A / 6 L M s ing le - fo ld 2 x t > 210 
B / l 30 fou r - fo ld 3 x t > 30 

B/2* 30 fou r - fo ld 3 x t 27 
B/3 3 0 fou r - fo ld 6 x t > 20 
B / 4 3 0 s ing le - fo ld 3 x t > 60 
C / l C u fou r - fo ld 3 x t > 32 
C / 2 C u fou r - fo ld 6 x t > 62 
C / 3 C u s ing le - fo ld 3 x t > 66 
C /4 C u s ing le - fo ld 2 x t > 205 

* S a m p l e s f r ac tu r ed in b o n d layer; C / l - the midd le lamel lae 
m a d e f r o m W. N o . 1.1141, end lamel lae m a d e f r o m W.No. 
1.3343; C / 2 aH lamel lae m a d e f r o m W.No. 1.3343, because 
of g l id ing in the c h u c k s , the re w a s no des t ruc t ion of the sam-
ple; C/3- ali l amel lae m a d e f r o m W. No. 1 .1141. 

R e s u l t s in table 2, s h o w t h a t r u p t u r e o f s a m p l e s , in 

g e n e r a l , a p p e a r e d in t h e s t r u c t u r a l c a r b o n s t e e l a n d n o t in 

t h e b o n d l a y e r , ( F i g u r e 9 ) , s i n c e t h e s h e a r s t r e n g t h o f 

b r a z e d j o i n t s w a s g r e a t e r t h a n t h e t e n s i l e s t r e n g t h o f t h e 

s t r u c t u r a l c a r b o n s t e e l . T h e s a m p l e w h e r e t h e m i d d l e la -

m e l l a e w e r e f r o m t h e s t e e l W . N o . 1 . 1 1 4 1 , w a s a n e x c e p -

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

m i d d l e l a m e l l a e . 

T h e s h e a r s t r e n g t h i s d e p e n d e n t u p o n t h e o v e r l a p 

s h a p e a n d t h e l a p l e n g t h . T h e m a x i m a l s h e a r s t r e n g t h 

w a s o b t a i n e d o n s a m p l e s w i t h a s i n g l e - f o l d o v e r l a p a n d 

w i t h t h e l a p l e n g t h 2 t i m e s t h e t h i c k n e s s o f t h e b a s e m e t -

M 
i* j ^ M f ^ t f r """ 

! j r J < .1 .1 J " 4 

Figure 9: Shear specimens B/l and C / l vvith a four-fold overlap after 
the tensile test 
Slika 9: Strižna preizkušanca B/l in C/l s štirikratnim prekritjem po 
trgalnem preizkusu 

a l . O n s a m p l e s b r a z e d vvith f i l l e r m e t a l L M s l i g h t l y 

h i g h e r v a l u e s vvere o b t a i n e d . 

A f t e r v a c u u m h e a t t r e a t m e n t t h a t c o r r e s p o n d e d t o 

a u s t e n i t i z i g a n d t e m p e r i n g t e m p e r a t u r e s f o r H S S M 1 5 

( A I S I ) , t h e s t r e n g t h o f t h e t e n s i l e t e s t s p e c i m e n vvith b u t 

j o i n t vvas a l i t t l e lovver t h a n t h a t f o r s t r u c t u r a l c a r b o n 

s t e e l . T h e f r a c t u r e s p r o p a g a t e d m o s t l y vvi thin t h e b o n d 

l a y e r a n d p a r t l y a l s o in s t r u c t u r a l c a r b o n s t e e l a n d H S S . 

B y t e n s i l e t e s t s , t h e s t r e n g t h o f s p e c i m e n s vvith b u t j o i n t 

vvas s t r o n g l y i n f l u e n c e d b y d e f e c t s in t h e b o n d l a y e r 

( s a m p l e C / 8 * ) . D u r i n g t e n s i l e t e s t s vve d i d n o t n o t i c e a n y 

e l o n g a t i o n o r r e d u c t i o n o f a r e a o n t h e s a m p l e s . R e s u l t s 

o f t e n s i l e t e s t s a r e p r e s e n t e d in table 3. 

Table 3: Strength of the tensile test specimen with but joints 
Tabela 3: Natezne trdnosti čelno spajkanih preizkušancev 

S a m p l e Filler metal R c ( N m n r 2 ) R m (Nmm" 2 ) 
A/8 L M 3 3 0 4 4 5 
C/7 Cu 3 4 0 4 7 5 

C /8* Cu 3 2 5 345 
* de fec t s in the bond layer 

A f t e r m e c h a n i c a l t e s t s , a m e t a l l o g r a p h i c a l e x a m i n a -

t i o n vvas p e r f o r m e d . O n t h e s i n g l e o r f o u r - f o l d o v e r l a p 



Figure 10: Initial microcrack area propagating through the eutectic phase is in the microporous regions, sample A/2 
Slika 10: Inicial za nastanek mikrorazpok, ki potekajo po eutektični fazi, so mikroporozna mesta, preizkušanec A/2 

after hardening 
after hardening and 
tempering 

W. No. 17131 
" ( D I N ) 

Figure 11: Microstructure of the bond layer in specimen C/7 
Slika 11: Mikrostruktura vezne plasti na preizkušancu C/7 

s p e c i m e n s , w h e r e f r a c t u r e s a p p e a r e d in t h e s t r u c t u r a l 

c a r b o n s t e e l , o n l y s p o r a d i c m i c r o c r a c k s w e r e f o u n d in 

t he b o n d l aye r . O n s p e c i m e n s w i t h f r a c t u r e in t he b o n d 

l aye r , a r e a s w i t h m i c r o p o r o s i t y w e r e n o t i c e d , vvi thout e x -

c e p t i o n , vvhe re m i c r o c r a c k s i n i t i a t e d . O n s p e c i m e n s 

b r a z e d vvith t h e f i l l e r s L M a n d 3 0 , t h e f r a c t u r e c r a c k s 

p r o p a g a t e d t h r o u g h t h e e u t e c t i c p h a s e o f t h e b o n d l aye r , 

(Figure 10). 
A s m e n t i o n e d a b o v e , t h e d i f f u s i o n o f c a r b o n f r o m 

H S S t o s t r u c t u r a l c a r b o n s t e e l t o o k p l a č e ; a n d c o n s e -

q u e n t l y , t h e m i c r o s t r u c t u r e a l o n g t h e b o n d l a y e r / s t r u c -

tu ra l c a r b o n s t ee l c o n s i s t e d o f p e a r l i t e a n d b a i n i t e . O n 

s p e c i m e n s b r a z e d vvith c o p p e r , c r a c k s a p p e a r e d a t t h e 

b o n d l a y e r / s t r u c t u r a l c a r b o n s t ee l , r e s p e c t i v e l y , ( F i g u r e 

11) . T e n s i l e t e s t s p e c i m e n s f r a c t u r e d in th i s r e g i o n , as 

vvell. A l t h o u g h c a r b o n is n o t s o l u b l e in c o p p e r , t h e d i f f u -

s i o n o f c a r b o n f r o m H S S t h r o u g h o u t t h e c o p p e r b o n d 

l a y e r t o s t r u c t u r a l c a r b o n s t ee l c a n n o t t a k e p l a č e , t h e m i -

- i = 

M 2 ( A I S I ) 

2 1.5 1 0.5 0 0 0.5 1 2 

D is t ance in mm 

Figure 12: Vickers microhardness on transition from the bond layer to 
HSS and structural carbon steel 
Slika 12: Potek mikrotrdote HV na prehodu iz vezne plasti v 
hitrorezno in konstrukcijsko jeklo 



Figure 13: Fracture through an area of eutectic and austenite phase. 
sample A/8 
Slika 13: Prelom preko eutektika in avstenitne faze, preizkušanec A/8 

c r o s t r u c t u r e a l o n g t h e b o n d l a y e r / s t r u c t u r a l c a r b o n s t e e l 

c o n s i s t e d o f f e r r i t e a n d b a i n i t e w i t h t r a c e s o f p e a r l i t e . 

O n t h e p a p e r k n i f e , t h e m i c r o h a r d n e s s vvas m e a s u r e d 

a c r o s s t h e b o n d l a y e r t o H S S a n d t h e s t r u c t u r a l c a r b o n 

s t e e l . T h e d i f f u s i o n a n n e a l i n g w a s c a r r i e d o u t w i t h t h e 

a i m to a f f e c t h a r d n e s s a t i ts t r a n s i t i o n a c r o s s t h e b o n d 

l a y e r a n d F i g u r e 1 2 s h o w s t h e m i c r o h a r d n e s s p r o f i l e o b -

t a i n e d . I t s h o w s t h a t t h e H S S h a r d n e s s is d e c r e a s e d , 

w h i l e i t i s i n c r e a s e d in t h e s t r u c t u r a l c a r b o n s t e e l . 

T h e m o r p h o l o g y o f f r a c t u r e s u r f a c e s is v e r y h e t e r o -

g e n e o u s . O n t h e s p e c i m e n s b r a z e d vvith t h e f i l l e r s L M 

a n d 3 0 , it vvas p o s s i b l e t o i d e n t i f y f r a c t u r e s u r f a c e s t h a t 

p r o p a g a t e d in d e n d r i t ' s a r e a f r o m t h o s e p r o p a g a t e d in t h e 

e u t e c t i c p h a s e a n d in a u s t e n i t e , ( F i g s 1 3 a n d 14) . 

D u c t i l e f r a c t u r e o n s p e c i m e n s b r a z e d vvith c o p p e r 

p r o p a g a t e d m o s t l y vvi th in b o n d l aye r , ( F i g u r e 1 5 ) . I n c l u -

s i o n s o f c o p p e r o x i d e vvere f o u n d in t h e d i m p l e s . 

4.2 Microstructural characterisation 

T h e u s e d f i l l e r m e t a l s , s t r u c t u r a l c a r b o n s t e e l a n d 

H S S vvere e x a m i n e d b y o p t i c a l a n d s c a n n i n g e l e c t r o n 

m i c r o s c o p y . T h e m i c r o s t r u c t u r e o f t h e W . N o . 1 . 1 1 4 1 

( D I N ) s t r u c t u r a l c a r b o n s t e e l c o n s i s t e d o f f e r i t e - p e a r l i t e 

a n d b a i n i t e vvith a h a r d n e s s o f 1 4 5 H V 1 0 . T h e m i c r o -

s t r u c t u r e o f t h e W . N o . 1 . 3 3 4 3 H S S c o n s i s t e d o f a m a t r i x 

o f t e m p e r e d m a r t e n s i t e c o n t a i n i n g s m a l l c a r b i d e p r e c i p i -

t a t e s . T h e s i z e o f a u s t e n i t e g r a i n s vvas a m o n g 17 a n d 13 

S G d e p e n d i n g o n t h e a u s t e n i t i z a t i o n t e m p e r a t u r e a n d t h e 

h a r d n e s s 6 4 H R c . 

F i g u r e 1 6 shovvs t h e m i c r o s t r u c t u r e o f t h e b o n d l a y e r 

b e t v v e e n t h e H S S a n d t h e s t r u c t u r a l c a r b o n s t ee l o n h a r d -

Figure 14: Fracture surface of the specimen B/2 
Slika 14: Prelomna površina preizkušanca B/2 

Figure 15: Fracture surface of the specimen C/7 brazed vvith Cu 
Slika 15: Prelomna površina preizkušanca C/7 spajkanega s Cu - v 
jamicah so vključki bakrovega oksida 

e n e d a n d t e m p e r e d s p e c i m e n s A / l a n d B / 2 . T h e s p e c i -

m e n s vvere b r a z e d vvith t h e f i l l e r s L M a n d 3 0 . 

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

t h e d i f f u s i o n d u r i n g b r a z i n g . T h e d i f f u s i o n a t t h e 

H S S / b o n d l a y e r b o r d e r s e a m s t o b e q u i c k e r ; t h e r e f o r e , 

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

H S S . A l o n g t h e s t r u c t u r a l c a r b o n s t e e l / b o n d l a y e r , t h e 

b o n d l a y e r vvas h o m o g e n o u s . T h e s p e c i m e n B / 2 vvas e x -

a m i n e d b y S E M , ( F i g u r e 1 7 ) . 



Figure 16: Microstructure of the high temperature brazed and 
simultaneously heat treated joints of HSS and structural carbon steel, 
samples A/l and B/2 
Slika 16: Mikrostruktura vezne plasti na preizkušancih A/l in B/2 

A d e t a i l e d i n v e s t i g a t i o n i n E P M A s h o w e d t h a t t h e 

l a r g e r p o l y g o n a l g r a i n s p r e s e n t a l o n g t h e c e n t r a l l i n e o f 

t h e b o n d l a y e r w e r e a p h a s e s o l i d i f i c a t i o n g r a i n s r i c h in 

C r , c o n t a i n i n g a l s o N i a n d Si w i t h t r a c e s o f W , M o a n d 

V. T h e s m a l l e r g r a i n s w e r e c a r b i d e s , ( F i g u r e 18 ) . T h e i n -

t e r m e t a l l i c p h a s e w a s h a r d . T h e m e a s u r e d m i c r o h a r d n e s s 

w a s 5 0 0 - 6 0 0 H V . T h e a v e r a g e m a t r i x m i c r o h a r d n e s s w a s 

1 9 5 H V. 

In t h e m i c r o s t r u c t u r e a t t h e H S S / b o n d l a y e r b o r d e r , 

t h e e f f e c t s o f t h e d i f f u s i o n p r o c e s s e s w e r e c l e a r l y n o t i c e -

a b l e . In t h e t h i n l a y e r o f H S S o n l y c a r b i d e s p a r t i c l e s 

w e r e n o t i c e d , m a r t e n z i t e m a t r i x w a s t r a n s f o r m e d b e -

Figure 17: SEM micrograph of high temperature brazed joint, 
specimen B/2 
Slika 17: Mikrostuktura vezne plasti preizkušanca B/2 posneta s SEM 

Figure 18: Distribution elements in the bond layer, sample B/2 
Slika 18: Porazdelitev elementov v vezni plasti na preizkušancu B/2 

c a u s e o f d i f f u s i o n i n t o a u s t e n i t e . T h i s m i c r o s t r u c t u r e w a s 

v e r y s i m i l a r t o t h a t in t h e b o n d l a y e r , ( F i g u r e 1 7 ) . 

A t t h e b o n d l a y e r / s t r u c t u r a l c a r b o n s t e e l b o r d e r , d i f -

f u s i o n o f C r , N i a n d Si t o s t r u c t u r a l c a r b o n s t e e l o c -



c u r r e d . T h e h a r d e n e d a n d t e m p e r e d s a m p l e s b r a z e d w i t h 

f i l l e r m e t a l L M a n d 3 0 s h o w e d a l o n g t h i s b o r d e r a t h i n 

l a y e r r i c h i n c a r b o n , ( F i g u r e 1 6 ) vvi th m i c r o s t r u c t u r e 

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

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

b r a z e d vvith t h e filler L M . 

T h e m i c r o s t r u c t u r e o f W . N o . 1 . 7 1 3 1 ( D I N ) s t r u e t u r a l 

c a r b o n s t e e l u s e d f o r b e a r i n g p a r t o f p a p e r k n i v e s c o n -

s i s t e d o f t e m p e r e d m a r t e n s i t e a n d b a i n i t e . A u s t e n i t e 

g r a i n s vvere c o a r s e , d u e t o t h e h i g h a u s t e n i t i z a t i o n t e m -

p e r a t u r e . T h e m i c r o s t r u c t u r e o f t h e W . N o . 1 . 3 3 4 3 H S S 

c o n s i s t e d o f a m a t r i x o f t e m p e r e d m a r t e n s i t e c o n t a i n i n g 

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

o f 14 S G . T h e m i c r o s t r u c t u r e o f t h e b o n d l a y e r vvas i d e n -

t i c a l a s in h a r d e n e d a n d t e m p e r e d s a m p l e s b r a z e d vvith 

f i l l e r m e t a l L M . 

5 Conc lus ion 

M e c h a n i c a l t e s t s a n d m e t a l l o g r a p h i c o b s e r v a t i o n s 

vvere c a r r i e d o n h i g h t e m p e r a t u r e v a c u u m b r a z e d a n d s i -

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

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

j o i n t . Tvvo N i - C r - S i b r a z e d m e t a l s a s vvell a s c o p p e r 

s e r v e d as filler m e t a l . D u r i n g t h e h e a t t r e a t m e n t , r a p i d 

d i f f u s i o n p r o c e s s e s o c c u r r e d b e t v v e e n t h e l i q u i d a n d t h e 

h a r d p h a s e , e s p e c i a l l y a l o n g t h e H S S b o r d e r . B y u s e o f 

N i - C r - S i b a s e d filler m e t a l t h e f o r m a t i o n o f i n t e r m e t a l l i c 

p h a s e s , e u t e c t i c p h a s e s a n d c a r b i d e s in t h e b o n d l a y e r , 

a n d a n e t o f e u t e c t i c c a r b i d e s a n d v o i d s o n t h e a u s t e n i t e 

n e t a l o n g t h e b o n d l a y e r / H S S b o r d e r , vvere o b s e r v e d . 

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

o n s p e c i m e n d e s i g n , m a n u f a c t u r e a n d h e a t t r e a t m e n t 

c o n d i t i o n s . T h e b o n d l a y e r m u s t b e a s t h i n a n d a s h o -

m o g e n o u s a s p o s s i b l e a n d m u s t shovvs n o p o r o s i t y o r m i -

c r o c r a c k s . I n t e r m e t a l l i c p h a s e s a n d c a r b i d e s c a n n o t b e 

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

w h i c h a r e v e r y h i g h o n t h e H S S h e a t t r e a t m e n t t e m p e r a -

t u r e . 
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Discontinuous Al-SiC Composites Formed by a Lovv 
Cost Chemically Activated Infiltration Technique 

Pridobivanje in kemijska infiltracija poroznih SiC vzorcev z 
Al-Si talino 

V. M. Kevorkijan1, zasebni raziskovalec, Maribor, Slovenija 
P r e j e m r o k o p i s a - r e c e i v e d : 1 9 9 6 - 1 0 - 0 1 ; s p r e j e m z a o b j a v o - a c c e p t e d fo r p u b l i c a t i o n : 1 9 9 6 - 1 1 - 0 4 

In this vvork, the preparation of porous SiC preforms from SiC particles, piatelets and whiskers have been demonstarted. Near net 
shape preforms, prepared by vacuum casting, vvere sintered and then covered by S1O2 layer using a cost effective oxidation in air 
at 1175 K for 10h. Surface engineered SiC preforms vvere than pressureless infiltrated in nitrogen atmosphere (96 vol% N2 + 4 vol% 
Ar) by a Al-Si melt containing 0.5-3 wt% Mg. Based on this, a mathematical model of spontaneous infiltration of a porous ceramic 
preform has been suggested. The roie of magnesium and nitrogen atmosphere vvas quantitatively evaluated among the other 
important processing parameters (porosity of preform, the specific surface area, etc.) collected in a new term named preform 
infiltrability. Moreover, the influence of the above listed parameters on the infiltration rate (expressed as infiltration length and 
function of time) has also been demonstrated. The optimal conditions for spontaneous and cost effective pressureless infiltration of 
porous SiC preforms by molten aluminium alloy has been selected and experimentaty confirmed. 

Key vvords: porous SiC preforms, vacuum casting, pressureless infiltration, infiltration kinetics, infiltrability of porous preforms 

V delu je opisana izdelava poroznih SiC vzorcev z vakuumskim vlivanjem in njihovo sintranje do poroznih predoblik, sestavljenih iz 
SiC delcev različne oblike: okrogli, heksagonalne ploščice in kratka vlakna. Z oksidacijo na zraku smo prevlekli površino poroznih 
SiC predoblik s tanko plastjo S1O2 in izboljšali omočljivost med SiC in Al talino. V nadaljnjem delu smo infiltriraii porozne keramične 
vzorce z Al-Si-Mg talino v dušikovi atmosferi (96 vol% N2 + 4 vol% Ar) pri normalnem tlaku. Na podlagi pridobljenih rezultatov smo 
razvili matematični model infiltracije, ki opisuje kinetiko procesa v funkciji poroznosti in specifične površine pripravljenih poroznih 
vzorcev, vsebnosti dušika v atmosferi in sestave Al zlitine. Model je osnova za nadaljnji razvoj tehnologije priprave Al-SiC 
kompozitov s spontano oz. nizkotlačno infiltracijo poroznih SiC vzorcev. 

Ključne besede: porozne SiC predoblike, vakuumsko vlivanje, spontana infiltracija, kinetika infiltracije, infiltrabilnost poroznih 
predoblik 

1 I n t r o d u c t i o n 

T h e n e e d f o r h i g h s t r e n g t h . l i g h t w e i g h t , a n d h i g h 
s t i f f n e s s m a t e r i a l s h a s , in r e c e n t y e a r s , a t t r a c t e d m u c h in-
t e r e s t t o t h e d e v e l o p m e n t o f t h e m a n u f a c t u r i n g p r o c e s s e s 
o f m e t a l m a t r i x c o m p o s i t e s ( M M C s ) 1 . T h e m o s t i m p o r -
t a n t l i m i t a t i o n o f t h e f a b r i c a t i o n of M M C s b y l i q u i d -
p h a s e p r o c e s s e s r e s i d e s in t h e c o m p a t i b i l i t y be tvveen t h e 
r e i n f o r c e m e n t a n d t h e m a t r i x 2 . T h i s c o m p a t i b i l i t y is p a r -
t i c u l a r l y i m p o r t a n t in t h e č a s e of a l u m i n i u m - b a s e d c o m -
p o s i t e s , b e c a u s e A l is u s u a l l y c o v e r e d vvith a t h in o x i d e 
l a y e r t h a t p r e v e n t s vvet t ing, a n d vvhen u n c o v e r e d , it r e a d -
i ly r e a c t s vvith m o s t c e r a m i c s t o f o r m i n t e r m e t a l i c s . In 
p a r t i c u l a r , l i q u i d a l u m i n i u m r e a c t s vvith S i C to p r o d u c e 
a l u m i n i u m c a r b i d e a n d f r e e s i l i c o n . W e t t a b i l i t y a n d r e a c -
t i v i t y d e t e r m i n e t h e q u a l i t y o f t h e b o n d be tvveen b o t h 
m a t e r i a l s a n d , t h e r e f o r e , g r e a t l y i n f l u e n c e t h e f i n a l p r o p -
e r t i e s o f t h e c o m p o s i t e . 

In m a n y i n s t a n c e s t h e p r o p e r t i e s o f a r e i n f o r c e d m e t a l 
h a v e b e e n shovvn t o p r o v i d e a p e r f o r m a n c e a d v a n t a g e 
o v e r a m o n o l i t h i c m e t a l , bu t t h e h i g h c o s t o f p r o d u c i n g 
t h e c o m p o s i t e h a s p r o h i b i t e d v v i d e s p r e a d c o m m e r c i a l 
u s e . L i q u i d - m e t a l p r o c e s s e s h a v e t h e p o t e n t i a l t o b e 
m o r e e c o n o m i c a l ; h o v e v e r , t h e n o n - v v e t t i n g n a t u r e o f 
m a n y c e r a m i c s b y m o l t e n a l u m i n i u m , vvhich r e s u l t s in 

1 Dr. Varužan M. K E V O R K I J A N 
Lackova 139 
2341 Limbuš. Slovenija 

p o o r c e r a m i c / m e t a l i n t e r f a c e s a n d i n c o m p l e t e i n f i l t r a -

t i on , h a s b e e n a n o b s t a c l e . 

M e l t i n f i l t r a t i o n is a p o p u l a r t e c h n i q u e f o r f a b r i c a t i n g 

M M C s , as it allovv n e a r - n e t s h a p e f a b r i c a t i o n o f c o m p o -

n e n t s a n d m a t e r i a l vvith a h i g h r e i n f o r c i n g p h a s e c o n t e n t . 

T h e m o l t e n m e t a l m a y p e n e t r a t e t h e p o r o u s p r e f o r m s 

e i t h e r u n d e r t h e a c t i o n o f a n e x t e r n a l f o r c e ( p r e s s u r e 

c a s t i n g 3 a n d v a c u u m a s s i s t e d I i q u i d i n f i l t r a t i o n p r o c e s s 4 ) 

o r t h r o u g h a c a p i l l a r y p r e s s u r e vvhich is c r e a t e d o n c e t h e 

m o l t e n m e t a l vvets t he c e r a m i c s u r f a c e ( p r e s s u r e l e s s i n -

filtration5). 

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

p r e p a r i n g M M C s . T h e o p e r a t i n g p r i n c i p l e o f a h y d r o -

s t a t i c p r e s s u r e i n f i l t r a t i o n d e v i c e 6 is t o u s e p r e s s u r i s e d 

g a s to f o r c e m o l t e n m e t a l i n t o a n e v a c u a t e d d i e . A n o t h e r 

p r e s s u r e c a s t i n g t e c h n i q u e is r e l a t i v e l y s i m p l e 7 : p r e - h e a t -

i n g t h e p a r t i c l e a g g r e g a t e in a s p e c i a l m o u l d a n d t h e n 

a d d i n g 3 M P a p r e s s u r e to t h e m o l t e n m e t a l p o u r e d o n t h e 

p a r t i c l e a g g r e g a t e so a s t o e n c o u r a g e p e n e t r a t i o n vvhich 

r e s u l t s in a m e t a l - p a r t i c l e c o m p o s i t e . R e c e n t l y , a b o t t o m 

m i x i n g p r o c e s s h a s a l s o b e e n s u g g e s t e d , vvhere a n e v a c u -

a t ed p a c k e d b e d in t h e b o t t o m o f a c r u c i b l e is c o v e r e d 

vvith a m e l t , a n d t h a n s t i r r e r s h e a r s t h e i n t e r f a c e be tvveen 

t h e p a r t i c l e s a n d t h e m e l t , r e s u l t i n g in i n c o r p o r a t i o n 8 . 

D i f f e r e n t f a b r i c a t i o n m e t h o d s u s i n g v a c u u m t e c h -

n i q u e s f o r c a s t - i n - p l a c e h a r d f a c i n g o f c a s t i n g vvere a l s o 

d e s c r i b e d 9 . I n t h e s e p r o c e s s e s , a l u m i n i u m p o u r e d i n t o a 

s a n d m o u l d is dravvn b y v a c u u m i n t o a p o r o u s l a y e r o f 



r e i n f o r c i n g p h a s e ( n a m e d - p r e f o r m ) p l a c e d o n a w a l l o f 

t h e m o u l d c a v i t y . 

A r e c e n t m o l t e n m e t a l p r o c e s s is t h e L a n x i d e C o r p . 

P r i m e x ™ p r e s s u r e l e s s i n f i l t r a t i o n p r o c e s s 1 0 " . I n t h i s 

p r o c e s s a p a c k e d b e d o f c e r a m i c p o w d e r is i n f i l t r a t e d b y 

a n A l - M g a l l o y , w i t h o u t a n y a p p l i e d p r e s s u r e , in a n i t r o -

g e n a t m o s p h e r e . T h e r e s u l t i n g c o m p o s i t e , vvh ich h a s a 

p a c k e d b e d d e n s i t y o f a b o u t 5 5 v o l . - % , c a n t h a n b e d i -

l u t e d in t h e a p p r o p r i a t e m a t r i x a l l o y . C e r a m i c p a r t i c l e s 

o f S i C a n d A I 2 O 3 , vvith p a r t i c l e s i z e a s f i n e a s a b o u t 1 

p m h a v e b e e n i n f i l t r a t e d in t h i s w a y , a n d a t i n f i l t r a t i o n 

r a t e s o f u p t o t h e o r d e r o f c e n t i m e t r e s p e r m i n u t e u n d e r 

s p e c i f i c p r o c e s s i n g c o n d i t i o n s . P r o c e s s i n g d e t a i l s o f t h e 

P r i m e x ™ r o u t e a r e p r o p r i e t a r y , b u t it v v o u l d a p p e a r t o b e 

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

c o m p o s i t e s . T h e L a n x i d e C o r p o r a t i o n h a s m a d e e x t e n -

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

h a s vvell o v e r 1 0 0 U . S . p a t e n t s a n d o v e r 1 5 0 0 f o r e i g n 

p a t e n t s p e n d i n g , vvith n e a r l y 5 0 U . S . p a t e n t s a n d o v e r 

1 0 0 f o r e i g n p a t e n t s b e i n g i s s u e d o r a l l ovved b y t h e m i d -

d l e o f 1 9 8 9 . 

I n t h i s vvork , t h e p r e p a r a t i o n o f p o r o u s S i C p r e f o r m s 

m a d e b y S i C p a r t i c l e s , p l a t e l e t s a n d v v h i s k e r s h a v e b e e n 

d e m o n s t r a t e d . T h e s u r f a c e o f S i C p r e f o r m s h a s b e e n c o v -

e r e d b y S i C b l a y e r u s i n g c o s t e f f e c t i v e o x i d a t i o n in a i r . 

C h e m i c a l l y t r e a t e d p r e f o r m s vvere t h a n p r e s s u r e l l e s s in -

filtrated b y a n A l - M g a l l o y in n i t r o g e n a t m o s p h e r e . T h e 

c o n d i t i o n s f o r s p o n t a n e o u s ( a s u s e d , s p o n t a n e o u s l y 

m e a n s v v i t h o u t t h e a i d o f a n y e x t e r n a l l y a p p l i e d p r e s s u r e 

o r v a c u u m ) , p r e s s u r e l e s s i n f i l t r a t i o n , vvh ich i n c l u d e t h e 

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

a t m o s p h e r e h a v e b e e n a l r e a d y vvell d o c u m e n t e d in l i t e r a -

t u r e , b y t h e i n v e n t o r s 1 2 . H o v v e v e r , t h e o f f e r e d e x p l a n a -

t i o n is s e m i - e m p i r i c a l b a s e d o n t h e vvell k n o v v n r o l e o f 

m a g n e s i u m v v h i c h d e c r e a s e s t h e s u r f a c e t e n s i o n o f a 

m o l t e n a l u m i n i u m a l l o y . A s s t a t e d b y i n v e n t o r s 1 2 , t h i s 

a l o n e d o e s n o t i n d u c e s p o n t a n e o u s i n f i l t r a t i o n , b u t a n i -

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

s u r f a c e t e n s i o n , t h u s p r o m o t i n g v v e t t i n g . A d d i t i o n a l l y , 

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

vvith s o l i d c e r a m i c s u r f a c e s . T h e s e r e a c t i o n s t y p i c a l l y a r e 

n o t s u f f i c i e n t t o p r o m o t e s p o n t a n e o u s vve t t i ng , b u t a g a i n 

in c o m b i n a t i o n vvi th a n i t r o g e n a t m o s p h e r e t h e y m a y 

c h a n g e o r b e a l t e r e d , t h u s a l l o v v i n g t h e o b s e r v e d i n f i l t r a -

t i o n . T h e s e r e s u l t s c l e a r l y d e m o n s t r a t e d t h a t t h e c o m b i -

n a t i o n o f m a g n e s i u m in t h e a l l o y a n d a n i t r o g e n e o u s a t -

m o s p h e r e l e a d s t o t h e s p o n t a n e o u s i n f i l t r a t i o n o f 

a l u m i n i u m a l l o y i n t o c e r a m i c f i l l e r s . H o v v e v e r , l i t t l e i n -

f o r m a t i o n is a v a i l a b l e o n t h e e f f e c t o f a n i t r o g e n a t m o s -

p h e r e o n v v e t t i n g . S o m e a u t h o r s 1 3 f o u n d t h a t vvhen f a b r i -

c a t i n g a l u m i n i u m a l l o y m a t r i x c o m p o s i t e s v i a 

c o m p o c a s t i n g , t h e u s e o f a n i t r o g e n a t m o s p h e r e a n d a 

b u b b l e - d e g a s s i n g s t e p vvith n i t r o g e n y i e l d e d c o m p o s i t e s 

vvith m u c h lovver p o r o s i t y t h a n t h o s e p r o d u c e d s i m i l a r l y 

vvith a r g o n , b u t t h e s e r e s u l t s m a y n o t b e a s s c i a t e d vvith 

e n h a n c e d v v e t t i n g . 

I n t h e p r e s e n t p a p e r a m a t h e m a t i c a l m o d e l o f s p o n t a -

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

s u g g e s t e d . T h e r o l e o f m a g n e s i u m a n d n i t r o g e n o u s a t -

m o s p h e r e vvas q u a n t i t a t i v e l y e v a l u a t e d a m o n g t h e i m p o r -

t a n t p r o c e s s i n g p a r a m e t e r s ( p o r o s i t y o f t h e p r e f o r m , t h e 

s p e c i f i c s u r f a c e a r e a , s u r f a c e t e n s i o n a n d t h e c o n t a c t a n -

g l e ) . M o r e o v e r , t h e i n f l u e n c e o f a b o v e l i s t e d p a r a m e t e r s 

o n t h e i n f i l t r a t i o n r a t e ( e x p r e s s e d b y t h e i n f i l t r a t i o n 

l e n g t h a s a f u n c t i o n o f t i m e ) h a s b e e n a l s o d e m o n s t r a t e d . 

I n t h i s w a y , t h e o p t i m a l c o n d i t i o n s f o r s p o n t a n e o u s a n d 

c o s t e f f e c t i v e p r e s s u r e l e s s i n f i l t r a t i o n o f p o r o u s S i C p r e -

f o r m s b y m o l t e n a l u m i n i u m a l l o y vve re s e l e c t e d a n d e x -

p e r i m e n t a l y c o n f i r m e d . 

2 Pressureless inf i l trat ion - theoret ical cons idera-
tions 

A. Capilllar}> Law 

S p o n t a n e o u s i n f i l t r a t i o n o f a l i q u i d i n t o a p o r o u s m e -

d i u m t a k e s p l a č e vvhen t h e l i q u i d vvets t h e s o l i d . O t h e r -

vvise, a m i n i m u m e x t e r n a l p r e s s u r e s h o u l d b e a p p l i e d . 

T h i s t h r e s h o l d p r e s s u r e P ( a l s o c a l l e d c a p i l l a r y p r e s s u r e ) 

is r e l a t e d t o t h e c o n t a c t a n g l e 0 a n d t h e p a r t i c l e s i z e 

t h r o u g h t h e s o - c a l l e d c a p i l l a r y l a w o r L a p l a c e e q u a t i o n : 

P = 6 ^ y l v c o s 0 V p / ( ( l - V p ) D ) ( 1 ) 

v v h e r e y\v i s t h e l i q u i d - v a p o r s u r f a c e t e n s i o n , X a f a c t o r 

vvh ich d e p e n d s o n t h e g e o m e t r y o f t h e p a r t i c l e s , D t h e 

m e a n d i a m e t e r o f t h e p a r t i c l e s , a n d V p t h e p a r t i c u l a t e 

v o l u m e f r a c t i o n . N o t e t h a t p r o d u c t ( - yiv c o s 0 ) is t h e 

vvork o f i m m e r s i o n W i d e f i n e d a s t h e c h a n g e i n t h e f r e e 

e n e r g y o n i m m e r s i n g t h e s o l i d in t h e l i q u i d . T h e vvork 

o f i m m e r s i o n c a n b e vvr i t t en in t e r m s o f t h e t h r e s h o l d 

( o r c a p i l l a r y ) p r e s s u r e t h r o u g h t h e f o l l o v v i n g e x p r e s s i o n : 

W , = P ( l - V p ) / S s P V p ( 2 ) 

vvhe re S s i s t h e s p e c i f i c s u r f a c e a r e a ( t h e s u r f a c e a r e a 

p e r u n i t m a s s o f p o r o u s p r e f o r m ) a n d p is t h e d e n s i t y o f 

t h e p a r t i c u l a t e . U n f o r t u n a t e l y , t h e L a p l a c e e q u a t i o n d e -

s c r i b e s t h e s i t u a t i o n f o r a c y l i n d r i c a l t u b e , a v e r y c r u d e 

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

t i o n h e r e . T h i s m o d e l , f o r e x a m p l e , c a n n o t b e a p p l i e d t o 

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

g e o m e t r y a n d n e t v v o r k c o o p e r a t i v e l y c o m b i n e vvith c o n -

t a c t a n g l e h y s t e r e s i s 1 4 . H o v v e v e r , W h i t e 1 5 d e r i v e d a s p e -

c i a l i z e d e x p r e s s i o n b a s e d o n t h e L a p l a c e e q u a t i o n r e l a t -

i n g t h e p r e s s u r e , P r e q u i r e d t o p r e v e n t c a p i l l a r y r i s e in 

p o r o u s m e d i a f o r v v h i c h t h e s p e c i f i c s u r f a c e a r e a S s , 

s o l i d d e n s i t y p , s u r f a c e t e n s i o n y i v , c o n t a c t a n g l e 0 , a n d 

p o r o s i t y a , a r e k n o v v n : 

P = ( l - £ ) p S s y l v c o s 0 / e ( 3 ) 

B. Darcy's Law 

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

m e d i u m is g o v e r n e d b y D a r c y ' s l avv 1 6 . F o r u n i d i r e c t i o n a l 

flavv, a n d n e g l e c t i n g a n y e f f e c t o f g r a v i t y , D a r c y ' s lavv 

c a n b e vvr i t ten a s 



v 0 = - ( k / f i ) ( d P / d x ) ( 4 ) 

w h e r e v 0 is t h e s u p e r f i c i a l v e l o c i t y o f t h e fluid ( t h e v e -

l o e i t y o f t h e f l u i d as m e a s u r e d b y t h e v o l u m e t r i c f lovv 

r a t e p e r u n i t c r o s s s e c t i o n a l a r e a vvhere t h e c r o s s s e c t i o n 

i s t a k e n p e r p e n d i c u l a r t o t h e a v e r a g e d i r e c t i o n o f f l o w ) , 

j i t h e v i s c o s i t y o f t h e l i q u i d , d P / d x t h e p r e s s u r e g r a d i e n t 

a t t h e i n f i l t r a t i o n f r o n t , a n d k t h e i n t r i n s i c p e r m e a b i l i t y . 

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

a b i l i t y k o f a p o r o u s m e d i u m is p r o p o r t i o n a l t o t h e 

s q u a r e o f t h e m e a n p a r t i c u l a t e d i a m e t e r 1 7 

k = a D 2 ( 5 ) 

w h e r e t h e c o n s t a n t a m u s t b e d e t e r m i n e d e x p e r i m e n -

t a l l y . 

T h e s u p e r f i c i a l v e l o c i t y v 0 c a n b e r e l a t e d t o t h e a c t u a l 
v e l o c i t y in t h e p o r o u s m e d i u m ( d x / d t ) b y m e a n s o f t h e 
p a r t i c u l a t e v o l u m e f r a c t i o n V p : 

v0 = (1-Vp) dx/dt (6) 
C o m b i n i n g E q s . ( 4 ) a n d ( 6 ) a n d i n t e g r a t i n g , t h e e x -

p r e s s i o n f o r t h e i n f i l t r a t i o n l e n g t h , L a s a f u n c t i o n o f 

t i m e a n d t h e p r e s s u r e d r o p in t h e l i q u i d m e t a l # 9 P c a n b e 

w r i t t e n a s : 

L = [2ktAP/)d(l-V )]' 

O n t h e o t h e r h a n d , f o r p r e s s u r e l e s s i n f i l t r a t i o n t h e 

p r e s s u r e d r o p s h o u l d b e a t l e a s t e q u a l t o t h e t h r e s h o l d ( o r 

c a p i l l a r y ) p r e s s u r e ( E q . 3 ) . U n d e r c o n d i t i o n s o f c o n s t a n t 

p e r m e a b i l i t y a n d c o n s t a n t c a p i l l a r y p r e s s u r e , E q s . ( 3 ) 

a n d ( 7 ) c a n b e c o m b i n e d t o o b t a i n t h e f o l l o w i n g r e l a t i o n -

s h i p b e t w e e n i n f i l t r a t i o n l e n g t h L , t i m e t , a n d o t h e r p r o c -

e s s i n g p a r a m e t e r s : 

L = ( 1 / e ) [ 2 k t W j S , p ( l - e ) / p . ] " 2 ( 8 ) 

N o t e t h a t W ; ( w o r k o f i m m e r s i o n ) i s e q u a l - yiv c o s G . 

T h e E q . ( 8 ) c a n b e s i m p l i f t e d i n t r o d u c i n g t h a t 

e " ' V 2 k S s p ( l - e ) is t h e i n f i l t r a b i l i t y o f p o r o u s p r e f o r m Q : 

L = Q [ W i / n ] " 2 t 1 ' 2 (9) 

A g a i n , i t ' s i m p o r t a n t t o n o t e t h a t E q . ( 9 ) i s v a l i d u n -

d e r c o n d i t i o n s o f c o n s t a n t i n f i l t r a b i l i t y a n d p o r o s i t y o f 

c e r a m i c f i l l e r , c o n s t a n t w o r k o f i m m e r s i o n a n d , f t n a l l y , 

c o n s t a n t v i s c o s i t y o f t h e m e l t , w h i c h is v e r y d i f f i c u l t t o 

o b t a i n in p r a c t i c e . 

I n s p i t e o f t h i s c o n s i d e r a b l e l i m i t a t i o n , E q . ( 9 ) c a n b e 

s u c c e s s f u l l y u s e d in c o m b i n a t i o n w i t h E q . ( 3 ) in o r d e r t o 

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

s t a g e o f p r e s s u r e l e s s i n f i l t r a t i o n o f p o r o u s c e r a m i c p r e -

f o r m . M o r e o v e r , u s i n g t h i s p r o c e d u r e , t h e p a r a m e t e r s o f 

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

p r o c e e s i n g r e q u i r e m e n t s : s p o n t a n e o u s i n f i l t r a t i o n at a c -

c e p r t a b l e i n f i l t r a t i o n r a t e . 

3 Mater ia l s and exper imenta l procedures 

Preparation of porous SiC preforms 

F o r t h e p u r p o s e o f t h i s s t u d y , t h r e e b a s i c S i C m o r -

p h o l o g i e s - p a r t i c l e s , p l a t e l e t s a n d v v h i s k e r s in s e v e r a l 

s i z e r a n g e s ( T a b l e 1) vvere u s e d f o r p r e f o r m s p r e p a r a -

t i o n . P h o t o m i c r o g r a p h s o f u s e d p o v v d e r s a r e c o m p a r e d in 

F i g . 1. A d i a g r a m o u t l i n i n g t h e p r e f o r m p r o d u c t i o n p r o c -

e s s is shovvn in F i g . 2. 

Table 1: Characteristics of SiC phases used 

Part ic les Platelets W h i s k e r s 
HSC 1200 SiC Platelets M-Grade SiCw 
Micro grits Millenium Advanced 

Superior Graphite Materials. Inc. Refractory 
Technologies, Inc. 

Chemistry: Stoichiometric SiC Stoichiometric SiC Stoichiometric SiC 
Crystalographic Primary phase Beta Primary phase Beta Primary phase Beta 
Structure: 
Diameter range 2-12 35-40 whisker length 
(Hm): 15-20 

Thickness (um): / 3-5 1-2 

Aspect ratio: / 8-10 10-12 
Purity: 97-99 wt% SiC <1000 ppm of <1000 ppm of Purity: 

metallic impurities metallic impurities 
Particulate Content - 1 0 0 5-10 5-10 
(%)•• 
Oxygen (%) by 1.0 0.68 1.1 
Lečo 
Free Carbon(%): 1.0 0.01 0.53 
Specific Gravity 
(g/cm3): 

3.21 3.21 3.21 

(7) Preform infiltration 

T h e e x p e r i m e n t a l l a y - u p u s e d i n t h i s vvork c o n s i s t e d 

o f a n a l u m i n i u m a l l o y i n g o t , m e a s u r i n g a b o u t <|)50 x 3 0 

m m , p l a c e d o n t h e t o p o f a p o r o u s c e r a m i c p r e f o r m . T h e 

f i l l e r m a t e r i a l h a d a h e i g h t t h a t vvas g r e a t e n o u g h t o p r e -

v e n t f u l l i n f i l t r a t i o n u n d e r t h e p r o c e s s c o n d i t i o n s ( i . e . 

m o r e - o r - l e s s i n f i n i t e c o l u m n o f f i l l e r m a t e r i a l ) . A f t e r 

p r o c e s s i n g , t h e a m o u n t o f i n f i l t r a t i o n ( d i s t a n c e f r o m a l -

l o y / f i l l e r i n t e r f a c e ) vvas m e a s u r e d , a n d t h e c o m p o s i t e 

vvas s e c t i o n e d a n d e x a m i n e d b o t h m a c r o - a n d m i c r o s -

t r u c t u r a l l y . T h e a l l o y / f i l l e r p a i r s vvere t h a n p l a c e d i n t o a 

c o n t r o l l e d a t m o s p h e r e f u r n a c e vvi th in a r e f r a c t o r y v e s s e l 

( a 9 9 . 9 % s i n t e r e d a l u m i n a ) . T h e f u r n a c e vvas e v a c u a t e d 

t o - 1 P a a t r o o m t e m p e r a t u r e a n d b a c k - f i l l e d vvith a n n i -

t r o g e n - c o n t a i n i n g a t m o s p h e r e u n t i l a p o s i t i v e f lovv vvas 

o b t a i n e d . N o t e t h a t a l i e x p e r i m e n t s vvere c o n d u c t e d u n -

d e r a s l i g h t p o s i t i v e p r e s s u r e t h a t vvas a c h i e v e d b y b u b -

b l i n g t h e e x i t g a s t h r o u g h a 2 5 m m c o l u m n o f o i l . F o l -

lovving t h e p r o c e d u r e d e v e l o p e d i n L a n x i d e , t h e f u r n a c e 

vvas r a m p e d t o t e m p e r a t u r e a t a r a t e o f 2 0 0 ° C / h , h e l d a t 

t e m p e r a t u r e f o r t h e s p e c i f i e d t i m e ( e . g . a t 8 0 0 - 1 0 0 0 ° C 

f o r 10 t o 2 4 h f o r f u l l i n f i l t r a t i o n o f t h e s p e c i m e n t s ) a n d 

a l l o v v e d t o c o o l t o 6 7 5 ° C , a t vvh i ch t i m e t h e s a m p l e s 

vvere r e m o v e d f r o m t h e f u r n a c e a n d c o o l e d t o r o o m t e m -

p e r a t u r e . V a r i o u s c o m b i n a t i o n s o f m a g n e s i u m - c o n t a i n i n g 

a l u m i n i u m a l l o y s , s i l i c o n c a r b i d e p o r o u s p r e f o r m s , n i t r o -

g e n - c o n t a i n i n g g a s e s , a n d t e m p e r a t u r e / t i m e c o n d i t i o n s 

vvere e m p l o y e d t o s t u d y t h e e f f e c t o f v a r i o u s p r o c e s s 

v a r i a b l e s o n t h e i n f i l t r a t i o n k i n e t i c s . 

B e c a u s e t h e i n f i l t r a t i o n o f t h e p o r o u s p r e f o r m s o c -

c u r s in a n i t r o g e n o u s a t m o s p h e r e (a t l e a s t a b o u t 10 v o l -

u m e p e r c e n t n i t r o g e n a n d t h e b a l a n c e a n o n - o x i d i z i n g 

g a s u n d e r t h e p r o c e s s c o n d i t i o n s ) , a l u m i n i u m n i t r i d e p r e -

c i p i t a t e s m a y f o r m vvi thin t h e a l u m i n i u m a l l o y m a t r i x . 



Figure 1: Photomicrographs of used SiC morphologies: a) HSC 1200 
Mierogrits Superior Graphite, b) SiC Platelets, Millenium Materials, 
Inc. and c) M-Grade SiC whiskers, Advanced Refractory Technologies, 
Inc. 
Slika 1: SEM fotografi je SiC uporabljenih delcev: a) SiC prah -HSC 
1200 Mierogr i ts Super ior Graphi te , b) SiC ploščice, Mil lenium 
Materials, Inc. in c) SiC vvhiskerji - M-Grade, Advanced Refractory 
Technologies, Inc. 

T h e p e r c e n t w e i g h t g a i n p r o v i d e s a m e a s u r e o f t h e 

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

i n g . F o r c o m p a r i s o n , t h e t o t a l c o n v e r s i o n o f p u r e a l u -

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

5 2 % . M o r e o v e r , b e c a u s e t h i s e x p e r i m e n t a l a r r a n g e m e n t 

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

w h e r e f u l l i n f i l t r a t i o n o c c u r e d , t h e v v e i g h t g a i n s o f d i f f e r -

e n t e x p e r i m e n t s c o u l d b e d i r e c t l y c o m p a r e d . 

4 Resul ts and discuss ion 

Preform preparation 

S i C p r e f o r m s , c o n t a i n i n g v v h i s k e r s , p l a t e l e t s o r p a r t i -

c l e s , vvere f a b r i c a t e d b y v a c u u m c a s t i n g i n a v a r i e t y o f 

s h a p e s a n d vvith a u n i f o r m m i c r o s t r u c t u r e . T h e c h a r a c t e r -

i s t i c s o f t h e s e p r e f o r m s a r e l i s t e d i n T a b l e 2 . 

Table 2: Character is t ics of SiC- vvhiskers, platelets and part icles 
preforms made by vacuum casting method 

C H A R A C T E R I S T I C P R E F O R M 

P a r t i c l e ' s 
g r a d e 

P l a t e l e f s 
g r a d e 

W h i s k e r ' s 
g r a d e 

A v e r a g e b u l k d e n s i t y 
( g / c m 3 ) 

1 - 2 . 2 5 1 - 2 . 2 5 1 - 2 . 2 5 

P r e f o r m d i a m e t e r ( c m ) 3 - 1 0 3 - 1 0 3 - 1 0 

P r e f o r m he igh t ( c m ) 2 - 5 2 - 5 2 - 5 

B E T - S p e c i f i c s u r f a c e 
a r ea ( n r / g ) 

1 .5 -5 .9 2 . 0 - 2 . 5 3 . 5 - 3 . 8 

P o r o s i t y ( v o l % ) 3 0 - 7 0 3 0 - 7 0 3 0 - 7 0 

Infiltration experiments 

T h e c r i t i c a l p r o c e s s c o n d i t i o n s f o r p r e s s u r e l e s s i n f i l -

t r a t i o n o f p o r o u s S i C p r e f o r m s vvi th m o l t e n a l u m i n i u m 

Ultrasonic homogenisation of raw materials (SiC phase + 5 wt% 
polyphenilene - corresponding to 4% cxcess carbon) in toluene 

i 
Evaporation of toluene vvith constant stining 

4 

Addition of 1 wt% amorphous boron in the slip by stining 
l 

Treatment of mould surfaces with an ammoniumalginate solution to enhance 
mould release 

i 
1 Vacuum casting in plaster mould | 

i 
L Removal of preform from mould | 

i 
f Diying of Preform at 75°C I 

i 
| Pyrolysis of polyphenylene in Argon Flow ( 4h at 450"C ) | 

i 
| Sintering of Porous Body at 1900 - 2000°C for 0.5 h in Argon ( 100 KPa) | 

i 
Ojddation of Preform in Air at 900°C for 4 hours 

or Other Surface Treatment 

Figure 2: Preform fabrication process 
Slika 2: Proces pridobivanja poroznih predoblik 



Figure 3: Relationship betvveen magnesium content in an Al-lOSi-Mg 
alloy and iniltration distance (process conditions - 5 h dwell at 1175 K, 
nitrogen atmosphere vvith 4 vol% Ar) measured in SiC particle grade 
preform 
Slika 3: Odvisnost globine infiltracije od vsebnosti magnezija v 
Al-lOSi-Mg zlitini (eksperimentalni pogoji - 5 h pri 1175 K, atmosfera 
dušika s 4 vol% Ar) za porozne SiC predoblike pripravljene iz SiC 
prahu 

a l l o y s vvere f o u n d t o b e : ( i ) t h e a l l o y c o m p o s i t i o n , ( i i ) 

t h e a t m o s p h e r e c o m p o s i t i o n , ( i i i ) t h e p r o c e s s t e m p e r a -

t u r e a n d t i m e a n d ( i v ) t h e i n f i l t r a b i l i t y o f t h e p r e f o r m s . 

T h e i n f l u e n e c e o f a l l o y c o m p o s i t i o n ( s p e c i f i c a l l y t h e 

m a g n e s i u m c o n t e n t ) o n i n f i l t r a t i o n d i s t a n c e is p l o t t e d in 

F i g . 3 . T h e c o l l e c t e d r e s u l t s a r e in a g r e e m e n t vvith d a t a 

p r e v i o u s l y r e p o r t e d b y A g h a j a n i a n e t a l . 1 2 T h e nevv d a t a 

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

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

j a n i a n e t a l . 1 2 . 

T h e e f f e c t o f n i t r o g e n c o n t e n t o f t h e a t m o s p h e r e o n 

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

e x p e r i m e n t s in a t m o s p h e r e s r a n g i n g f r o m 1 0 0 % N 2 t o 

1 0 0 % A r . I t vvas f o u n d t h a t n o i n f i l t r a t i o n o c c u r e d in 

1 0 0 % A r , o n l y p a r t i a l i n f i l t r a t i o n o c c u r e d i n 1 0 % 

N 2 + 9 0 % A r a n d f u l l i n f i l t r a t i o n o c c u r e d vvhen t h e n i t r o -

g e n c o n t e n t e x c e e d e d 2 0 - 3 0 v o l % . A s r e p o r t e d " , a t h i g h 

p e r c e n t a g e s o f N 2 , vvhere i n f i l t r a t i o n vvas r a p i d , l i t t l e n i -

t r i d e f o r m e d , v v h e r e a s in d i l u t e a t m o s p h e r e s , vvhere i n f i l -

t r a t i o n vvas slovv, o b s e r v a b l e l e v e l s o f A 1 N f o r m e d . In a 

s i m i l a r f a s h i o n , t h e p r o c e s s t e m p e r a t u r e s i g n i f i c a n t l y a f -

f e c t s t h e q u a n t i t y o f n i t r i d e t h a t f o r m s vvi thin t h e a l u -

m i n i u m a l l o y m a t r i x . F i g u r e 4 p l o t s u n i t vve igh t g a i n 

v e r s u s p r o c e s s t e m p e r a t u r e f o r s a m p l e s u s i n g a l l o y A l -

1 0 S i - 3 M g , p r e f o r m s m a d e b y S i C g r i t a n d p r o c e s s c o n -

d i t i o n s o f a 5 h o u r dvvell a t t e m p e r a t u r e in 9 5 % N 2 / 4 % 

A r . R e s u l t s a l s o d e m o n s t r a t e t h a t i n c r e a s e d p r o c e s s t e m -

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

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

t u r e s h i g h e r t h a n 1 1 2 5 K . 

A t a c o n s t a n t m a g n e s i u m l e v e l a n d a f i x e d n i t r o g e n 

c o n t e n t , s e v e r a l o t h e r s p r o c e s s v a r i a b l e s c a n a f f e c t t h e 

i n f i l t r a t i o n b e h a v i u o r . F i g . 5 p l o t s t h e i n f i l t r a t i o n d i s -

t a n c e a g a i n s t t e m p e r a t u r e f o r o t h e r w i s e c o n s t a n t p r o c e s s 

c o n d i t i o n s . It is e v i d e n t t h a t i n f i l t r a t i o n i n c r e a s e d i n a n 

a p p r o x i m a t i v e l y l i n e a r m a n n e r vvith t h e t e m p e r a t u r e . A d -

d i t i o n a l l y , t h e d a t a shovv t h a t t h e r e is a t h r e s h o l d t e m -

p e r a t u r e r e q u i r e d t o i n i t i a t e t h e p r e s s u r e l e s s i n f i l t r a t i o n 

f o r a g i v e n se t o f p r o c e s s p a r a m e t e r s . A l t h o u g h l i m i t e d , 

t h e d a t a p r e s e n t e d in F i g . 6 s u g g e s t t h a t t h e t h r e s h o l d 

t e m p e r a t u r e c h a n g e s vvith t h e p r o c e s s c o n d i t i o n s ( t h e 

p r e f o r m i n f i l t r a b i l i t y , t h e a l l o y c o m p o s i t i o n a n d t h e n i -

t r o g e n c o n t e n t i n t h e p r o c e s s i n g a t m o s p h e r e ) . 

O n e c a n a l s o c o n c l u d e t h a t t h e p r o c e s s t e m p e r a t u r e 

a f f e c t s t h e q u a n t i t y o f A 1 N t h a t f o r m e d vvi th in t h e a l u -

m i n i u m a l l o y m a t r i x . F i g . 7 p l o t s t h e u n i t vve igh t g a i n 

a g a i n s t t e m p e r a t u r e f o r d i f f e r e n t S i C g r a d e p r e f o r m s . 

T h e r e s u l t s d e m o n s t r a t e t h a t a s t h e p r o c e s s t e m p e r a t u r e 

i n c r e a s e s , t h e q u a n t i t y o f A 1 N t h a t f o r m s a l s o i n c r e a s e s . 

T h e s e r e s u l t s a r e in vvell a g r e e m e n t vvith r e p o r t e d d a t a 1 2 

a n d c o n f i r m t h a t t h e i n c r e a s e i n A 1 N c o n t e n t is a p p r o x i -

m a t e l y e x p o n e n t i a l o v e r t h e t e m p e r a t u r e r a n g e i n v e s t i -

g a t e d . 
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Figure 4: Dependance of unit vveight gain on the content of nitrogen 
in N2/Ar atmosphere (Al-10Si-3Mg alloy, SiC particle grade preform, 
5 h soaka t 1075 K) 
Slika 4: Odvisnost povečanja teže vzorcev od vsebnosti dušika v 
N2/Ar atmosferi (zlitina Al-10Si-3Mg, predoblike pripravljene iz SiC 
prahu, 5 h pri 1075 K) 
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Figure 5: Variation of infiltration distance vvith process temperature 
(Al-10Si-3Mg alloy, SiC particle grade preform, 5 h soak at 
temperature in a nitrogen atmosphere vvith 4 vol% Ar) 
Slika 5: Odvisnost globine infiltracije od temperature (zlitina 
Al-10Si-3Mg, predoblike pripravljene iz SiC prahu, 5 h pri delovni 
temperaturi v dušikovi atmosferi s 4 vol% Ar) 
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Figure 6a: Relationship between threshold temperature and 
infiltrability of porous SiC particle grade preforms (Al-10Si-3Mg alloy 
and a 5 h soak at temperature in nitrogen atmosphere with 4 vol% Ar) 
Slika 6a: Odvisnost temperature začetka infiltracije od infiltrabilnosti 
poroznih predoblik, pripravljenih iz SiC prahu (zlitina Al-10Si-3Mg, 5 
h pri delovni temperaturi v dušikovi atmosferi s 4 vol% Ar) 
Figure 6b: Relationship between threshold temperature and 
magnesium content in Al-lOSi alloy (SiC particle grade preform and a 
5 h soak at temperature in nitrogen atmosphere vvith 4 vol% Ar) 
Slika 6b: Odvisnost temperaturnega praga od vsebnosti magnezija v 
Al-1 OSi zlitini (predoblike pripravljene iz SiC prahu, 5 h pri delovni 
temperaturi v dušikovi atmosferi s 4 vol% Ar) 
Figure 6c: Relationship between threshold temperature and nitrogen in 
processing atmosphere (Al-10Si-3Mg alloy, SiC particle grade 
preforms and a 5 h soak time at 1125 K) 
Slika 6c: Odvisnost temperaturnega praga za porozne predoblike 
pripravljene iz SiC prahu, od vsebnosti dušika v delovni atmosferi 
(zlitina Al-10Si-3Mg, 5 h pri delovni temperaturi) 

Figure 7: Relationship between process temperature and A1N 
formation (unit vveight gain) in aluminium alloy matrix (obtained using 
alloy Al-10Si-3Mg, SiC particle grade preform and a 5 h soak at 
temperature in nitrogen atmosphere with 4 vol% Ar) 
Slika 7: Odvisnost temperature infiltracije od deleža nastalega A1N 
(izraženega kot povečanje teže analiziranih vzorcev) v Al zlitini 
(zlitina Al-10Si-3Mg, predoblike pripravljene iz SiC prahu, 5 h pri 
delovni temperaturi v dušikovi atmosferi s 4 vol% Ar) 

T h e e f f e c t o f t h e i n f i l t r a b i l i t y o f p o r o u s p r e f o r m s ( s e e 

E q . ( 9 ) ) o n t h e i n f i l t r a t i o n p r o c e s s vvas s t u d i e d u s i n g p r e -

f o r m s vvith d i f f e r e n t p o r o s i t y a n d s p e c i f i c s u r f a c e a r e a . 

N o t e t h a t t h e p r e f o r m i n f i l t r a b i l i t y , d e f i n e d a s a " 

' a 2 k S s p ( l - a ) , c o u l d b e e x p r e s s e d a s a f u n c t i o n o f s p e -

c i f i c s u r f a c e a r e a ( S s ) a n d p o r o s i t y ( a ) t a k i n g i n t o a c -

c o u n t E q . ( 5 ) : 

Q = c o n s t . e - ' S s V p ( l - e ) ( 1 0 ) 

F i g . 8 p l o t s t h e i n f i l t r a t i o n d i s t a n c e a g a i n s t p r e f o r m 

i n f i l t r a b i l i t y . T h e c h a n g e s i n t h e i n f i l t r a b i l i t y o f p o r o u s 

p r e f o r m s vvere o b t a i n e d b y r a n g i n g t h e i r p o r o s i t y a n d 

s p e c i f i c s u r f a c e a r e a . I n o r d e r t o m e e t t h e s e r e q u i r e -

m e n t s , t h e p r e f o r m s vvere p r e p a r e d u s i n g s e l e c t e d s i n t e r -

i n g c o n d i t i o n s . T h e r e s u l t s d e m o n s t r a t e t h a t a l i e x p e r i -

m e n t a l d a t a f i t vvell vvith t h e p r o p o s e d p r o c e s s k i n e t i c s 

e x p r e s s e d b y E q . ( 9 ) f o r o t h e r v v i s e c o n s t a n t p r o c e s s c o n -

d i t i o n s . M o r e o v e r , E q . ( 9 ) s e e m s t o b e v a l i d f o r v e r y d i f -

f e r e n t m o r p h o l o g y o f S i C p a r t i c l e s . 

H o v v e v e r , t h e E q . ( 9 ) a l s o , in s o m e m a t t e r , p r e s e n t s a 

s e r i o u s p r o b l e m . T h e r e i s a v e r y c o m p l e x c o r r e l a t i o n b e -

tvveen p r e f o r m p o r o s i t y a n d i t s r e a l s p e c i f i c s u r f a c e a r e a . 

U s u a l l y , B E T t e c h n i q u e is u s e d t o d e t e r m i n e S s . I t 

s h o u l d b e n o t e d , hovveve r , t h a t a m e t h o d b a s e d u p o n g a s 

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

m a y n o t p r o v i d e t h e r i g h t v a l u e t o b e i n s e r t e d in E q . ( 9 ) . 

In f a c t , a s r e p o r t e d 1 4 , t h e s p e c i f i c s u r f a c e a r e a r e l e v a n t i n 

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

lovver t h a n t h a t g i v e n b y t h e B E T t e c h n i q u e . 
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Figure 8: Dependence of infiltration distance on infiltrability of 
different porous preforras (Al-10Si-3Mg alloy, a 5 h soak at 1175 K a 
nitrogen atmosphere with 4 vol% Ar) for - a) SiC particle grade 
preform, b) SiC platelets grade preform, and c) SiC whisker grade 
preform 
Slika 8: Odvisnost globine infiltracije od infiltrabilnosti poroznih 
predoblik, pridobljenih iz: a) SiC prahu, b) SiC ploščic in c) SiC 
whiskerjev (zlitina Al-10Si-3Mg, 5 h pri 1175 K, dušikova atmosfera s 
4 vol% Ar) 

5 Concluding remarks 

A p r o c e s s f o r t h e p r o d u c t i o n o f p o r o u s S i C p r e f o r m s 

c o n s i s t i n g p a r t i c l e s , p l a t e l e t s o r w h i s k e r s is r e p o r t e d . I t 

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

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

l o w i n g t h i s p r o c e d u r e , v a c u u m č a s t p r e f o r m s in a v a r i e t y 

o f s i z e s , vvith h i g h d i m e n s i o n a l a n d c o m p o s i t i o n a l r e p r o -

d u c i b i l i t y , a n d vvith u n i f o r m c h a r a c t e r i s t i c s vvere f a b r i -

c a t e d . 

P o r o u s p r e f o r m s vvere s u c e s s f u l l y p r e s s u r e l e s s i n f i l -

t r a t e d u s i n g t h e P r i m e x ™ m e t h o d o r i g i n a l y d e v e l o p e d 

b y L a n x i d e , I n c . 

T h e r e s u l t s p r e s e n t e d in t h i s a r t i c l e d e m o n s t r a t e t h a t 

t h e c o m b i n a t i o n o f m a g n e s i u m in t h e A l a l l o y , t h e n i t r o -

g e n e o u s p r o c e s s i n g a t m o s p h e r e (vvith a t l e a s t 2 5 v o l % 

N 2 ) a n d s e v e r a l p o r o u s p r e f o r m c h a r a c t e r i s t i c s ( s p e c i f i -

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

in t e r m p r e f o r m i n f i l t r a b i l i t y l e a d s t o t h e p r e s s u r e l e s s i n -

filtration o f m o l t e n a l u m i n i u m a l l o y i n t o c e r a m i c f i l l e r . 

T h e c o l l e c t e d d a t a h a v e c o n f i r m e d t h a t n o i n f i l t r a t i o n 

o c c u r e d vv i thou t t h e c o r r e c t c o m b i n a t i o n o f a b o v e l i s t e d 

p r o c e s s v a r i a b l e s . T h i s m e a n s t h a t t h e m a g n e s i u m c o n -

t e n t in A l a l l o y a n d t h e c o n t e n t o f n i t r o g e n in p r o c e s s i n g 

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

p o r o u s p r e f o r m c h a r a c t e r i s t i c s . 

T h e r e s u l t s o f p r e s e n t vvork d e m o n s t r a t e t h e i n f u e n c e 

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

i n f i l t r a t i o n l e n g t h . T h e i n f i l t r a t i o n k i n e t i c s vvere shovvn 

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

vvise c o n s t a n t p r o c e s s c o n d i t i o n s . I n a d d i t i o n t o k i n e t i c s , 

it vvas f o u n d t h a t e x p e r i m e n t a l d a t a fit vvell t h e p r o p o s e d 

e x p r e s s i o n f o r t h e i n f i l t r a t i o n l e n g t h as a f u n c t i o n o f p r e -

f o r m i n f i l t r a b i l i t y , v v o r k o f a d h e s i o n , v i s c o s i t y o f t h e 

m e l t a n d p r o c e s s i n g t i m e . M o r e o v e r , t h e e x p e r i m e n t a l r e -

s u l t s d e m o n s t a t e d t h a t t h e s u g g e s t e d e q u a t i o n is o p e r a -

t i v e f o r t h e d i f f e r e n t m o r p h o l o g y o f S i C p a r t i c u l a t e u s e d 

in t h i s vvork. H o v v e v e r , t h e i n f l u e n c e o f p r e f o r m s u r f a c e 

c o m p o s i t i o n , vvh ich s h o u l d a f f e c t s t h e vvork o f a d h e s i o n , 

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

p e r i m e n t a l e f f o r t s . 
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o f t h e H o t R o l l e d T r a n s f o r m e r S h e e t S t e e l 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 1 - 2 0 3 

Torkar Matjaž, V. Leskovšek: O b d e l a v a p o v r š i n e z l i t i n e 

F e A l 12 ,5 z i o n s k i m n i t r i r a n j e m v p u l z i r a j o č i p l a z m i ... 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 5 - 2 0 7 

Šuštaršič Borivoj, V. Kevorkijan, J. Lamut: R a z v o j p o s -

t o p k o v i z d e l a v e A l / S i C k o m p o z i t o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 9 - 2 1 6 

Sarler Božidar: N u m e r i č n i p o s t o p e k z a i z r a č u n t e m p e r a -

t u r n e g a p o l j a b r a m e p r i k o n t i n u i r a n e m u l i v a n j u j e k l a .... 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 1 7 - 2 2 3 

Anžel Ivan, L. Kosec, A. Križman: D i s p e r z i j s k o u t r j a n j e 

h i t r o s t r j e n e z l i t i n e C u - Z r K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 2 5 - 2 2 9 

Čop Aleš, E. Bricelj, F. Marinšek: K r h k o s t t o p l o v a l j a n i h 

t r a k o v v i š j e l e g i r a n i h d i n a m o j e k e l 

.T K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 3 1 - 2 3 4 

Grum Janez, D. Zuljan: A n a l i z a l a s e r s k e g a p r o c e s a 

r e z a n j a n a a v s t e n i t n e m n e r j a v n e m j e k l u in o c e n j e v a n j e 

k v a l i t e t e r e z a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 3 5 - 2 4 0 

Grum Janez, M. Kisin: O c e n j e v a n j e i n t e g r i t e t e p o v r š i n 

n a o s n o v i s p r e m e m b e m i k r o s t r u k t u r n i h s e s t a v i n p r i f i -

n e m s t r u ž e n j u K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 4 1 - 2 4 4 

Vehovar Leopold, B. Godec: V p l i v s i l i c i j a n a i z b o l j š a n j e 

k o r o z i j s k e o d p o r n o s t i j e k l e n i h l e g i r a n i h l i t in 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 4 5 - 2 5 0 

Lipovšek Nataša, F. Vodopivec, M. Jenko, D. Steiner 
Petrovič, L. Kosec: P o p r a v a in r e k r i s t a l i z a c i j a l e g i r a n e 

n e o r i e n t i r a n e e l e k t r o p l o č e v i n e 

K Z T . 3 0 , 1 9 9 6 , 3 - 4 , 2 5 1 - 2 5 4 

Smolej Anton, P. Panzalovič, M. Jelen: V p l i v d o d a t k o v 

A l - T i - B in p o g o j e v u l i v a n j a n a v e l i k o s t k r i s t a l n i h z r n 

a l u m i n i j a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 5 5 - 2 5 8 

Kosec Borut: V p l i v t e m p e r a t u r n e g a p o l j a n a j e k l o p l a š č a 

v a l j a p r i p r o c e s u k o n t i n u i r n e g a l i t j a a l u m i n i j e v i h t r a k o v 

K Z T . 3 0 . 1 9 9 6 . 3 - 4 . 2 5 9 - 2 6 1 

Bizjak Milan, L. Kosec, A. Smolej, B. Šuštaršič: I z d e l a v a 

k o m p o z i t a S i C / A l - F e p o p o s t o p k u h i t r e g a s t r j e v a n j a 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 6 3 - 2 6 6 

Nardin Vladimir, R. Turk, I. Bizjak: O p t i m i r a n j e š t e v i l a 

m e h a n s k i h p r e s k u s o v z a d o l o č e v a n j e p r e o b l i k o v a l n i h 

l a s t n o s t i k o v i n s k i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 6 7 - 2 7 0 

Husič Suhreta: K v a n t i f i k a c i j a m i k r o s t r u k t u r e p o l i m e r n i h 

k o m p o z i t a a n a l i z o m s l i k e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 1 - 2 7 3 

Skitek Tanja, R. Cvelbar, M. Samarin, I. Emri: S o č a s n o 

m e r j e n j e P o i s s o n o v e g a in r e l a k s a c i j s k e g a m o d u l a v i s k o -

e l a s t i č n i h m a t e r i a l o v v o d v i s n o s t i o d č a s a 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 5 - 2 7 7 

Brodar Maksimiljan, l. Emri: D u š i l n e l a s t n o s t i k o n s t r u k -

c i j s k i h p o l i m e r o v in k o m p o z i t o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 9 - 2 8 2 

Kralj Aleš, I. Emri, N. W. Tschoegl: A d a p t a c i j a v i s k o -

e l a s t i č n e g a r e l a k s o m e t r a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 8 3 - 2 8 5 

Barborič F., M. Zigon, F. Rovan: V p l i v v r s t e p o s p e -

š e v a l c a n a l a s t n o s t i b r o m i r a n e g a e p o k s i d n e g a p r e p r e g a 

in l a m i n a t a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 8 7 - 2 9 0 

Indof Janez, V. lvušič, D. Indof, A. Bejuk: A b r a z i j s k o in 

e r o z i j s k o p r e s k u š a n j e p o l i m e r n i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 9 1 - 2 9 4 

Malič Barbara, /. Arčon, M. Kosec, A. Kodre, M. Hribar, 
M. Stuhec, R. Frahm: Š t u d i j a l k o k s i d n i h p r e k u r z o r j e v 

k e r a m i k e n a o s n o v i P b Z r 3 - P b T i 0 3 

K Z T . 3 0 . 1 9 9 6 . 3 - 4 . 2 9 5 - 2 9 7 

Delalut Uroš, M. Kosec: K r i s t a l i z a c i j a p l a s t i 

( P b , L a ) ( Z r , T i ) 0 3 n a p l a t i n s k i p l a s t i in n a p l a s t i s v i n -

č e v e g a t i t a n a t a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 9 9 - 3 0 1 

Saje Boris, S. Spaič, M. Valant: M i k r o s t r u k t u r n e r a z i s k a -

v e v b i n a r n e m s i s t e m u S m - T i 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 0 3 - 3 0 5 

Saje Boris, B. Reinsch, S. Kobe-Beseničar, D. Kolar, I. R. 
Harris: N i t r i r a n j e z l i t i n e S m 2 F e n m o d i f i c i r a n e s T a 

K Z T . 3 0 . 1 9 9 6 . 3 - 4 . 3 0 7 - 3 0 9 

Nemec Tomaž, J. J. Rant, V. Apih, B. Glumac: S p r e m -

l j a n j e p r o c e s o v t r a n s p o r t a v l a g e v g r a d b e n i h m a t e r i a l i h z 

n e v t r o n s k o r a d i o g r a f i j o K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 1 1 - 3 1 3 

Selih Jana: M a s n i p r e t o k i v b e t o n u m e d s u š e n j e m 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 1 5 - 3 1 9 



Maček Jadran, B. Novosel, M. Marinšek, V. Francetič: 
T e r m i č n a a n a l i z a c i r k o n i j e v i h g e l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 1 - 3 2 4 

Zupan Klementina, J. Maček, B. Novosel: V p l i v t e m p e r a -

t u r n e g a r e ž i m a n a t e r m i č n i r a z k r o j g e l o v z a p r i p r a v o 

ž e l e z o - o k s i d n i h m a g n e t n i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 5 - 3 2 7 

Mozetič Miran, M. Kveder, M. Drobnič, A. Pregelj: 
M e r i t v e s t o p n j e d i s o c i i r a n o s t i v o d i k a s k a t a l i t i č n i m i s o n -

d a m i K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 9 - 3 3 2 

Nemanič Vincenc: D o l o č e v a n j e v e l i k o s t i s t i č n e p l o s k v e 

m e d k r o g l o in k o v i n s k o f o l i j o p r i o b r e m e n i t v i z a t m o s -

f e r s k i m t l a k o m K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 3 3 - 3 3 7 

Sušterič Zoran: Z a k a j k a v č u k i t e č e j o n e n e v v t o n s k o ? 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 3 9 - 3 4 2 

Milim Milorad: C h a r a c t e r i z a t i o n o f U l t r a t h i n F i l m s b y 

S u r f a c e S e n s i t i v e M e t h o d s .... K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 4 3 - 3 4 8 

Binder Stojan: R a z v o j n a d e j a v n o s t v s t e k l a r s k i i n d u s t r i j i 

K Z T . 3 0 . 1 9 9 6 , 3 - 4 , 3 4 9 - 3 5 1 

Vojvodič Gvardjančič Jelena: L o m n a v a r n o s t j e k l e n i h 

k o n s t r u k c i j p o r a z l i č n i h m e r i l i h 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 5 3 - 3 6 3 

Mencinger Jure, B. Sarler: V p l i v p r o c e s n i h p a r a m e t r o v 

n a p o l k o n t i n u i r n o u l i v a n j e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 6 5 - 3 6 8 

Kumer Boris, R. Turk: E k s p e r t n i s i s t e m i i n p r a v i l a k a l i -

b r i r a n j a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 6 9 - 3 7 3 

Kejžar Rajko, M. Ogrizek: S t r ž e n s k e ž i c e z a r e p a r a t u r n o 

v z d r ž e v a n j e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 7 5 - 3 7 8 

Kejžar Rajko: N a v a r j a n j e p o s e b n i h N i - z l i t i n n a k o n s t r u k -

c i j s k o j e k l o K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 7 9 - 3 8 2 

Kejžar Rajko, L. Kosec: I z d e l a v a r e z i l n i h o r o d i j z n a v a r -

j a n j e m K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 8 3 - 3 8 6 

Medved Jože, J. Cevka, V̂  Gontarev, P. Fajfar: T o p l o t n e 

l a s t n o s t i e k s o t e r m n o - i z o l a c i j s k i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 8 7 - 3 8 9 

Kovačevič Mihaela, N. Vižintin: K a r a k t e r i z a c i j a o g n j e -

v z d r ž n i h m a t e r i a l o v - O p r e d e l i t e v t e m p e r a t u r e u p o r a b -

n o s t i K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 1 - 3 9 3 

Grum Janez, R. Šturm: L a s e r s k o k a l j e n j e s p r e t a l j e v a n -

j e m p o v r š i n s k e p l a s t i s i v e in n o d u l a r n e l i t i n e 
K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 5 - 3 9 8 

Robič Roman, R. Turk, K Nardin: V p l i v s i l i c i j a in a n a -

l i z n i h o d s t o p a n j n a t e h n o l o g i j o v a l j a n j a d i n a m o t r a k o v . 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 9 - 4 0 1 

Lalovič Milisav, M. Bešič: T r a n s i e n t H e a t T r a n s f e r P r o c -

e s s D u r i n g H e a t i n g o f S t e e l .. K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 0 3 - 4 0 4 

Kralj-Novak Metka, Z. Sušterič, -4. Mesec, M. Žumer: 
K a r a k t e r i z a c i j a k a v č u k o v z n a p r a v o R P A 2 0 0 0 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 0 5 - 4 0 8 

Makarovič Matjaž, F. B. Damjanič: K o n s t r u i r a n j e in o p -

t i m i z a c i j a i z d e l k o v iz p o l i e s t r s k i h l a m i n a t o v 

K Z T . 3 0 . 1 9 9 6 . 3 - 4 . 4 0 9 - 4 1 2 

Stadler Zmago: M a t e r i a l z a z a v o r n e o b l o g e - j e k l e n a 

v l a k n a d a al i n e ? K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 1 3 - 4 1 5 

Sventner Kosmos Alenka, L. 1. Belič, D. Sušnik: S i n t r a n j e 

g r o b o z r n a t e k o r u n d n e k e r a m i k e 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 1 7 - 4 1 9 

Jenko Monika, F. Vodopivec, F. Marinšek: P o v r š i n s k o a k -

t i v i r a n a r a s t z r n v n e o r i e n t i r a n i h e l e k t r o p l o č e v i n a h 

K Z T . 3 0 . 1 9 9 6 . 5 . 4 3 1 - 4 3 8 

Torkar Matjaž, M. Leban, B. Rjazancev: R a z v o j b i o k o m -

p a t i b i l n i h i m p l a n t a t o v K Z T , 3 0 , 1 9 9 6 , 5 , 4 3 9 - 4 4 1 

Spruk Sonja, A. Rodič: V p l i v k e m i j s k e s e s t a v e j e k e l n a 

l a s e r s k o t o p l o t n o o b d e l a v o K Z T , 3 0 , 1 9 9 6 , 5 , 4 4 3 - 4 4 7 

Šuštar Tomaž, B. Ule, T. Rodič: N o v i k o n c e p t i o p i s o -

v a n j a l e z e n j a in p r e o s t a l a ž i v l j e n j s k a d o b a k o v i n s k i h m a -

t e r i a l o v K Z T , 3 0 , 1 9 9 6 , 5 , 4 4 9 - 4 5 4 

Ule Boris, J. Vojvodič-Gvardjančič, M. Lovrečič-Saražin, 
J. Banovec, F. Kržič, D. Beg, C. Primec: P r e o s t a l a u p o -

r a b n o s t k o v i č e n e g a ž e l e z n i š k e g a m o s t u 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 5 5 - 4 6 2 

Kejžar Rajko, L. Kosec, A. Lagoja: P e r s p e k t i v e n a v a r -

j a n j a v o r o d j a r s t v u K Z T , 3 0 , 1 9 9 6 , 5 , 4 6 3 - 4 6 6 

Gasperič Jože: V a k u u m s k a i m p r e g n a c i j a 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 6 7 - 4 7 0 

Mozetič Miran, M. Drobnič, S. Spruk, A. Pregelj: P o r a z -

d e l i t e v a t o m a r n e g a v o d i k a v z d o l ž r a v n e c e v i 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 7 1 - 4 7 5 

Grabke Hans Jiirgen: S u r f a c e a n d G r a i n B o u n d a r y S e g -

r e g a t i o n o f A n t i m o n y a n d T i n - E f f e c t s o n S t e e l P r o p e r -

t i e s K Z T , 3 0 , 1 9 9 6 , 6 , 4 8 3 - 4 9 5 

Viefhaus H.: A p p l i c a t i o n s o f S u r f a c e A n a l y t i c a l T e c h -

n i q u e s in C o r r o s i o n R e s e a r c h ( M a i n l y H i g h T e m p e r a t u r e 

C o r r o s i o n ) K Z T , 3 0 , 1 9 9 6 , 6 , 4 9 7 - 5 0 7 

Kainer K. U.: A l u m i n i u m a n d M a g n e s i u m B a s e d M e t a l 

M a t r i x C o m p o s i t e s K Z T , 3 0 , 1 9 9 6 , 6 , 5 0 9 - 5 1 6 

Parilak L'udovlt: M i c r o s t r u c t u r a l C o n s i d e r a t i o n s L i m i t -

i n g t h e M e c h a n i c a l P r o p e r t i e s o f H S L A S t e e l 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 1 7 - 5 2 0 

Koroušič Blaženko, M. Stupnišek: P r e d i c t i n g o f R e a c -

t i o n s D u r i n g C a r b u r i z a t i o n a n d D e c a r b u r i z a t i o n o f S t e e l s 

in C o n t r o l l e d A t m o s p h e r e s K Z T , 3 0 , 1 9 9 6 , 6 , 5 2 1 - 5 2 6 

Grozdanič Vladimir: F u s i o n o f L o w C a r b o n S t e e l S c r a p 
in t h e M i d d l e C a r b o n S t e e l M e l t 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 2 7 - 5 3 0 

Mast R., H. Viefhaus, M. Lucas, H. J. Grabke: E q u i l i b -

r i u m G r a i n B o u d a r y S e g r e g a t i o n o f A n t i m o n y in I r o n 

B a s e A l l o y s K Z T , 3 0 , 1 9 9 6 , 6 , 5 3 1 - 5 3 7 



Godec Matjaž, M. Jenko, R. Mast, F. Vodopivec, H. J. 
Grabke, H. Viefhaus: S n I n f l u e n c e o n t h e R e c r y s t a l l i z a -

t i o n o f N o n - O r i e n t e d E l e c t r i c a l S h e e t 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 3 9 - 5 4 3 

Kobe Beseničar Spomenka, L. Vehovai; B. Saje: C o r r o -

s i o n R e s i s t a n c e o f N d D y F e B B a s i c A l l o y s 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 4 5 - 5 4 9 

Janovec Jožef, V. Magula, P. Sevc: S o m e A s p e c t s o f I m -

p u r i t y G r a i n B o u n d a r y S e g r e g a t i o n in L o w A l l o y C r -

M o - V S t e e l K Z T , 3 0 , 1 9 9 6 , 6 , 5 5 1 - 5 5 5 

Leskovšek Vojteh, D. Kmetic, B. Šuštaršič: M e c h a n i c a l 

P r o p e r t i e s o f H i g h T e m p e r a t u r e V a c u u m B r a z e d H S S o n 

S t r u c t u r a l C a r b o n S t e e l vvith S i m u l t a n e o u s H e a t T r e a t -

m e n t K Z T , 3 0 , 1 9 9 6 , 6 , 5 5 7 - 5 6 4 

Kevorkijan Varužan M.: D i s c o n t i n u o u s A l - S i C C o m p o s -

i t e s F o r m e d b y a Lovv C o s t C h e m i c a l l y A c t i v a t e d I n f i l -

t r a t i o n T e c h n i q u e K Z T , 3 0 , 1 9 9 6 , 5 6 5 - 5 7 2 

Avtorsko kazalo 

Anžel Ivan, L. Kosec, A. Križman: D i s p e r z i j s k o u t r j a n j e 

h i t r o s t r j e n e z l i t i n e C u - Z r K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 2 5 - 2 2 9 

Arnšek Aleš, A. Cadež: M e r j e n j e m a j h n i h n a v o r o v v 

v a k u u m u K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 5 5 - 1 5 7 

Barborič F., M. Zigon, F. Rovan: V p l i v v r s t e p o s p e š e -

v a l c a n a l a s t n o s t i b r o m i r a n e g a e p o k s i d n e g a p r e p r e g a in 

l a m i n a t a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 8 7 - 2 9 0 

Binder Stojan: R a z v o j n a d e j a v n o s t v s t e k l a r s k i i n d u s t r i j i 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 4 9 - 3 5 1 

Bizjak Milan, L. Kosec, A. Smolej, B. Suštaršič: I z d e l a v a 

k o m p o z i t a S i C / A l - F e p o p o s t o p k u h i t r e g a s t r j e v a n j a 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 6 3 - 2 6 6 

Brecl Marko, T. Malavašič: S i n t e z a in o p r e d e l i t e v s t r a n -

s k o v e r i ž n i h t e k o č e k r i s t a l n i h p o l i u r e t a n o v z m e t o k s i a -

z o b e n z e n s k o m e z o g e n o e n o t o 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 8 3 - 0 8 5 

Brodar Maksimiljan, I. Emri: D u š i l n e l a s t n o s t i k o n s t r u k -

c i j s k i h p o l i m e r o v in k o m p o z i t o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 9 - 2 8 2 

Cvelbar Andrej, P. Panjan, B. Navinšek, A. Zalar: Š t u d i j 

p o j a v o v m e d t o p l o t n o o b d e l a v o t a n k i h p l a s t i N i / S i n a o s -

n o v i s p r o t n i h m e r i t e v e l e k t r i č n e u p o r n o s t i 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 2 9 - 0 3 3 

Čop Aleš, E. Bricelj, F. Marinšek: K r h k o s t t o p l o v a l j a n i h 

t r a k o v v i š j e l e g i r a n i h d i n a m o j e k e l 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 3 1 - 2 3 4 

Delalut Uroš, M. Kosec: K r i s t a l i z a c i j a p l a s t i 

( P b , L a ) ( Z r , T i ) C > 3 n a p l a t i n s k i p l a s t i in n a p l a s t i s v i n -

č e v e g a t i t a n a t a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 9 9 - 3 0 1 

Dime Franc, B. Mušič: U s k l a j e v a n j e m e t o d z a k a r a k t e r i -

z a c i j o a r h e o l o š k i h m a t e r i a l o v z m e r i t v a m i m a g n e t n e 

s u s c e p t i b i l n o s t i K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 1 1 - 1 1 5 

Friedrich Franc, M. Komac, D. Kolar: P r i p r a v a S i j N 4 

k e r a m i k e v v i s o k o t e m p e r a t u r n e m a v t o k l a v u 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 0 3 - 1 0 6 

Gasperič Jože: V a k u u m s k a i m p r e g n a c i j a 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 6 7 - 4 7 0 

Gliha Vladimir, L Rak, A. Pristavec: M e h a n s k e in l o m n e 

l a s t n o s t i k r h k i h d e l o v t o p l o t n o v p l i v a n e g a p o d r o č j a 

v e č v a r k o v n e g a z v a r n e g a s p o j a 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 2 5 - 0 2 8 

Godec Boštjan, L. Vehovar: M e h a n i z e m k o r o z i j s k e o d -

p o r n o s t i n e r j a v n e j e k l e n e l i t i n e s p o v e č a n o v s e b n o s t j o S i 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 1 9 5 - 1 9 9 

Godec Matjaž, M. Jenko, R. Mast, F. Vodopivec, H. J. 
Grabke, H. Viefhaus: S n I n f l u e n c e o n t h e R e c r y s t a l l i z a -

t i o n o f N o n - O r i e n t e d E l e c t r i c a l S h e e t 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 3 9 - 5 4 3 

Grabke Hans Jiirgen: S u r f a c e a n d G r a i n B o u n d a r y S e g -

r e g a t i o n o f A n t i m o n y a n d T i n - E f f e c t s o n S t e e l P r o p e r -

t i e s K Z T , 3 0 , 1 9 9 6 , 6 , 4 8 3 - 4 9 5 

Grašič Igor, A. Paulin, P. Južina, A. Pregelj: V i s o k o n a p e -

t o s t n i n a p a j a l n i k z a i o n s k o - g e t r s k o č r p a l k o 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 4 7 - 1 4 9 

Grozdanič Vladimir: F u s i o n o f Lovv C a r b o n S t e e l S c r a p 

in t h e M i d d l e C a r b o n S t e e l M e l t 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 2 7 - 5 3 0 

Grum Janez, D. Zuljan: A n a l i z a l a s e r s k e g a p r o c e s a 

r e z a n j a n a a v s t e n i t n e m n e r j a v n e m j e k l u in o c e n j e v a n j e 

k v a l i t e t e r e z a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 3 5 - 2 4 0 

Grum Janez, M. Kisin: O c e n j e v a n j e i n t e g r i t e t e p o v r š i n 

n a o s n o v i s p r e m e m b e m i k r o s t r u k t u r n i h s e s t a v i n p r i f i -

n e m s t r u ž e n j u K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 4 1 - 2 4 4 

Grum Janez, R. Sturm: L a s e r s k o k a l j e n j e s p r e t a l j e v a n -

j e m p o v r š i n s k e p l a s t i s i v e in n o d u l a r n e l i t i n e 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 5 - 3 9 8 

Hornak Peter, J. Zrnik, F, Kovač: T e x t u r e D e v e l o p m e n t 

o f t h e H o t R o l l e d T r a n s f o r m e r S h e e t S t e e l 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 1 - 2 0 3 

Horvat Mojca, T. Marinovič, A. Šebenik: V p l i v s i s t e m a 

z a z a m r e ž e v a n j e n a r e o l o š k e l a s t n o s t i d i n a m i č n o 

z a m r e ž e n i h z l i t i n P P / E P D M . . K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 5 9 - 0 6 0 

Husič Suhreta: K v a n t i f i k a c i j a m i k r o s t r u k t u r e p o l i m e r n i h 

k o m p o z i t a a n a l i z o m s l i k e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 1 - 2 7 3 

Huskič Miroslav, A. Šebenik: K e m i j s k a m o d i f i k a c i j a 

P V C K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 6 5 - 0 6 7 

Indof Janez, V. Ivušič, D. Indof, A. Bejuk: A b r a z i j s k o in 

e r o z i j s k o p r e s k u š a n j e p o l i m e r n i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 9 1 - 2 9 4 



Janovec Jožef, V. Magula, P. Ševc: S o m e A s p e c t s o f I m -

p u r i t y G r a i n B o u n d a r y S e g r e g a t i o n i n L o w A l l o y C r -

M o - V S t e e l K Z T , 3 0 , 1 9 9 6 , 6 , 5 5 1 - 5 5 5 

Jenko Monika, F. Vodopivec, F. Marinšek: P o v r š i n s k o a k -

t i v i r a n a r a s t z r n v n e o r i e n t i r a n i h e l e k t r o p l o č e v i n a h 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 3 1 - 4 3 8 

Kainer K. U.: A l u m i n i u m a n d M a g n e s i u m B a s e d M e t a l 

M a t r i x C o m p o s i t e s K Z T , 3 0 , 1 9 9 6 , 6 , 5 0 9 - 5 1 6 

Kejžar Rajko, M. Ogrizek: S t r ž e n s k e ž i c e z a r e p a r a t u r n o 

v z d r ž e v a n j e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 7 5 - 3 7 8 

Kejžar Rajko: N a v a r j a n j e p o s e b n i h N i - z l i t i n n a k o n s t r u k -

c i j s k o j e k l o K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 7 9 - 3 8 2 

Kejžar Rajko, L. Kosec: I z d e l a v a r e z i l n i h o r o d i j z n a v a r -

j a n j e m K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 8 3 - 3 8 6 

Kejžar Rajko, L. Kosec, A. Lagoja: P e r s p e k t i v e n a v a r -

j a n j a v o r o d j a r s t v u K Z T , 3 0 , 1 9 9 6 , 5 , 4 6 3 - 4 6 6 

Kevorkijan Varužan M.: D i s c o n t i n u o u s A l - S i C C o m p o s -

i t e s F o r m e d b y a L o w C o s t C h e m i c a l l y A c t i v a t e d I n f i l -

t r a t i o n T e c h n i q u e K Z T , 3 0 , 1 9 9 6 , 6 , 5 6 5 - 5 7 2 

Kobe Beseničar Spomenka, L. Vehovar, B. Saje: C o r r o -

s i o n R e s i s t a n c e o f N d D y F e B B a s i c A l l o y s 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 4 5 - 5 4 9 

Koroušič Blaženko, M. Stupnišek: P r e d i c t i n g o f R e a c -

t i o n s D u r i n g C a r b u r i z a t i o n a n d D e c a r b u r i z a t i o n o f S t e e l s 

in C o n t r o l l e d A t m o s p h e r e s K Z T , 3 0 , 1 9 9 6 , 6 , 5 2 1 - 5 2 6 

Kosec Borut: V p l i v t e m p e r a t u r n e g a p o l j a n a j e k l o p l a š č a 

v a l j a p r i p r o c e s u k o n t i n u i r n e g a l i t j a a l u m i n i j e v i h t r a k o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 5 9 - 2 6 1 

Košir Aleš, B. Šarler: P r i m e r j a v a l a s t n o s t i n u m e r i č n i h 

m e t o d k o n t r o l n i h p r o s t o r n i n i n r o b n i h e l e m e n t o v z d v o j -

n o r e c i p r o č n o s t j o K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 3 5 - 0 3 9 

Kovačevič Mihaela, N. Vižintin: K a r a k t e r i z a c i j a o g n j e -

v z d r ž n i h m a t e r i a l o v - O p r e d e l i t e v t e m p e r a t u r e u p o r a b -

n o s t i K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 1 - 3 9 3 

Kralj Aleš, L Emri, N. W. Tschoegl: A d a p t a c i j a v i s k o -

e l a s t i č n e g a r e l a k s o m e t r a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 8 3 - 2 8 5 

Kralj-Novak Metka, Z. Šušterič, A. Mesec, M. Žumer: 
K a r a k t e r i z a c i j a k a v č u k o v z n a p r a v o R P A 2 0 0 0 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 0 5 - 4 0 8 

Kranjc Andreja, Č. Stropnik: D o l o č a n j e l a s t n o s t i t r i p -

s i n a , i m o b i l i z i r a n e g a n a p o v r š i n o m e m b r a n e iz c e l u l o z -

n e g a a c e t a t a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 7 9 - 0 8 1 

Kumer Boris, R. Turk: E k s p e r t n i s i s t e m i i n p r a v i l a k a l i -

b r i r a n j a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 6 9 - 3 7 3 

Lalovič Milisav, M. Bešič: T r a n s i e n t H e a t T r a n s f e r P r o c -

e s s D u r i n g H e a t i n g o f S t e e l .. K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 0 3 - 4 0 4 

Leskovšek Vojteh, D. Kmetič, B. Šuštaršič: M e c h a n i c a l 

P r o p e r t i e s o f H i g h T e m p e r a t u r e V a c u u m B r a z e d H S S o n 

S t r u e t u r a l C a r b o n S t e e l vvith S i m u l t a n e o u s H e a t T r e a t -

m e n t K Z T , 3 0 , 1 9 9 6 , 6 , 5 5 7 - 5 6 4 

Lipovšek Nataša, F. Vodopivec, M. Jenko, D. Steiner 
Petrovič, L. Kosec: P o p r a v a in r e k r i s t a l i z a c i j a l e g i r a n e 

n e o r i e n t i r a n e e l e k t r o p l o č e v i n e 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 5 1 - 2 5 4 

Maček Jadran, B. Novosel, M. Marinšek, V. Francetič: 
T e r m i č n a a n a l i z a c i r k o n i j e v i h g e l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 1 - 3 2 4 

Makarovič Matjaž, F. B. Damjanič: K o n s t r u i r a n j e in o p -

t i m i z a c i j a i z d e l k o v iz p o l i e s t r s k i h l a m i n a t o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 0 9 - 4 1 2 

Makovec Darko, Z. Samardžija, D. Kolar: N a č i n v g r a d -

n j e C e v s t r u k t u r o B a T i 0 3 K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 1 7 - 1 1 9 

Makovec-Črnilogar Vesna, /. Anžur, S. Orešnik, A. Gan-
tar: V p l i v i z b r a n i h p o l i m e r n i h m a s t i l n i h s r e d s t e v n a l a s t -

n o s t i u s n j a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 9 5 - 0 9 8 

Makovec-Črnilogar Vesna, /. Anžur, S. Orešnik, A. Gan-
tar: O p r e d e l i t e v i z b r a n i h u s n j a r s k i h p o l i m e r n i h m a s t i l -

n i h s r e d s t e v K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 6 3 - 1 6 6 

Malič Barbara, I. Arčon, M. Kosec, A. Kodre, M. Hribar, 
M. Štuhec, R. Frahm: Š t u d i j a l k o k s i d n i h p r e k u r z o r j e v 

k e r a m i k e n a o s n o v i P b Z r 3 - P b T i 0 3 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 9 5 - 2 9 7 

Mast R., H. Viefhaus, M. Lucas, H. J. Grabke: E q u i l i b -

r i u m G r a i n B o u d a r y S e g r e g a t i o n o f A n t i m o n y i n I r o n 

B a s e A l l o y s K Z T , 3 0 , 1 9 9 6 , 6 , 5 3 1 - 5 3 7 

Medved Jože, J. Cevka, V. Gontarev, P. Fajfar: T o p l o t n e 

l a s t n o s t i e k s o t e r m n o - i z o l a c i j s k i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 8 7 - 3 8 9 

Mencinger Jure, B. Šarler: V p l i v p r o c e s n i h p a r a m e t r o v 

n a p o l k o n t i n u i r n o u l i v a n j e K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 6 5 - 3 6 8 

Milun Milorad: C h a r a c t e r i z a t i o n o f U l t r a t h i n F i l m s b y 

S u r f a c e S e n s i t i v e M e t h o d s .... K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 4 3 - 3 4 8 

Mirčeva Aneta, T. Malavašič: S i n t e z a i n k a r a k t e r i z a c i j a 

s u l f o n a t n i h p o l i u r e t a n s k i h i o n o m e r o v 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 6 1 - 0 6 3 

Mozetič Miran, M. Kveder, M. Drobnič, A. Pregelj: 
M e r i t v e s t o p n j e d i s o c i i r a n o s t i v o d i k a s k a t a l i t i č n i m i s o n -

d a m i K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 9 - 3 3 2 

Mozetič Miran, M. Drobnič, S. Spruk, A. Pregelj: P o r a z -

d e l i t e v a t o m a r n e g a v o d i k a v z d o l ž r a v n e c e v i 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 7 1 - 4 7 5 

Nardin Vladimir, R. Turk, I. Bizjak: O p t i m i r a n j e š t e v i l a 

m e h a n s k i h p r e s k u s o v z a d o l o č e v a n j e p r e o b l i k o v a l n i h 

l a s t n o s t i k o v i n s k i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 6 7 - 2 7 0 

Nemanič Vincenc: D o l o č e v a n j e v e l i k o s t i s t i č n e p l o s k v e 

m e d k r o g l o in k o v i n s k o f o l i j o p r i o b r e m e n i t v i z a t m o s -

f e r s k i m t l a k o m K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 3 3 - 3 3 7 

Nemec Tomaž, J• J• Rant, V. Apih, B. Glumac: S p r e m -

l j a n j e p r o c e s o v t r a n s p o r t a v l a g e v g r a d b e n i h m a t e r i a l i h z 

n e v t r o n s k o r a d i o g r a f i j o K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 1 1 - 3 1 3 



Parilak Uudovit: M i c r o s t r u c t u r a l C o n s i d e r a t i o n s L i m i t -

i n g t h e M e c h a n i c a l P r o p e r t i e s o f H S L A S t e e l 

K Z T , 3 0 , 1 9 9 6 , 6 , 5 1 7 - 5 2 0 

Pesek Ladislav: S t a b l e C r a c k G r o w t h in M i c r o a l l o y e d 

S t e e l S h e e t s K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 1 8 5 - 1 9 0 

Petek Marko, B. Kaiserberger: N e s t i č n o m e r j e n j e r a z -

t e z k a p r i t r g a l n i h p r e s k u s i h ... K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 3 7 - 1 3 8 

Požun Karol, J. Leskovšek, L. Koller, M. Mozetič: V p l i v 

n e č i s t o č n a k o n t a k t n o u p o r n o s t e l e k t r i č n i h k o n t a k t o v ... 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 4 1 - 0 4 3 

Požun Karol, B. Paradiž, J• Leskovšek, L. Jrmančnik-
Belič: V p l i v n a p a r e v a n j a n a o d z i v n i č a s s e n z o r j a r e l a t i v -

n e v l a ž n o s t i z r a k a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 4 5 - 0 4 8 

Praček Borut: Š t u d i j z a č e t n e f a z e o k s i d a c i j e P b in z l i t i n e 

I n 2 0 P b 8 0 K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 5 3 - 0 5 5 

Pregelj Andrej, M. Drab, J. Novak, M. Mozetič, A. 
Paulin: M e r i l n i s i s t e m z a u g o t a l j a n j e s p o s o b n o s t i 

i o n s k o g e t r s k e č r p a l k e K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 5 1 - 1 5 3 

Radonjič Gregor, V. Musil: K o m p a t i b i l i z a c i j a p o l i p r o p i -

l e n s k i h m e š a n i c K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 7 5 - 0 7 8 

Robič Roman, R. Turk, V. Nardin: V p l i v s i l i c i j a in a n a -

l i z n i h o d s t o p a n j n a t e h n o l o g i j o v a l j a n j a d i n a m o t r a k o v . 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 9 9 - 4 0 1 

Saje Boris, S. Spaič, M. Valant: M i k r o s t r u k t u r n e r a z i s k a -

v e v b i n a r n e m s i s t e m u S m - T i 
K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 0 3 - 3 0 5 

Saje Boris, B. Reinsch, S. Kobe-Beseničar, D. Kolar, L R. 
Harris: N i t r i r a n j e z l i t i n e S m 2 F e n m o d i f i c i r a n e s T a 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 0 7 - 3 0 9 

Samardžija Zoran, S. Kobe-Beseničar: Š t u d i j d e f e k t o v v 

k o m e r c i a l n i h m a g n e t i h A L N I C O z e l e k t r o n s k o m i k r o -

a n a l i z o K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 0 7 - 1 1 0 

Sešelj Andreja, J. Stražišar: P r o b l e m a t i k a d o l o č e v a n j a 

v e l i k o s t i d e l c e v f i n i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 3 9 - 1 4 1 

Sivec Matjaž, M. Drab, M. Cerar, A. Pregelj: R a z v o j 

m a l e s u h e v a k u u m s k e č r p a l k e - k o m p r e s o r j a z a o b m o č j e 

1 0 0 m b a r d o 4 b a r K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 5 9 - 1 6 1 

Skitek Tanja, R. Cvelbar, M. Samarin, L Emri: S o č a s n o 

m e r j e n j e P o i s s o n o v e g a in r e l a k s a c i j s k e g a m o d u l a v i s k o -

e l a s t i č n i h m a t e r i a l o v v o d v i s n o s t i o d č a s a 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 7 5 - 2 7 7 

Smolej Anton, P. Panzalovič, M. Jelen: V p l i v d o d a t k o v 

A l - T i - B in p o g o j e v u l i v a n j a n a v e l i k o s t k r i s t a l n i h z r n 

a l u m i n i j a K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 5 5 - 2 5 8 

Spruk Sonja, B. Praček, A. Rodič: L a s e r s k a t o p l o t n a o b -

d e l a v a p o v r š i n e o r o d n e g a j e k l a O C R 12 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 4 3 - 1 4 6 

Spruk Sonja, A. Rodič: V p l i v k e m i j s k e s e s t a v e j e k e l n a 

l a s e r s k o t o p l o t n o o b d e l a v o K Z T , 3 0 , 1 9 9 6 , 5 , 4 4 3 - 4 4 7 

Stadler Zmago: M a t e r i a l z a z a v o r n e o b l o g e - j e k l e n a 

v l a k n a d a a l i n e ? K Z T , 3 0 . 1 9 9 6 , 3 - 4 , 4 1 3 - 4 1 5 

Šarler Božidar: N u m e r i č n i p o s t o p e k z a i z r a č u n t e m p e r a -

t u r n e g a p o l j a b r a m e p r i k o n t i n u i r a n e m u l i v a n j u j e k l a .... 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 1 7 - 2 2 3 

Selih Jana: M a s n i p r e t o k i v b e t o n u m e d s u š e n j e m 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 1 5 - 3 1 9 

Spaniček Durdica, Z. Smolčič: O d r e d i v a n j e d e f o r m a c i j -

s k o g p o n a š a n j a u z d j e l o v a n j e m e d i j a n a p r i m j e r u 

p o l i a m i d a 6 K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 6 9 - 0 7 0 

Stok Boris, P. Koc: R a č u n a l n i š k o p o d p r t a i d e n t i f i k a c i j a 

t e m p e r a t u r n e o d v i s n o s t i s n o v n i h l a s t n o s t i 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 1 5 - 0 1 8 

Šuštar Tomaž, B. Ule, T. Rodič: N o v i k o n c e p t i o p i -

s o v a n j a l e z e n j a in p r e o s t a l a ž i v l j e n j s k a d o b a k o v i n s k i h 

m a t e r i a l o v K Z T , 3 0 , 1 9 9 6 , 5 , 4 4 9 - 4 5 4 

Suštaršič Borivoj, V. Kevorkijan, J. Lamut: R a z v o j p o s -

t o p k o v i z d e l a v e A l / S i C k o m p o z i t o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 9 - 2 1 6 

Sušterič Zoran: Z a k a j k a v č u k i t e č e j o n e n e w t o n s k o ? 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 3 9 - 3 4 2 

Sventner Kosmos Alenka, L. I. Belič, D. Sušnik: S i n t r a n j e 

g r o b o z r n a t e k o r u n d n e k e r a m i k e 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 4 1 7 - 4 1 9 

Torkar Matjaž, V. Leskovšek: O b d e l a v a p o v r š i n e z l i t i n e 

F e A l 1 2 , 5 z i o n s k i m n i t r i r a n j e m v p u l z i r a j o č i p l a z m i .... 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 0 5 - 2 0 7 

Torkar Matjaž, M. Leban, B. Rjazancev: R a z v o j b i o k o m -

p a t i b i l n i h i m p l a n t a t o v K Z T , 3 0 , 1 9 9 6 , 5 , 4 3 9 - 4 4 1 

Ulčnik-Krump Manica, T. Malavašič, B. Zerjal: Ter-
m o d i n a m i k a m e š a n i c p o l i m e r o v v r a z t o p i n i 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 8 7 - 0 8 9 

Ule Boris, J. Vojvodič-Gvardjančič, M. Lovrečič-Saražin, 
J. Banovec, F. Kržič, D. Beg, C. Primec: P r e o s t a l a u p o -

r a b n o s t k o v i č e n e g a ž e l e z n i š k e g a m o s t u 

K Z T , 3 0 , 1 9 9 6 , 5 , 4 5 5 - 4 6 2 

Vasevska Trajanka: I z d e l a v a ž i c e i z z l i t i n e A l M g 5 z a 

k o v i c e in v i j a k e K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 3 1 - 1 3 5 

Vehovar Leopold, B. Godec: V p l i v s i l i c i j a n a i z b o l j š a n j e 

k o r o z i j s k e o d p o r n o s t i j e k l e n i h l e g i r a n i h l i t i n 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 2 4 5 - 2 5 0 

Verko Nerina, C. Stropnik, K. Ribič, G. Jonsson: L a s t -

n o s t i m o d i f i c i r a n i h in n e m o d i f i c i r a n i h m e m b r a n iz p o -

l i s u l f o n a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 9 9 - 1 0 2 

Viefhaus H.: A p p l i c a t i o n s o f S u r f a c e A n a l y t i c a l T e c h -

n i q u e s in C o r r o s i o n R e s e a r c h ( M a i n l y H i g h T e m p e r a t u r e 

C o r r o s i o n ) K Z T , 3 0 , 1 9 9 6 , 6 , 4 9 7 - 5 0 7 

Vodopivec Frannc J. Vižintin: T e m p e r a t u r a i n t e m p e r a -

t u r n i g r a d i e n t m e d f r e t t i n g p r e i z k u s o m 1 % C in 1 . 5 % C r 

j e k l a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 0 9 - 0 1 4 

Vojvodič Gvardjančič Jelena: P r e i s k a v e h o r i z o n t a l n e s t a -

b i l n e t l a č n e p o s o d e z a s k l a d i š č e n j e u t e k o č i n j e n e g a n a f t -

n e g a p l i n a K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 2 1 - 1 2 4 



Vojvodič Gvardjančič Jelena: L o m n a v a r n o s t j e k l e n i h 

k o n s t r u k c i j p o r a z l i č n i h m e r i l i h 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 5 3 - 3 6 3 

Zore Borut, L. Kosec: S p a j k a n j e k o r o z i j s k o o b s t o j n i h z l i -

t in z z a š č i t n i a t m o s f e r i K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 1 9 - 0 2 3 

Zore Borut, L. Kosec: K o m p o z i t n i s p a j k a n i s p o j i 
K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 1 2 5 - 1 3 0 

Zorko Benjamin, M. Budnar: M e r j e n j e g l o b i n s k e p o -

r a z d e l i t v e k o n c e n t r a c i j e v o d i k a v m a t e r i a l i h z m e t o d o 

E R D A K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 4 9 - 0 5 1 

Zrnik Jožef, P. Hornak, P. Pinke, M. Zitnansky: C r e e p F a -

t i g u e C h a r a c t e r i s t i c s o f S i n g l e C r y s t a l N i c k e l B a s e S u -

p e r a l l o y C M S X 3 K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 1 7 9 - 1 8 3 

Zupan Klementina, J. Maček, B. Novosel: V p l i v t e m p e r a -

t u r n e g a r e ž i m a n a t e r m i č n i r a z k r o j g e l o v z a p r i p r a v o 

ž e l e z o - o k s i d n i h m a g n e t n i h m a t e r i a l o v 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 3 2 5 - 3 2 7 

Zupanič Franc, S. Spaič, A. Križman: I n t e r a k c i j a m o d i f i -

k a c i j s k e z l i t i n e A l T i 5 B l s t a l i n o z l i t i n e A l C u 6 P b B i 

K Z T , 3 0 , 1 9 9 6 , 3 - 4 , 1 9 1 - 1 9 4 

Žagar Ema, M. Žigon, T. Malavašič: L a s t n o s t i r a z r e d -

č e n i h r a z t o p i n p o l i u r e t a n s k i h i o n o m e r o v 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 9 1 - 0 9 4 

Zigon Majda: P o l i m e r n i k o m p o z i t i 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 7 1 - 0 7 4 

Žlebnik Tatjana, K. Vidmar: T e r m o f o r e z a 

K Z T , 3 0 , 1 9 9 6 , 1 - 2 , 0 5 7 - 0 5 8 


