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Navodila avtorjem za pripravo člankov za objavo v reviji Kovine, zlitine, tehnologije 

V letu 1992 u v a j a m o n o v nač in t e h n i č n e g a u r e j a n j a in 
p r i p r a v e za tisk r e v i j e Kovine, zlitine, tehnologije. Da bi 
pocen i l i t i s k a r s k e s t roške , skra jša l i č a s od p r e j e m a č l a n k a 
d o n j e g o v e o b j a v e in p repus t i l i av to r ju k o n č n o o d g o v o r -
nost za m o r e b i t n e n e o d k r i t e t i p o g r a f s k e n a p a k e , s m o se v 
u r e d n i š t v u o d l o č i l i , da i zko r i s t imo m o ž n o s t i , ki jih d a n e s 
nudi n a m i z n o založništvo. 

A v t o r l a h k o p o š l j e č l a n e k nap i san k l a s i č n o - s pisal-
n im s t r o j e m . Z a ž e l e n o j e , da av tor o d d a u redn i š tvu čla-
nek oz . b e s e d i l o n a p i s a n o na r a č u n a l n i k z u r e j eva ln ik i 
besed i l : 

- V V O R D S T A R , ve rz i j a 4, 5, 6 , 7 za D O S 
- W O R D za D O S ali W I N D O W S 
- W O R D P E R F E C T . 
Č e j e b e s e d i l o n a p i s a n o z u r e j e v a l n i k o m besedi l : C H I 

W R I T E R , n a j g a a v t o r p r e k o n v e r t i r a v W O R D S T A R 
D O C U M E N T . 

N a p r o š a m o a v t o r j e , da p o š l j e j o u r e d n i š t v u d i ske to z 
o z n a k o d a t o t e k e in r a č u n a l n i š k i m i z p i s o m te d a t o t e k e 
na p a p i r j u . 

F o r m u l e n a j b o d o v d a t o t e k i s a m o n a z n a č e n e , na 
p a p i r j u pa r o č n o i zp i sane . 

V s e b i n a č l a n k a 

K a k o n a j č l a n e k i z g l e d a v s e b i n s k o , n a j si a v t o r j i 
o g l e d a j o v s t a r ih i z d a j a h Ž e l e z a r s k e g a z b o r n i k a . Vsak 
č l anek pa m o r a v s e b o v a t i : 
• s l o v e n s k i in a n g l e š k i nas lov i č l anka , 
• i m e n a ter n a s l o v e a v t o r j e v , 
• p o v z e t k a v a n g l e š č i n i in s lovenšč in i , 
• r e f e r e n c e , ki n a j b o d o v b e s e d i l u č l a n k a o z n a č e n e z 

z a p o r e d n i m i š t e v i l k a m i , p r i m e r 1 - 5 . N a č i n c i t i r a n j a 
č lanka : av to r , i n i c i a lkam n a j sledi p r i imek , nas lov član-
k a , i m e r e v i j e , l e t n i k , s t r a n i , l e t o . N a č i n c i t i r a n j a 
k n j i g e : a v t o r , n a s l o v , z a ložn ik in k r a j i z d a j e , leto, po 
po t r eb i p o g l a v j e ali s t rani . 

B e s e d i l o č l a n k a n a j b o r a z d e l j e n o na r a z d e l k e ( o z n a č e n e 
z z a p o r e d n i m i š t e v i l k a m i ) in po po t r eb i še na p o d r a z -
d e l k e ( o z n a č e n e z d e c i m a l n o š t e v i l k o , k j e r c e l i de l 
o z n a č u j e r a z d e l e k . 

Sl ike 

V s e s l ike n a j b o d o na p o s e b n i h listih p a p i r j a , z j a s n o 
o z n a č e n o š t e v i l k o s l ike . S l ike n a j b o d o o z n a č e n e z za-
p o r e d n i m i š t e v i l k a m i p o v s o d v č l anku . Or ig ina l i za vse 
vrs te sl ik n a j b o d o os t r i in b rez š u m a . Risbe n a j b o d o 
n a r i s a n e s č r n i m n a b e l e m o z a d j u . Vse o z n a k e in besed i -
la na r i sbah n a j b o d o v i s tem j e z i k u kot b e s e d i l o č l anka 
in d o v o l j v e l i k e , d a o m o g o č a j o p o m a n j š a n j e s l ike na 
8 c m . L e i z j e m o m a l a h k o s l ika sega č e z o b e ko loni be-
sedi la ( 1 6 , 5 c m ) . Fotografije so l ahko ka t e r eko l i ob iča j -

ne d i m e n z i j e , n a s v e t l e č e m p a p i r j u in z d o b r i m k o n -
t r a s t o m . M i k r o s k o p s k a in m a k r o s k o p s k a p o v e č e v a n j a 
o z n a č i t e v p o d p i s u na s l ik i , še b o l j e p a z v r i s a n j e m 
us t r ezne ska le na fo togra f i j i . 

Z a v s a k o s l iko na j avtor p r e d v i d i , k a m n a j se sl ika v 
besed i lu č l a n k a uvrst i , k j e r n a j se n a h a j a u s t r ezen pod-
nap i s z z a p o r e d n o š tevi lko sl ike (na p r i m e r : " S l i k a 3 pri-
k a z u j e . . . " , n i k a k o r pa ne: " N a s p o d n j i s l ik i v i d i m o . . . " ) . 

T a b e l e 

A v t o r n a j s e i z o g i b a z a p l e t e n i h t a b e l z m n o g o 
p o d a t k i , ki b r a l c a ne z a n i m a j o , p o s e b e j še , če so isti 
poda tk i tudi g r a f i č n o p o n a z o r j e n i . N a d v s a k o t abe lo n a j 
se n a h a j a z a p o r e d n a š tevi lka t abe le s p o j a s n i l o m . T a b e l e 
n a j b o d o p o v s o d v č l a n k u o z n a č e n e z z a p o r e d n i m i 
š t ev i lkami . 

P i s a n j e besedi l na r a č u n a l n i k u 

A v t o r j e n a p r o š a m o , da pri p i s a n j u b e s e d i l na raču-
n a l n i k u u p o š t e v a j o n a s l e d n j a n a v o d i l a , s a j le - ta p rece j 
o l a j š a j o na še n a d a l j n j e de lo pri p r i p r a v i za t isk: 
• ne p u š č a j t e p r a z n e g a p ros to ra p r e d loči l i ( p ikami , ve-

j i c a m i , d v o p i č j i ) in za p r e d k l e p a j i o z i r o m a p red zakle-
pa j i , 

• p u š č a j t e p r a z e n pros tor za v s e m i loči l i ( p i k a m i , vej i -
c a m i , d v o p i č j i ) - razen d e c i m a l n o p i k o , 

• p i š i t e v se n a s l o v e in besede z m a j h n i m i č r k a m i ( razen 
ve l ik ih z a č e t n i c in krat ic) , 

• b e s e d i l o n a j ne v s e b u j e d e l j e n i h b e s e d na k o n c u vrst i-
ce . 

Č e a v t o r p r i p r a v l j a i lus t rac i je na r a č u n a l n i k u , ga napro-
š a m o , d a p r i lož i da to t eke s s l i k a m i n a d i s k e t o z besedi -
lom č l a n k a , s p o j a s n i l o m , s k a t e r i m p r o g r a m o m so nare-
j e n e . 

K r t a č n i o d t i s 

K r t a č n i od t i s - k o n č n a p o d o b a č l a n k a - b o pos l an 
a v t o r j u v k o n č n o rev iz i jo . A v t o r j a n a p r o š a m o , da č im 
h i t re je op rav i k o r e k t u r e in ga p o š l j e n a z a j n a u r edn i š tvo . 
Hkra t i n a p r o š a m o av tor je , da p o p r a v l j a j o s a m o napake , 
ki s o n a s t a l e m e d s t a v l j e n j e m č l a n k a . Č e a v t o r 
p o p r a v l j e n e g a č l a n k a ne v rne p r a v o č a s n o , b o ob j av l j en 
n e p o p r a v l j e n , k a r bo tudi o z n a č e n o . 
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Surface Activated Recrystallization of Antimony 
Alloyed Non-Oriented Electrical Steel Sheet 
Površinsko aktivirana rekristalizacija silicijevih elektro jekel, 
legiranih z antimonom 
M. Jenko,* F. Vodopivec, M. Godec, D. Steiner-Petrovič, Inštitut za kovinske materiale in 
tehnologije, Ljubljana, Slovenia 
H. Viefhaus, M. Lucas, Max-Planck-lnstitute fur Eisenforschung, Dusseldorf, Germany 
M. Milun.T. Valla, Institut za fiziku Sveučilišta u Zagrebu, Zagreb, Croatia 

In the present paper the effect of antimony on reerystallization texture of non oriented 
steel sheets Is discussed. The antimony surface and grain boundary segregation vvere 
investigated. Since the grain boundary segregation vvas negligible one can conclude 
that the texture formation results from orientation dependent effects of Sb on the surface 
energy and through them on grain boundaries. 
Key vvords: non oriented steel sheet, recrystallization, grain grovvth, adsorption, surface 
and grain boundary segregation. 

Raziskali smo vpliv antimona na teksturo rekristalizacije neorientirane elektro pločevine, 
kot tudi segregacijo antimona na površini in na mejah zrn. Segregacija antimona po 
mejah zrn preiskovanih jekel je zanemarljiva. Predpostavljamo, da se zaradi vpliva 
antimona na površini pločevine površinska energija zrn z orientacijo (100) zmanjša in 
vpliva na oblikovanje ugodne teksture. 
Ključne besede: neorientirana elektro pločevina, rekristalizacija, rast zrn, adsorbcija, 
površinska segregacija, segregacija po mejah zrn. 

1. Introduction 

Low loss and high permeability non oriented silicon steels 
are needed for efficient electrical power generation and transfor-
mation. which is one of the conditions for energy conservation 
and environmental amelioration1 \ To attain the full potential of 
this highly developed material its recrystallization texture must 
be improved1". 

It has been found that small additions of certain elements 
(Sb.Sn.Se.Te) cspeciallv antimony, into the steel for non orient-
ed electrical sheets, affect the recrystallization and lead to an in-
crease of the number of ferrite grains vvith favorable orienta-
tion'' The effect on grain grovvth and orientation can be caused 
by surface and/or grain boundarv segregation of Sb or else. The 
surface segregation, its kinetics and equilibrium vvere measured 
using Auger Electron Spectroscopy and Thermal Desorption 
Spectroscopv on and in steel doped vvith Sb. 

2. Experimental 

Experimental steels of the composition given in Table 1, 
vvere prepared in laboratorv from the same base material. The 
specimens for the surface segregation studies, of dimensions 6 
mm in diameter and thickness of 0.15 mm vvere mounted into the 
UHV sv stem. The samples vvere heated up to 900°C for 10 min-
utes and then sputter clean, annealed in the temperature range 

doc. dr. M o n i k a Jt N K O . dipl . in / 
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from 450 to 950°C and investigated •in situ' by AES. The anti-
mony enrichment of the surface vvas determined by follovving the 
peak height ratio (PHR) of amplitudes betvveen the dominant 
Sb(M sN, SN 4 , ) and Ee(LM, ,V). Auger transitions at kinetic en-
ergies of 454 and 650 eV, rcspcctivcly' '711 1 \ 

Table 1: Chemical composition in mass contents in Vi o f t h e 
experimental steels: 

Steel C Mn Si S Al Sb 

1 0.005 0.18 1.85 0.001 0.19 0.05 
2 0.004 0.20 1.94 0.001 0.1 1 0.1 
3 0.004 0.20 2.12 0.001 0.19 -

Cylindrical specimens for grain boundarv segregation mea-
surements vvere prepared from the ingots of the same base mate-
rial. notehed, encapsulated in quartz tubes evacuated to approx-
imately 10" mbar. normalized for 24 hours al 1000°C, cooled 
and aged at 850 ,700 and 550°C for different times, from I to 500 
hours. 

Also the grain boundary segregation vvas investigated by 
AES method. Cylindrical specimens vvere introduced into UHV 
system of AES spectrometer at basic vacuum 4x10 111 mbar and 
after cooling to approximately -120°C vvere impact fraetured 'in 
situ' . The AES analysis vvere taken from as many intergranular 
fracture facets as possible" 14 "'. 

The antimony desorption from the surface segregated iayer 
vvas investigated by performing Thermal desorption 



Speclrometrv - TDS . The specimen vvas introduced in the U H V 
system of AES spectrometer additionally equipped vvith T D S 
and heated several t imes up to 950°C I S . 

The grain orientation vvas determined by X-ray d i f rac tome-
trv vvith Mo K<r radiation. 

3. Results and discussion 

The highest ant imony surface segregation vvas established al 
700 C until no fur ther inerease in Sb concentrat ion eould be ob-
served and the sul fur concentrat ion vv as acceptable lovv, f igure E 

Kinetic Energy /eV 

Figure 1: A E S spectra of maximum equilibrium antimonv segregation 
obtained al 70(I°C for steel vvith 0.057, Sb.' 

Slika 1: A E S spekter maksimalne ravnotežne segregacije antimona 
dosežene pri 700 C za jeklo legirano z 0.057, Sb. 

Table 2: Ant imony to iron peak height ratios for ali 
reeordered AES spectra of Sb surface segregation measured on 
the dif ferent grains, shovvn in figure 2. 

Grain PHR (Sb/Fe650eV) 

1 0.32 

2 0.39 

3 0.2K 

4 0 .44 

5 0.43 

6 0.37 

7 0 .38 

S 0.42 

Table 2 shovvs ant imony to iron peak height ratios for ali 
reeordered Auger spectra. The corresponding points on the dif-
ferent grains are noted on the S E M images, figure 2. The 
Sb/Fe650 eV peak height ratio varies betvveen 0.28 and 0.44. 
There is not a lways a correlation of the peak height ratios and the 
intensity vvithin the Sb S A M images and this may be due to a 
channel ing effect of the pr imary electron beam. The intensity, es-
pecially of the iron Auger signal, depends on the angle of inci-
dence for the primary electron beam vvith respect to the crystal-
lographic orientation of the g ra ins" . If vve negleet this inf luence 
of possible channel ing ef fec ts vve can est imate the Sb surface 
concentrat ion by compar i son vvith the results on Sb surface seg-
regation on single crystal surfaces of def ined orientation. For the 
same primary energv of excit ing electrons the follovving satura-
tion peak height ratios vvere measured for single crystal surfaces 
of (100), (110) and (111) orientation: 
Sb/Fe 650 eV = 0.42 for the (11 I) oriented surface 
Sb/Fe 650 eV = 0.58 for the (110) oriented surface 
Sb/Fe 650 eV = 0 .40 for the (100) oriented surface 

For the (100) oriented surface saturation coverage is half of 
a monolaver corresponding to a L E E D c(2x2) overlayer pattern. 
For the other surface orientat ions no vvell def ined ordered struc-
ture of surface coverage vvas obse rved" . But the peak height ra-
tios are in the same order as for the polvcristalline samples. The 
peak height ratio at saturation for the (100) surface vvas used as 
a calibration and the surface concentrat ion for the polvcrvstall ine 
samples at saturation vv ere in the range of 0.2 to 0.6 of a mono-
laver. 

i 

2 

4 

7 

1 O k e M S E M 

Figure 2: A E S measurements of Sb surface segregation on the 
different grains. Antimonv to iron peak height ratios for ali reeordered 

spectra are given in Table 2. 

Slika 2: A E S meritve površinske segregacije Sb na različnih zrnih. 
Razmerja vrhov antimona napram železu za posnete spektre so podana 

v tabeli 2. 

It vvas found that even in one grain the ant imonv segregation 
layer is not un i form, close by grain boundarv the segregated lav-
er vv as thieker. figure 3. 

Figure i: S E M image of the grain vv ith segregated antimony lav er. 
Close to grain boundarv the segregated laver vvas found thieker. 

Slika 3: S E M posnetek zrn s segregirano plastjo Sb. Ob meji zrna je 
bila segregirana plast Sb debelejša. 

The kinetics of surface ant imonv segregat ion measured bv 
A E S at 700 and 800°C is shovvn in figure 4. It vvas found that at 
elevated temperatures T > 750°C, ant imony surface segregation 
rate decreases. There are tvvo possible explanat ion for this effect ; 
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simultaneouslv ant imonv and sul fur segregat ion and/or Sh des-
orption f rom scgrcgatcd laver. 

Time , min 

Figure 4: Kinetics of maximum equilibrium Sb surface segregation of 
steel alloved with 0.05% Sb. obtained at 700°C. 

Slika 4: Kinetika maksimalne ravnotežne površinske segregacije 
antimona /a jeklo z 0.05% Sb. dobljena pri konstantnem žarjenju na 

temperaturi 700°C. 

Sb desorption f rom the segregated layer was invest igated by 
Thermal Desorption Spectrometry in temperature range f rom 20 
to 950°C. In Figure 4 the results of T D S investigation are shovvn. 
Sb as vvell as S desorption f rom the segregated layer vvas estab-
lished at T > 750°C. 

Thus one can conclude that the e f fec t of decrease of antiino-
nv segregation rate at e levated temperature T > 750°C is the re-
sult of both phenomena : ant imony desorpt ion and s imultaneous-
ly segregation of Sb and S as vve proposed in our earlier paper.1" 

Temperature ( °C) 
Figure 5: The antimonv' desorption from the segregated layer vvas 
established at T > 750°C. by Thermal Desorption Spectrometry. 

Slika 5: Odparevanje antimona iz segregirane plasti smo izmerili z 
metodo T D S pri temperaturah T > 750°C. 

Also grain boundaries of the material vvere analyzed by AES 
after anneal ing at 850. 700. 600 and 550°C for I to 500 hours. 
We found that the grain boundary segregation of ant imony and 
also of other solute e lements vvas negligible8 vvhich is not in 
agreement vvith our earlier f i n d i n g s \ Hovvever the Sb grain 
boundary segregation vvas established in a crack open to the sur-
face of cylindrical specimen. It is therefore possible that in the 
earlier vvork the surface ant imony segregation and not grain 
boundarv segregat ion vvas measured. Strong interaetion and 
cosegregat ion of Ni and Sb vvas observed at the grain bound-
a r i e s " 1 but in our investigation it is not to be expected because 
of very lovv Ni content . Bryant1 ' ' and Gas1 7 reported that they 
found grain boundary segregation of ant imony in pure Fe-Sb al-
loy af ter 200 and 500 hours of anneal ing in vacuum at 550°C. 
Af ter the same thermal treatment of the investigated steels, the 
present investigation revealed that grain boundary segregat ion of 
ant imony and also of other solute e lements vvas negligible. 

The inf luence of ant imony on recrystall ization and grain 
grovvth vvas studied on steel alloyed vvith 0 .05% Sb and on com-
parative steel. The kinetics of grain grovvth and the final grain 
size vvas determined in the temperature range f rom 700 to 800°C, 
there vvas no clear effect of Sb on the rate of the grain grovvth. 
vvhile the recrystall ization vvas slovv in the ant imony alloyed 
steel. f igure 5. 

The grain orientat ion for both steel a l loyed vvith Sb and 
compara t ive steel vvas de te rmined vvith X-ray d i f rac tomet ry , 

Annealing time min 
Figure 6: Grain size in dependence of annealing time for steels vvith 

0.05% Sb and vvithout SblO. 
Slika 6: Velikost zrn v odvisnosti od časa žarjenja za jeklo z 0.05% Sb 

in primerjalno jeklo brez SblO. 



Figure 7: Pole figures of steels alloyed with 0.05% Sb. 0.1% Sb and 
comparative steel established by X-rav difractometry. using M o - K « 

radiation. Small share of grains with the texture 1100)(001) was 
obtained in 0.05% Sb steel(a). for 0 . 1 % Sb steel a vveak texture \vith 

(l i l)(()()!) orientation was established. 
Slika 7: Polove figure jekel legiranih z 0.05% Sb. 0.1% Sb in za 

primerjalno jeklo brez Sb smo določili / metodo rentgenskega uklona / 
uporabo Mo K « sevanja. V jeklu /. 0.05'i Sb je bil ugotovljen manjši 

delež zrn z orientacijo (1001(001) (a); za jeklo / 0 . 1 % Sb pa je bila 
določena šibka tekstura (111)(110). (b). 

using Mo K a radiat ion. Ordered pole f igures are shown in f ig-
ure 6, fo r compara t ive steel. For both steels a l loved with anti-
m o n y a week or ientat ion is es t imated. Small share of grains 
vvith the texture (100) (001) vvas obta ined in steel with 0.05 'v 
Sb, vvhile for the steel a l loyed with 0,1 r/< Sb a vveak texture of 
(111) (110) orientat ion w a s es tabl i shed. Similar results of grain 
or ientat ion were ob ta ined by p e r f o r m i n g an etch pits me thod . 
as reported a l r e a d y \ 

The results of this investigation, support the hvpothesis that 
the texture format ion results f rom orientation dependent e f fec ts 
of Sb on the surface energv. but not f rom ef fec ts on the grain 
boundary stability and mobili ty. 

4. Conclus ions 

The ant imony surface segregat ion depends on grain orienta-
tion. The m a x i m u m ant imonv surface segregat ion coverage at 
saturation vvas found at 700°C by A F S . 

The Sb surface segregation depends on grain orientation. 
The peak height ratio at saturation for the (100) single crystal 
surface vvas used as a calibration and the maximal surface con-
centrat ion for the polvci vstallinc samples at saturation u a s 0.6 
of a monolaver . 



Grain boundan segregation of antimony and of other solute 
elements e.g.. S. C. P. Si. Al. in the experimental stecls were neg-
ligible. 

The desorption of antimonv and sulfur was established at 
T > 750 C. by TDS method. Tluis one can conclude that the de-
crease in antimony segregation rate at elevated temperature is the 
result of simultaneously segregation of antimony and sulfur as 
well as of antimonv and sulfur desorption. 
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Use of the HDDR Process in Preparation of Zirconia 
Doped Nd-Dy-Fe-B High Coercivity Povvder 
HDDR postopek kot metoda za pripravo visoko koercitivnih 
Nd-Dy-Fe-B prahov 

S. Kobe Beseničar,* B. Saje, G. Dražič, Jožef Štefan Institute, Ljubljana, Slovenia 

The present paper deals vvith the use of the HDDR process as the preparative method 
for obtaining zirconia doped high coercive Nd-Dy-Fe-B povvders. The influence of the 
dopant and of the processing parameters on the HDDR mechanism and the magnetic 
properties of the povvders obtained, vvas studied. The material vvas characterized by 
magnetisation measurements at various stages of the HDDR process. Electron 
microscope studies on the Nd-Dy-Fe-B povvders vvere performed to observe the 
influence of zirconia addition on the crystallisation during the recombination process. 
Key vvords: Nd-Fe-B magnets, coercivity, processing. 

HDDR postopek (Hidrogenacija Disproporcionacija Desorpcija Rekombmacija) smo 
uporabili kot metodo za pripravo finih visoko koercitivnih Nd-Dy-Fe-B prahov dopiranih 
s cirkon oksidom. Študirali smo vpliv dopanta in procesnih parametrov na mehanizem 
poteka HDDR postopka in na končne morfološke in magnetne lastnosti tako dobljenih 
prahov. Vzorce smo karakterizirali na različnih stopnjah HDDR postopka z magnetnimi 
meritvami. Prahove smo opazovali z elektronskim mikroskopom in študirali vpliv 
cirkonovega oksida na potek kristalizacije med postopkom rekombinacije. 
Ključne besede: Nd-Fe-B magneti, koercitivnost, procesiranje. 

Introduction 

One of the vvell knovvn methods for preparation of isotropic 
Nd-Fe-B coercive povvders is the HDDR process, as reported in 
several papers 1 4 . It vvas also established previously that an 
anisotropic povvder can be produced by the addition of small 
amounts of Zr to the initial composition. The intrinsic coercivi-
ties of povvders prepared by this method are reported to be up to 
1100 kA/m (13.8 kOe)5 6. 

In our previous vvork the beneficial influence of zirconia on 
the microstructure and consequently on the magnetic properties 
and corrosion resistance of sintered Nd-Dy-Fe-B magnets vvas 
reported7". 

The purpose of the present vvork vvas to prepare high coer-
cive Nd-Dv-Fe-B povvders by the HDDR processing route, using 
the same composition of the basic alloy, together vvith the addi-
tion of 1 wt.% of ZrO,, as previously employed8 . High coercivi-
ty povvders vvere intended for use as the basic material for the 
preparation of resin bonded magnets. This paper only deals vvith 
the povvder processing and its characterization. 

Experimental 

The basic alloys for the HDDR process vvere prepared by are 
melting the allovs NdFe, DyFe, FeB and Fe povvder in a pure Ar 
atmosphere. The alloy composition vvas Nd l„_KDyxFe7f,Bli 

(0<x<3). In order to prevent oxidation, a Ti sponge vvas used as 

* dr Spomenka KOBE BESENIČAR. 
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a getter for oxygen. 1 wt.% of zirconia vvas added before are 
melting. The melted buttons vvere then subjeeted to HDDR pro-
cessing. They vvere treated in hydrogen at room temperature 
(20kPa) first and then heated to different temperatures betvveen 
750°C and 850°C and exposed to further hydrogenation for tvvo 
hours. A thermopiezic (TPA) analysis and DTA analyses vvere 
performed to follovv the absorption proccss. The procedure vvas 
follovved by evacuating the system and after exposing the sam-
ples to maximum temperature and high vacuum (10 1 Pa) for one 
hour they vvere furnace cooled6. 

Samples vvere lightly crushed and the povvders obtained vvere 
characterized by magnetic measurements. For the mass magne-
tization measurements a DSM8 magnetometer - susceptometer 
vvas used; the intrinsic coercivity measurements vvere performed 
using a permeameler. Comparability of the measurements vvas 
attained by using always the same quantity of examined povvder 
and binding material (epoxy) (wt.% 85/15). Samples vvere pulsed 
in a field of 4000 kA/m and demagnetized vvith a field of cca 
2000 kA/m. Povvders vvere observed by means of a SEM/EPMA 
(JEOL JXA 840 A). Phase analyses vvere performed using a 
TEM (JEOL 2000 FX). 

Results and discussion 

Figure 1 shovvs the demagnetizing curves of povvders 
obtained by the HDDR process at different temperatures. 
Samples vvith and vvithout zirconia addition are compared. 
The basic composition of those samples is Nd l sDy|Fe? ( ,B s . 
Z0 samples are vvithout zirconia addition and Z1 vvith I wt% 
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Figure 1: Demagneti/.ing curves of povvders obtained by the 11 DDR 
process at different temperalures. Samples vvith and vvithout zirconia 

are compared. 
Slika I: Demagnetizacijske krivulje prahov, dobljenih po HDDR 
postopku pri različnih temperaturah. Primerjava vzorcev z in brez 

dodatka cirkon oksida. 

of zirconia additive. A max imum value of the intrinsie coercivi-
ty of 1400 kA/tn ( 17.5 kOe) was attained vvhen samples vvith the 
addition of zirconia vvere processed at 775 C. This value exceeds 
the coercivity of samples vvithout zirconia and processed under 
the same condi t ions for about 13 % of the value obtained vvith 
samples vvithout additive. At 750 C the poorer magnet ic proper-
ties obtained vvere attributed to the presence of f ree iron. Grain 
grovvth at S00 C causes a decrease in cocrcivitv. 

Figure 2 shovvs the d i f ferenee in the mass magnet izat ion be-
tvveen samples vvith and vvithout Z r O , addition processed at dif-
ferent temperalures . Several exper iments in two different labo-
ratorics shovved reproduciblc results. Samples vvith zirconia 
addition revealed ;i higher magnet izat ion at lovver temperature 
(750°C) than samples free of this additive. In Figure 3 the S E M 
micrographs of the samples vvithout addit ion of zirconia (A) and 
vvith zirconia addit ion (B) are shovvn. Both samples vvere 
processed under the same condit ions. Thev vvere treated at 
750 C. There is obvious d i f ferenee in the grain size. vvhieh is 
around 0.3 um in the samples vvithout Z r O , addition and in the 
range betvveen 0.3 um and 1 um in the samples with the additive. 
The most probable reason for the recombinat ion process starting 
at lovver temperalures and consequent ly the higher magnet iza-
tion of doped samples , lies in the dif ferent reaction kinetics of 
zirconia doped samples. At temperalures of the recombinat ion 

M 70 

E 60 < 
^ SO -
C o 
f | 40-
£3 V 
j | ^ " 

„ 20 

10-

»ithoul Z1O2 750°C 

»ilh ZrO i 1 nt % TStrt: 

»ithoul Zr02 800°C 

w i l h Z r 0 2 t n t % S(I0"C 

600 800 

Magnetic field strcngth 10' (A/m) 

Figure 2: Mass magnetization measurements ol samples vvith and 
vvithout ZrO, addition, processed at different temperalures. 

Slika 2: Magnelizacija vzorcev z in brez dodatka cirkon oksida, 
pripravljenih pri različnih temperaturah, kot funkcija jakosti 

magnetnega polja. 

Figure 3: S E M micrographs of the samples processed under the same 
conditions (750 C I: A - vvithout zirconia. B - »ith zirconia addition. 

Slika 3: S E M posnetki vzorcev pripravIjenih pri enakih pogojih 
(750 Cl : A - brez cirkon oksida, B - s cirkon oksidom. 

process higher than 750 C" the mass magnet izat ion is normallv 
alvvavs higher in samples free of additive. 

Our T E M observat ions conf i rmed the presumption about 
different reaction kinetics of zirconia doped samples. When the 
samples are exposed to the recombinat ion process at 750 C. 
nano crvstals of Nd rich phase vvhieh occurs vvithin the origin 
grains are at least an order of magni tude smaller in the čase of 
zirconia free samples (2 11111) (Fig. 4A) than in the čase of sam-
ples vvith zirconia addition (up to 20 nm) ( Fig. 4B | . 

In addition the crvstall i tes of hard magnet ic phase vv ithin the 
origin grains are at least an order of magni tude bigger in zirco-
nia doped samples (Fig. 5B) compar ing to the zirconia free sam-
ple (Fig. 5A). vvhere nano crvstals do not exceed 10-20 11111. 

In Figure 6 E D X spectra of 2-14-1 phase in samples vv ithout 
(A) and vvith zirconia (Bi addition are shovvn. The FeK Nd, 
peak-height ratio is lovver in the čase of sample (A) (cf. Fig. 5l 
indicating that several small Nd-rich particles vvere also present 
in the analvsed volume. In the čase of sample B. the particle size 
of Fe-rich phase is large enough to obtain just the spectrum of 
this phase vvithout the interference f rom Nd-rich phase. 

T P A analvsis of the absorption process shovved the dispro-
portionation starting at higher temperature and procceding slovv 
cr in zirconia doped samples (Fig. 7). These results vvere con-
firmed also vvith a DTA analvsis (Fig. S). It is obvious that 
disproport ionation of the samples vvithout zirconia addit ion 
starts al lovver temperature. 
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Figure 4: T E M mierographs (dark field) and eorresponding diffraetion 
patterns of NdDvFeB samples - Nd rieh phase: A - /ireonia Irce. 

B - /ireonia added. 
Slika 4: T E M posnetki (temno polje) in odgovarjajoči dilraktogrami 

vzorcev NdDvFeB - fa/a bogata / Nd: A - brez eirkon oksida. 
B - / dodatkom eirkon oksida. 

v r « 
• T 

Figure 5: TEM mierographs (dark field) and eorresponding diffraetion 
patterns of NdDvFeB samples - Nil,Fe l4B phase: A - /ireonia free. 

B - /ireonia added. 
Slika 5: TEM posnetki (temno polje) in odgovarjajoči difraktoerami 

vzorcev NdDvFeB: laza - Nd,Fe,',B 
A - bre/ eirkon oksida. B - / dodatkom eirkon oksida. 
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Figure 6: E D X spectra of 2 - 14 - 1 phase in samples vvilhout A and vvilh 
B /ireonia addition. 

Slika 6: E D X spektri 2 - 14 -1 faze v vzorcih bre/ A in / dodatkom 
eirkon oksida B. 

A tentative explanation is that the statement about the local 
stabilization of 2-14-1 phase vvitlt rcspect to disproport ionat ion. 
vvhen elentents sueh as Zr are added to the basic alloy" could be 
also transmitted in the čase of zirconia addition. With the addi-
tion of zirconia the so called cells remain unaffected by the dis-
proportionation and thev act as nueleation centres in the recom-
bination process. This model which explains anisotropv of sueh 
povvders can tentatively also explain our T E M observations. A 
certain texture strueture of the Nd-rich crystals formed during the 
recombinat ion process in zirconia doped samples vvas detected 
(Fig. 4B. diffraet ion pattern). In the samples vvithout Z r 0 2 addi-
tion the strueture consists of randomly oriented nano crystallites 
(Fig. 4A). A detailed analvsis vvith T E M on sulici samples vvill 
give us more information about phase composi t ion. There are 
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Figure 7: T PA traees for /ireonia free (Z0) in zirconia added (XI) 
Nd|,Dy|FeT„BK samples. 

Slika 7: T P A anali/a vzorcev Nd,5Dy,Fe „BS: 7.0 - bre/ eirkon oksida, 
/ . I - / dodatkom eirkon oksida. 



Figure 8: D T A of Nd l5Dy,Fe7f,Bs in 1 barhydrogen 
(note: graphs are not calibrated to the mass) 

Slika 8: DTA analiza vzorca Nd15Dy1Fe7„B,( pri I bar vodika 
(grafi niso kalibrirani na maso). 

some indications about the presence of a phase based on Fe and 
Zr and this will also help LIS to explain the results of our first T E M 
analyses. 

On the basis of these results, one can conclude that the HD-
DR process ing route for the preparat ion of high coercive zirco-
nia doped Nd Dy-Fe-B povvders reaches its op t imum at 775°C 
for the present processing condi t ions ( temperatures tested vvere: 
750°C, 775°C, 800 'C. 850°C). Further vvork will study the 
preparation of anisotropic magnets by different established tech-
niques. 
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Macro and Micromorphology of in Service Cracking 
and Fracture of Turbine Blades 
Makro in mikromorfologija razpok in zlomov nastalih med 
obratovanjem turbinskih lopatic 
F. Vodopivec*, B. Ule, L. Vehovar, J. Žvokelj, Institute of Metals and technologies, 
Ljubljana, Slovenia 
V. Verbič, TNT, Obrenovac, Serbia 

After the break down cracked and fractured blades vvere extracted from the turbine and 
the macro and micromorphology of cracks and fractures surface vvere investigated. 
Three modes of propagation vvere identified: stable propagation by HISC, stable 
propagation by HISC and fatigue and instable brittle and ductile propagation. The 
micromorphological characteristics of the different modes of propagation are explained. 
Key vvords: Turbine blades, steel, cracking, fracture, corrosion, fatigue, microstructure. 

Po zlomu so bile počene in zlomljene lopatice vzete iz turbine in bila je raziskana makro 
in mikromorfologija razpok in zlomov. Identificirani so trije mehanizmi širjenja: stabilno 
širjenje zaradi HISC, stabilno širjenje zaradi HISC in utrujenosti ter nestabilno krhko in 
duktilno širjenje. Opisane so mikromorfološke značilnosti posameznih načinov širjenja. 
Ključne besede: Jeklo, turbinske lopatice, razpokanje, zlom, korozija, utrujenost, 
mikrostruktura. 

1. Exper imenta l work 

The exper imenta l vvork consisted of: 
- examinat ion of microstructure; 
- analvsis of impuri t ies on cracks surfaces, and 
- macro and micro examinat ion on the cracks and fractures 

surface. 

The data on the composi t ion of the steels and mechanical 
properties will be reported later and will be considered in this pa-
per only vvhen necessarv to explain better the f indings relative to 
the microstructure and the aspect of the cracks and fractures sur-
face. 

The composi t ion of ali examined blades corresponded to that 
required for the martensit ic stainless steel X21CrMoV 121 and 
also the mechanical propert ies suff iced the requirement of the 
buver of the turbine. It should be noted that a very lovv notch 
toughness of 15 J vv as required. Four d i f fe rent cases of cracking 
and fracturing of the blades vvere identif ied on the basis of visu-
al examination:- one čase of cracking on the rounded trailing 
edge in the passage betvveen the root and the blade: 
- some cases of cracking in the first root grove most ly at a dis-

tance up to 50 m m f rom this edge (lig. 1, 2 and 3), and 
- fracture of precracked blade in the turbine in the first root 

grove vv ith an initial crack (fig. 4) or vvithout such crack 
(fig. 5). 

On some in service cracked blades the crack surface vvas 
opened for examinat ion by bending in laboratorv, general ly af-
ter cooling in liquid ni trogen. 

On the base of the macromorpho logy of the crack surface 
three tv pes of in service crack propagation vvere identif ied: 
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- surface shovving near the initial point no fat igue striations but 
vvith such striations on the remaining area of the crack (fig. 2 
and 6), 

- surface of cracks vvithout fat igue striations (fig. 3). and 
surface vv ith fat igue striations f rom the starting point of cracks 
propagat ion. 

Figure 1: Crack on the trailing edge in the first root grove of blade 436. 
Slika I: Razpoka na izhodnem robu v prvem korenskem žlebu 

lopatice 436. 

2. Micromorphology of cracks and fractures 

Several form of propagation vvere observed on specimens cul 
from different parts of the fracture of blades and on laboratorv 



Figure 6: Surface ofthe crack on the blade on fig. 4. 

Slika 6: Površina razpoke na lopatici na si. 4. 

specimens. In order to make the matter easier to fol low the frac-
ture micromorphology is deseribed separatelv for different areas: 
initial point, stable propagation and brutal (instant) rupture on 
laboratorv specimens and in the turbine. 

2.1. Initial point of cracking and stalile propagation 
Gencral lv . the surface of cracks near the initial point vvas 

covered vvith corrosion products and also af ter a verv careful 
cleaning it vvas rarclv possible to find at SEM observation reli-
able details, vvhich vvould characterizc the mechanism of initia-
tion. An cxception vvas the specimen in fig. 7. vvhere several 
crack initials vv ith a perfcctlv clean surface vvere found. Near the 
tip o f t h e pitting vvith a size o f a p p r . 0.25 m m the fracture surface 
is brittle trans and intergranular (fig. 8) vv ithout fat igue striations. 
The micromorphologv o f t h e transgranular surface is featherlike 
and similar to that reported frequently for high strength steels 
vvith a martensit ic microstructure and vvith an inereased content 
of hvdrogen. This suggests that in presence o f t h e pitting the nti-
clcation o f t h e crack vvas induced bv the overcharging o f t h e stccl 
vvith hydrogen produced bv the corrosion process at the tip o f t h e 
pitting. A similar detail of micromorphologv of fracture surface 
near the nuclcation point vvas observed also on the blade 430 
(fig. 9). It shovvs mixed propagation and small contaminat ion 
vv ith corrosion products. visible more clcarlv on the intergranu-
lar surface. On the clean part of cracks surface vv ithout striations 
near the border of the brutal f racture the micromorphologv vvas 
similar as in fig. S and 9 and it shovved mixed trans and inter-
granular propagation vvith the featherlike surface of t ransgranu-
lar cleavage (fig. 10). 

Figure 2: Surface of a crack vv ith areas vv itli and vv ithout fatigue 
striations. 

Slika 2: Površina razpoke / deli / in brez. utrujenostnih brazd. 

Figure 3: Surface of a crack vv ithout fatigue striations. 

Slika 3: Površina razpoke brez utrujenostnih brazd. 

Figure 4: Fraclure ofthe blade 447 extracted from the disc after the 
bivak dovvn. The initial crack is on the left side. 

Slika 4: Prelom lopatice 447. ki je bila i/ turbine vzela po havariji. 
Začetna razpoka je na levi strani. 

Figure 5: Fracture of the blade 37') extracted from the disc 
after the bivak dovvn. 

Slika 5: Prelom lopatice 37l). ki je bila vzeta i/ turbine po havariji. 

Figure 7: Fracture initials on blade 450. 

Slika 7: Začetki preloma na lopatici 450. 



Figure X: Surface o!" one of the cracks in l ig. 13 near the bottom of llie 
pitting. 

Slika 8: Površina ene od razpok na si. 13 oh dnu zajede. 

Figure 10: Surfacc of the crack in fig. 3 near the border line of the 
brutal rupture of the blade. 

Slika 10: Površina razpoke na si. 3 ob meji /. nasilnim /lomom. 

Figure 9: Detail of the crack surface without fatiguc striations. 

Slika 9: Detajl površine razpoke brez utrujenostnih brazd. 

Corrosion pits were the initials of ali the cracks in the first 
grove of the root, also pitting as small as 0 ,05 m m (fig. 11). 

In ali cases when the cleaning was suff ic ient to reveal details 
the surface of cracks without fatiguc striations showed a micro-
morphologv similar to that in fig. 10. thus brittle trans and inter-
granular propagat ion. 

Fatiguc striations were found on crack surface of several 
blades at various distance f rom the starting point on the surface. 
That shows that t\\ ti mechan i sms of stablc propagation were ac-
tive in the growth of cracks. Consequent ly , on cracks surface two 
different micromorphologies of propagat ion were found. Pure 
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Figure 11: Pitting and microcrack in the first root grove. 

Slika 11: Zajeda in mikrorazpoka v prvem žlebu korena. 

fatiguc with striations of d i f ferent width (fig. 12) was found on-
ly in the crack situated in the rounded passage between the root 
and the leaf of the blade. The propagat ion is t ransgranular and 
the micromorphologv is independent upon the width of the stri-
ation. The main feature are striations and small edges oriented in 
the direetion of crack propagat ion. It seems safe to conclude that 
the cause for propagation was the ampl i tude of fat iguc stress and 
that large striations represent the operation of the turbine in range 
of critical number of revolutions. Also the width of the narrovv-
est striation is considerable (0.01 m m ) and indicates to a rela-
t i v e n high ampli tude of dynamic stress. In the second čase the 
crack surface showed by macroscopic observation an apparent 
pure fatiguc propagat ion. By appropriate magnif icat ion is SEM 
a mixed micromorphology was observed (fig. 13). It consisted of 
groups of steps and microcracks orthogonal to the direetion of 
propagat ion alternated vvith vvider bands where the surface indi-
cates a specif ic mechanism of t ransgranular propagat ion. 
Micror idges parallel to the direetion of the propagation of cracks 
trespassed sheafs of steps and microcracks or thogonal to the 



direction of propagat ion. The eonclusion is that the crack propa-
gated in condi t ions when corrosion and fat igue prevailed alter-
n a t i v e ^ . thus a propagation bv fat igue corrosion. 

As alreadv shovvn, ali the f indings indicate that the initials of 
cracking in the first grove of the root were corrosion pits. also 
pils as small as 0.05 m m (fig. 11). The steel at the top of the pits 
vvas charged vvith hydrogen. that decreased it fracture toughness 
and craeks vvith mixed trans and intergranular propagation vvere 

Slika 12: Površina utrujenostne razpoke na zaobljenem prehodu 
i/ korena v list lopatice. 

Figure 13: Microdetail of the crack surface in l ig. 2 in the area of 
fatigue striations. 

Slika 13: Mikrodetajl površine razpoke na sliki 2 na področju 
utrujenostnih brazd. 

Figure 15: Straiaht crack on the vvorking side in the first root grove 
of blade 41 iT 

Slika 15: Ravna razpoka na delovni strani v prvem korenskem žlebu 
lopatice 41 I 

initiated because of statie o r d y n a m i c stresses. The initiation took 
plače either on several points and single mierocracks coalesced 
in a steplike macrocrack (fig. 141 or in one point and the micro-
crack did grovv in a harline slightlv curved macrocrack (fig. 15). 
If the corrosion process vvas cont inued, the crack eont inued to 
propagate bv the same mechan i sm and a crack surface vvithout 
striations vvas obtained. If the intensity of corrosion vvas dimin-
ished or the corrosion vv as stopped, the propagation cont inued bv 
sufficient stress ampl i tude in condi t ions of pure fatigue. 

In ref. I it is reported that the enr iehment of impurit ies in the 
first drops of condensate could reach several orders of magni-
tude. The presence of pittings in the first grov e ol the root shovvs 
that the first drops of eontaminated condensate appeared in this 
area of the blade. vvhere the statie and dvnamic stress made them 
particularly harmful . The presence of pittings demonstra tes nat-
urallv also a poorqua l i ty of boiler vvater. at least in some periods 
of the vvork of the povver station. 

2.2. Bruta! fracture 

This tvpe of fracture vvas obtained in three different vvavs: 
- in service. 

Figure 14: Step like crack on ihe vvorking side in the first root grove. 
Blade 435. " 

Slika 14: Stopničasta razpoka na delovni površini v prvem korenskem 
žlebu. Lopatica 435. 

ire 12: Surface of the fatigue crack in the rounded area 
of the transition from the root to leaf of ihe blade. 



on laboratorv specimens and 
by bending o f c r a c k e d blades in laboratorv. 

Brutal in service f racture was observed on blades 379. 434. 
442 and 447. Fig. 16 shovvs the mic romorphology of the fracture 
in area I on blade 379 fractured vvithout precrack and shovvn in 
Fig. 5. The micromorphologv shovvs a quasi ductile propagation 
under shearing stress vvith v e n rare intcrcrystallinc details. In 
area II of the same blade the mic romorpho logy is identical. In 
area III. vvhere the propagation occurred in condit ions of plane 
strain (1). the micromorphologv is brittle. mixed trans and inter-

Figure 16: Microdetail nI' the rupture surface of the blade on t i«. 5 
in area I. 

Slika 16: Mikrodetajl površine preloma lopatice na si. 5 v področju I. 

Slika 17: Mikrodetajl površine preloma lopatice na si. S v področju III. 

granular (fig. 17). Virtually identical vvas the micromorphologv 
of the fracture of blade 434, vvhich failed in service probablv at 
the same time and in similar stress condit ions. Also the micro-
morphologv of the brutal fracture of blades 442 (fig. 4) and 447. 
tvvo blades broken in service or during the break dovvn and pre-
cracked in the First grove of the root is similar as that in area III 
of blade 379. 

On noteh toughness spec imens the more intercrvstal l ine 
brittle propagat ion vvas found the lovver vvas the value of noteh 
toughness . By a level of 70 J and more the propagat ion vvas duc-
tile (fig. IS) vvith most ly small d imples . vvhich indicate that on-
ly a thin laver of metal both sides of the crack lips vvas d e f o r m e d 

Figure 18: Fracture surface hv a noteh toughness of 1 10 J. 

Slika 18: Prelomna površina pri /are/ni žilavosti 110 J. 

Figure 19: Fracture surface bv a noteh toughness of 52 J. 

Slika 19: Prelomna površina pri zarezni žilavosti 52 J. 

Figure 17: Microdetail of the rupture surface of the blade on fig. .i in 
area li l . 



Figure 20: Fracture surface by a notch toughness of 35 J. 
Slika 20: Prelomna površina pri /are/ni žilavosti 35 J. 

Figure 21: Fracture surface bv a notch toughness of 22 J. 
Slika 21: Prelomna površina pri /are/ni žilavosti 22 J. 

dur ing the fo rmat ion of the voids. Below a toughness of 60 J the 
surface shows a quasi brittle propagat ion with f r equen t areas of 
propagat ion th rough mar tens i te platelets lying in the plane of 
the f rac ture and rare duet i le detai ls (fig. 19). By a notch tough-
ness of 34 .1 in a s imilar t ranscrvstal l ine matr ix in tergranular 
faeets are found (f ig. 20) and by a notch toughness of 24 J the 
in tergranular brittle p ropaga t ion p redomina ted (fig. 21). It 
seems tlius that the d iminut ion of toughness belovv a level of ap-
pr. 35 J is connec ted to an inereasing part of intergranular brit-
tle crack propagat ion . The mic romorpho logv of f rac ture tough-
ness and of notch toughness spec imens of the same steel vvas 
virtually identical . 
5 7 6 

3. Contaminat ion of crack surface and mechani sm of stable 
crack propagat ion 

On some of the cracked blades broken bv bending in labora-
torv small relativelv clean areas of crack surface vvere obtained. 
On tvvo sueh surfaces. one vvith and the second vvithout fatigue 
striations the presence of some elements vvas determined vvith 
surface scanning in a SEM equipped vvith tvvo vvavelength dis-
persive speetrometers . Because o f t h e uneven surface no quanti-
tative analvsis vvas possible. therefore the results given in table 
1 have onlv a comparat ive value. It seems logical to conclude 
that ali the analvsed elements vvere present on the crack surface 
as compounds . since ali of them could not reach the crack sur-
face as pure elements . It is assumed also. consider ing the traces 
of corrosion on the surface of the blades, that sulphur and chlo-
rine are present in form of sulphate rsp. chloride vvhich in vvater 
solution stronglv inerease the corrosivitv of the droplets in the 
first area of s team condensat ion (2. 3. 4). The very great d i f fer-
ence in the level of contaminat ion offers a logical support for the 
follovving explanat ion of the d i f ference in the process of stable 
crack propagation and the resulting d i f ference in the morpholo-
gy o f t h e surface of cracks. 

Table 1: Results o f t h e analvsis of crack surfaces. 
Tabela 1: Rezultati analize površine pre lomov. 

Blade Mode of crack Element, mg/enr 

No. propagation C1 Na Ca Si S C l + S 

435 vvithout lat. str. 47.7 4,S.4 55.6 112 50.2 D7.') 

436 vv ith lat. str. 1.0 0.17 5.2 12.4 0.19 1.74 

Chloride ions break the passive laver on the surface on the 
blade. cause a rapid local process of corrosion and pitt ings are 
fo rmed because the cathodic area is much greater than the anod-
ic area. On the bottom of the pittings the condit ion for the initi-
ation of cracks are present: an aggressive solution, small active 
tip. great passive lateral surface as vv ell as brittle steel charged in 
hvdrogen produced at the tip bv the corrosion process through 
the follovving electrochemical reactions: M -> M ' = e. and 

Figure 22: Microstructure bv a notch toughness of 1 10 J. 

Slika 22: Mikrostruktura pri /are/ni žilavosti 110 J. 



Figure 23: Microstructure bv a notch toughness of 35 J. 

Slika 23: Mikrostruktura pri /are/ni žilavosti 35 J. 

v r č i + H , 0 = M O H + Cl + H . Metal chloride produces through 
hvdrolvsis metal hydroxide as deposit on the crack surface and 
ions of hydrogen and chloride. The formation of acid in the pitts 
lovvers the pH value. produces hydrogen ions vvhich promote the 
hvdrogen induced stress cracking (HISC). In references 2. 3 and 
4 the brittle cracking of martensit ic stainless steel in the presence 
of a corrosion process vvhich generates hvdrogen ions in cathod-
ic areas is conf i rmed . Tvpical features of this type of cracking are 
non branchcd cracks. vvhich vvere found in ali the blades cracked 
in the first grove of the root. vvhile in čase of stress corrosion 
cracking the cracks are branchcd. Hvdrogen in interstitial solu-
tion segregates to areas of tensile stress concentra t ion. lovvers the 
ductilitv and the fracture toughness ol' the steel and causes a 
mi.ved trans and intergranular brittle fracture. 

4. Microstructure and notch toughness 

The examinat ion in optical microscope did not shovv signif-
icant d i f ferences in microstructure of the steel, vvhile the obser-
vation in SEM vv as more instructive. In ali cases the microstruc-
ture consisted of tempered mostlv acicular martensi te . By 
observ ation in SEM it vvas possibly to connect partlv the mi-
crostructure. especiallv the size and distribution of tempered car-
bide particles. to the notch toughness . Bv high notch toughness 
the carbide particles are coarse and the habitus of martensite 

poorlv marked (fig. 22). By intermediate toughness level the par-
ticles of carbide are smaller, f requent ly aligned along grain 
boundaries and along martensi te platetels, and the habitus of 
martensi te is vvell marked (fig. 23). Bv a very lovv notch tough-
ness of 20 J the microstructure is similar. A careful evaluation in-
dicates that the d i f ferencc in notch toughness and the increasing 
part of intergranular fracture can not be explained onlv in terms 
of microstructure. The tempering temperature required for a high 
limit o f c I a s t i c i t y for this type of steel is in the range of reversible 
intergranular segregation of some elements , especiallv phospho-
rus (5). It seents thus that the intergranular fracture bv lovv tough-
ness is partlv due also to the brit l leness produced bv intergranu-
lar segregation. This conclusion is conf i rmed bv the fact that 
frequenlly intergranular facets are perlectlv smooth (fig. 21). 
thus tvpical for intergranular britlleness produced bv reversible 
intergranular segregation (5). 

Conclus ions 

In the paper the results of the investigation of the cracks and 
fractures surface of turbine blades are presented. 

On the base of the cracks macro and micromorphology three 
meehan i sms of stable crack propagation vvere established: 
- mixed intcr and transgranular propagation bv HISC and 

t ransgranular propagation bv corrosion fatigue. and 
transgranular propagation bv fatigue. 

In the first tvvo cases cracks started on corrosion pits as small 
as 0,05 111111. Brutal f racture in turbine and in laboratorv occurred 
bv mixed brittle trans and intergranular propagat ion. On the ini-
tial part of the in turbine rupture of the blades vvithout crack the 
fracture vvas ductile, in the second area the propagat ion vvas brit-
tle trans- and intergranular vvhile the fracture of precracked 
blades vvas eompletely brittle. The lovvering of the notch tough-
ness of the steel belovv appr. 35 J is characterised bv an increas-
ing part of intergranular fracture vvith a smooth surface suggest-
ing that the steel brit l leness vvas connected to the microstructure 
as vvell as to an intergranular segregation of phosphorus. 
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The Role of Contact Friction and Rheology in the 
Deformation at Plastometric Tests of Rheologically 
Complex Materials 
Vpliv kontaktnega trenja in reologije pri plastometričnih 
preizkusih reološko kompleksnih materialov 
G. G. Shlomchack*, Dnepropetrovsk Metallurgical Institute, Ukraine 
I. Mamužič, Metalurški fakultet, Sisak, Croatia 
F. Vodopivec, Institute of metals and technologies, Ljubljana, Slovenia 

The deformation anomalies of higher orders at plastometric test are studied on easily 
deformabie iead alloys-modeis of different rheologicai compiexity by original testmg 
methods. It is ascertained that the development of deformation anomalies depends 
upon the degree of rheologicai complexity of the material. Simple strain anomalies are 
due to the inadequate conditions of contact friction, vvhile those of the higher orders 
results mainly from microrelief of the sample butts. Recommendations for the obtention 
of homogeneity of deformation at plastometric tests are given. The tests shovv that the 
deformation of rheologically complex metals develops according to laws basically 
different of the contemporary notions of the mechanics of plastic deformation. 
Key words: plastic deformation, rheology, deformation anomalies, contact friction, 
homogeneous deformation 

Opredeljene so deformacijske anomalije višjega reda pri plastometričnih preizkusih 
svinčevih spojin z različno reološko kompleksnostjo. Razvoj anomalij je odvisen od 
reologije materiala. Enostavne anomalije so posledica neustreznega stičnega trenja, 
anomalije višjega reda pa so predvsem odvisne od mikroreliefa stične površine. 
Priporočeni so ukrepi za doseganje homogene deformacije pri plastometričnih 
preizkusih. Ti kažejo, da deformacija reološko kompleksnih materialov poteka po 
zakonih, ki se razlikujejo od sodobnega razumevanja mehanizma plastične deformacije. 
Ključne besede: plastična deformacija, reologija, deformacijske anomalije, kontaktno 
trenje, homogena deformacija. 

1. Introduction 

The development of new technologies of pressure shaping 
depends on the knowledge of rheologicai properties of the plas-
ticallv deformed material. The dependence betvveen the resis-
tance to deformation tr and the deformation rate e at different 
strain rates <r and tenipcratures T is a family of curves a-e , it is 
specific for eacli steel and allov and it is a rheologicai passport 
of the material. The most reliable are rheologicai curves obtained 
bv compression tests on cam plastometer (fig. 1) at constant 
strain rates (1). The condition <r = const is ensured by the cam 
profile which is given bv the logarithmic lavv 

i ( \ 
k 8 5 = exp —. x , 

K - A/7 ^ v J 
with h , - initial height of the cvlindrical specimen 4; 
Ah - absolute cogging of the specimen ali over its height; 
n - circumferential speed of the drum 1: 
x - length of the cam profiled part 2. 

• I)i. s t . G e o r g G E O R G U E V I f S H L O M C H A C K . 
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The ensurance of the specimen deformation homogeneity 
(2). thus the elimination of barrel formation. twisting. shift, 
bending and other deformation anomalies is the basic require-
ment in plastometric tests. 

It is generallv accepted that contact friction forces onlv in-
fluence the deformation of the specimen during its plastic com-
pression. The present investigations refute this point of view and 
show experimentally that the development of deformation anom-
alies depends to a great extent upon the rheologicai complexity 
of the deformed metal. 

2. Rheology of the investigated material 

Non-strengthenable materials of the first rheologicai class 
and monotonously strengthenable materials of the second rheo-
logicai class are regarded as rheologicai simple (3). Rheologicai 
complex materials differ from them by presence of extrema on 
the <r-e curves. 

In this work steels and alloys with one maximum on ir-e 
curves are examined which belong to the most widespead third 
rheologicai class (4) of metallic materials with the characteris-
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Figure 1: Sclieme of cam plastometer: 1 - drum; 2 - profiled cani; 
3 - plunger; 4 - specimen; 5 - force-measuring element. 

Slika I: Shema tlačnega (cam) plastometra: I - valj. 2 - profiliran 
nastavek. 3 - bat, 4 - preizkušanee. 5 - merilnik sile. 

t i c deformat ion < r, at the m a x i m u m of rcsistance to deformat ion 
<rm.lx (5). The smaller is the valuc crx vvithin the limits of the rhe-
ological class. the higher is the degree of the material rheologi-
cal complcxi ty . In f ig. 2 rheological curves of carbon steel (a) 
vvith a characteris l ic dcgrcc of deformat ion <r, = 0.4. . .0.6 (6). 
high-speed allov steel (B) vvith <tx = 0.3.. .0.4 (7). and as unique 
for it degree of rhcological complexi ty (C) a z i rconium allov (S) 
are shovvn. The characterisl ic degree of deformat ion of the 
c i rkonium 2.5% Nb allov is onlv <r, = 0.03. . .0.05 and its 
rheological curves could be better qual if ied as "curves of 
uns t rengthening" than as "curves of s t rengthening". The defor-
mation of such mater ia ls occurs according to lavvs vvhich are 
di f ferent in principlc of the modern concept ion of the mechan-
ics of material plastic de format ion . The close studv of the 
dcvc lopment of de format ion anomal ies of higher order (4) of 
rheological ly complex mater ia ls vvould probablv promote the 
development of the theorv and technology of metal pressure 
shaping. 

Fasilv de lormed lead a l loys-models of different rheological 
complcsi tv vvere developed for the model l ing nevv processes of 
metal pressure shaping at the Ukrainian Metal lurgical Academv. 
Fig. 3 shovvs some o - e curves for a technically pure lead 
(99.98% Pb, curve A) and alloys vvith 99.9% Pb (curve B), 
99.4% Pb (curvc C) and 99.0% Pb (curve D) obtained by cam 
plastometric tests in compress ion at the temperature of 15 C and 
strain rate <r=0.3 s '. If pure lead is qualif ied as a second order 
rhcological monotonous ly s trengthenable material ("A") then, 
depending on the content of addit ions. the alloys have a maxi-
m u m on curves <r-e. vvhich shif ts to a smaller deformat ion dc-
grcc. f rom (Txb = 0 .63 to trxi, = 0 .23. vvhich compl ica tes their rhe-
ology. 

It should be noted that earlier the rheological (but not defor-
mational) complexi ty of lead vvas observed either at high tem-
peratures (9) or by static loading (10) vvhat made it unsuitable for 
the use in phvsical quanti tat ive model l ing of the pressure shap-
ing processes based on the similaritv theorv. 
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Figure 2: s-s curves of different rheological complevitv: .1 - steel vvith 
0.19% C; 0.04% Si: 0.86% M11: 0.022% P; 0.029'/, S at 900°C (61; 
b - high speed steel vvith 0.88% C: 0.39% Si: 0.23% Mn: 0.03% P: 
0 . 0 1 1 % S: 3.3% Cr: 6.39% W; 4.72% Mo; 2.23% V at 1100°C (7): 

c - zirconium allov vvith 2.5% niobium at 775 C. (Ni ali at the indicated 
values ol" strain rate in s-1. 

Slika 2: s-s krivulje / različno stopnjo reološke kompleksnosti: a - jeklo 
z 0 . 19% C; 0.04% Si; 0.86% Mn; 0.022% P in 0.029% S pri 900°C (6): 
b-hitrorez.no jeklo z 0.88% C: 0.39% Si; 0.23% Mn; 0.03% P; 0 . 0 1 1 % 

S: 3.3% Cr; 6.39% W; 4.72% Mo in 2 .23% V pri 1100 C (7); 
c - cirkonijcva zlitina z 2 .5% Nb pri 775°C. (Si vse pri označeni 

deformacijski hitrosti v s-1. 

3. Spec imens and methods of testing 

After vacuum melt ing and chemical checking the ingots of 
lead allovs of 50 mm diameter and 10 mm high vvere pressed in-
to rods of d iameter of 5.9 111111 and cut into initial blanks of 
I I.5...1 l .S m m of lentgh. I11 fig. 4 press mould details used for 
the calibration of specimens and the s imul taneous indentat ion of 
a regular microrelief on their butts in form of concentrical trian-
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Figure 3: Rheologieai curves of technically pure lead SI (<W.98<3f Pb, 
"A" curvet and allo> s of 99.9% ("B" curve). 99.4% ("C" curve) and 

99.0% lead ("D" curve). 
Slika 3: Reološka krivulja za tehnično čisti svinec SI (99.98% krivulja 
A) in zlitine z 99.99! (krivulja B). 99.4% (krivulja C) in 99.0% svinca 

(krivulja D). 
barrel-shaped. the number of layers is inereased, if it becomes 
concave then their number is diminished. 

Figure 5: Container for plastometrie tests by compression: I - upper 
die; 2 - body; 3 - specimen; 4 - lovver die. 

Slika 5: Container za plastometrične tlačne preizkuse: 1 - zgornja 
matrica. 2 - ohišje, 3 - preizkušanec, 4 - spodnja matrica. 

gular juts 0.3 mm high bv the plungers 2 and 4 are shovvn. The 
final d imensions of the specimen vvere: d iameter - 6.0 mm and 
height - I 1.0 m m . Before the plastometr ie tests the specimens 
vvere annealed at 100°C during an hour and then aged dur ing thir-
ty dav s at room temperature. 

Fig. 5 shovvs the Container for the compress ion tests of cylin-
drical specimens . The initial adjus tment of the specimen 3 and 
the plungers 1 and 4 in the container 2 is obtained by means of a 
simple centr ing device . Polished vvorking surfaces of plungers 
and profi led butts of the specimens are covered vvith layers of 
viscous lubricant Litol 42 and separated by thin rubber. polyeth-
v lene o r p o l v u r e t h a n e foils. The number of layers of lubricant en-
suring the homogenei tv of deformat ion vvas determined experi-
mentallv. If in the process of compress ion the specimen becomes 

Figure 4: Press mould for pressing and calibration of specimens for 
plastometrie tests: 1 - body; 2 - upper die; 3 - calibrating matrix: 

4 - lovver die. 

Slika 4: Orodje za stiskanje in kalibriranje preizkušancev za 
plastometrične preizkuse: 1 - ohišje. 2 - zgornja matrica. 

3 - kalibracijska matrica, 4 - spodnja matrica. 

4. The inf luence of contact friet ion on the growth of 
deformat ion 

In čase vvhen the radial d isplacement of metal on the vvork-
ing surface of the plungers is hampered , the butts of the speci-
mens are formed vvith the contact of it lateral surface and the 
plunger. Fig. 6b shovvs a pressed pure lead specimen covered 
vvith chalk on the initial contact area. The light eircle on the butt 
is the unstrained initial surface, dark circie is a pari of the con-
tact area lifted f rom the lateral surface of the specimen. Also the 
initial form and the shape af ter a true homogeneous deformat ion 
of the specimen during plastometrie tests as a result of the prop-
er lubrication of the contact area are shovvn in fig. 6. 

In fig. 7 specimens of pure lead af ter sagging at plastometer 
vvith strain rate ir = 0.3 s 1 by identical parameters , bul different 
condit ions of frietion on the contact are shovvn.The specimen 2 
vvas pressed vvith dry contact surfaces, and a barrel shape vvas ob-
tained. The specimen 3 vvas de fo rmed homogeneous ly as a result 
of the optimal seleetion of the lubricant. The concave shape of 
the specimen 4 vvhich vvas obtained by inereasing the number of 
layers of lubricant to three vvith tvvo intermediate rubber separa-
tors. In this čase the frietion force veetor changed to the opposi te 
sign and the frietion became active in promot ing the strong radi-
al d isplacement of metal adjacent to the contact and the concave 
lateral surface of the specimen vvas obtained. 

Figure 6: Heterogeneous (b) and homogeneous (c) deformation of pure 
lead samples SI (a - initial form of the sample, d - butt relief of the 

sample). 

Slika 6: Heterogena (b) in homogena (c) deformacija preizkušancev i/ 
čistega svinca SI (a - začetna oblika preizkušanca, d - reliefna osnovni 

ploskvi valjastega preizkušanca). 
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Figure 7: Strain development in pure lead samples by increase of 
lubrication of butts (2-4) and lead allovs specimens from fig. 3 by 

different degree of rheological complexity (A-D). 
Slika 7: Razvoj dclormacije v preizkušancih i/, čistega svinca pr i 
povečanem H mazanju stičnih ploskev (2-4) in preizkušancev iz 

svinčevih zlitin s slike 3 pri različnih stopnjah 
reološke kompleksnosti (A-D). 

Fvidentlv. by plastometric tests of rheologically simple ma-
terials the s ignif icance of lubricant is very substantial . With 
modif icat ion of the condit ions of friction on the contact surfaces 
it is possible to regulate the development of deformat ion and 
achieve its homogenei tv . 

5. The role of metal rheological comple \ i t> in deve lopment 
of de format ion 

Let tis novv present some results of plastometric tests of rhe-
o l o g i c a l ^ complex alloys at the same condi t ions (e=0.6; a = 0 . 3 
s 1) vvithout lubrication. 

Fig. 7 (A-D) shovvs samples of the tested alloys by order of 
rheological complexi ty: A - pure lead, B - " B " alloy, C - " C " al-
lov, D - " D " alloy. As in the previous series of tests the specimen 
of pure lead (A) is barrel-shaped. The shape of the specimen of 
allov " B " vvith a m a x i m u m (am a x h) on the rheological curve ;it it^ 
= 0.63 (see Fig. 3) is also barrel shaped. Since only a deformat ion 
belovv (r = 0.63 vvas achieved the rheological complexi ty of the 
alloy did not c o m e to evidence and the specimen vvas de fo rmed 
according to the s imple s trengthenable material of the second 
class. The specimen of " D " allov inspite of the sagging vvithout 
lubrication assumed a quite d i f ferent shape, a strongly marked 
concavi ty of the lateral surface. The rheological curve of the al-
lov " D " (third rheological class in Fig. 3) shovvs that if the defor-
mation is inereased above the characterist ic value. the resistance 
to deformat ion is decreased sharplv f rom <:rmax = 95 MPa at 
o \ = 0 . 2 3 to 60 MPa at e = 0.6. Simple calculat ions shovv that bc-
fore the deformat ion h;ts embraced ali the specimen vo lume the 
triangular juts of it butts did de form to the extent of 6 = 0.4.. .0.6. 
This startcd a deformat ion vvith strengthening of the metal in the 
bulk volume of specimen and unstrengthening of metal in lavers 
adjaccnt to the contact . The resistance to deformat ion of these 
lavers in the very initial stage is smaller and tliev flovv in radial 
direetion vvith higher speed than the inner lavers fo rming the 
specimen with concave lateral surface. It should bc noted, that in 
spite of the small depth of the butt relief (0.3 m m ) the volume of 
this unst rengthenable metal is suff icient lo initiate the de fo rma-
tion of metal more distant f rom the contact . 

The deformat ion anomal ies in the process of sagging of the 
alloy "C" (fig. 7 C | is of special interest. The characteristic de-
gree of deformat ion of the allov "C" is achieved by cr, = 0.43. Up 
to this moment the adjaccnt to contact vo lumes of metal, on ac-
count of the greater deformat ion of the butt microrel ief . are 
strengthened more intcnsivelv than those in the depth and the 
sample becomes barrel-shaped. Bv fur ther sagging the deforma-
tion of metal lavers adjacent to the contact above <r, start to un-
strengthen and in the last stage rush intcnsivelv in radial diree-
tion outstr ipping the lav ers in the depth. The specimen acquires 
a specific shape: concavitv near the contact vvith the tool and bar-
rel-shaping dur ing the final stage of the process. It is concluded. 
therefore . that the deformat ion homogeneitv must be achieved 
during ali the test. 

It is possible to el iminate deformat ion anomal ies of higher 
orders at plastometric tests of rheological complex allovs by 
means of greater fr ict ion on the contact specimen-tool vvith the 
deposit ion of chalk. Also it can be achieved by seleeting the 
proper specimen butts asperitv. 

Conclus ions 

1.The development of deformat ion anomal ies at plastometric 
tests depends substantiallv on the degree of metal rheological 
complexi ty . Deformat ion anomal ies are caused by inadequate 
condi t ions of contact f r ic t ion vvhile deformat ion anomalies of 
higher orders result f rom the pr imary deformat ion of specimen 
microrelief on the contact vvith the tool. 

2. The homogenei tv ,of deformat ion at plastometric tests of rhe-
o l o g i c a l ^ complex metal s can be achieved by the proper 
roughness of the specimen surfaces in contact vvith the tool. 
Friction at this plače either prevents or promotes the radial dis-
placement of the de fo rmed metal . 

3. Bv plastometric tests of meta ls and allovs it is necessarv to 
control the deformat ion of the specimen during the vvhole 
process in order to reveal and el iminate intermediate defor-
mation anomalies . 
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Deformation Anomalies of Higher Order during the 
Plastic Extention of Rheologically Complex Materials 

Deformacijske anomalije višje stopnje med plastičnim 
raztezanjem reološko kompleksnih materialov 
G. G. Shlomchack*, Dnepropetrovsk Metallurgical Institute, Ukraine 
I. Mamuzič, Metalurški fakultet, Sisak, Croatia 
F. Vodopivec, Institute of metals and technologies, Ljubljana, Slovenia 

New deformation anomalies of rheologically eomplex materials vvere discovered and 
demonstrated. It vvas found out that in the process of axial extention during the 
decrease of resistance to deformation secondary deformation heterogeneities take 
plače alternated vvith deformation homogeneities due to changes in resistance to 
deformation. 
Key vvords: rheology, tensile test, deformation, heterogeneities 

Odkrite so bile nove deformacijske anomalije reološko kompleksnih materialov in 
dokazane z raztržnimi preizkusi primernih kovin. Ugotovljeno je, da pri aksialnem 
raztezanju med zmanjševanjem odpora proti deformaciji prihaja do sekundarnih 
deformacijskih heterogenosti in homogenosti zaradi sprememb v odpornosti materiala 
proti deformaciji. 
Ključne besede: reologija, raztržni preizkus, deformacija, heterogenosti 

1. Introduction 

The plaslicitv is essential for the irreversible ehange of form of 
materials and the obtention of a finished product. The measure 
ot plaslicitv is the extent of deformation energy aceumulated in 
the material up to the failure1 and it is generally established by 
testing in conditions of stress-strained state identity. The 
simplcst of such tests is the linear tension or compression of 
the specimens when the concepts of dcformability and 
plaslicitv are identic. 

Kaibishev defines good plasticity as "high stabilitv" against 
formation of the neck at uniaxial extention ol the specimcn 
and explains the possibilitv of using veritable stress-strain 
diagrams r)-e for the estimation of the plaslicitv'. Beside of the 
uniform elongation and neeking the test shows some 
parameters of the sensitivitv of the material to the 
strengthening rate as well as quantitative data on the plasticity. 
However the question remains of how to obtain better 
informations on the materials deformabili ty by means of real 
stress-strain curves. 

Modern metallophv sics investigates the separate and combined 
influence of many factors on plaslicitv of metals and alloys. 
For example. on the basis of the analvsis of extensive 
experimental data M. Y. Dzugutov tried lo explain why the 
plaslicitv of high-alloved steel decreases and vvorked out a 
classification of this multiform plicnomenon '. 

However, the complex intcrrelation betvveen various factors 
and their influence upon the deformation processes makes the 
problem of the predietion of the def'ormability unsolvable 

• Dr. sc Georg GEORGIJEVIČ SHLOMCHACK. 
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vvithout spccial appropriate experiments. In ref. 3 the 
importance of plastometric tests is pointed out, but no 
suggcstion is proposed hovv lo use their results for 
deformability forecasts. 

In literature extensive informations on rhcological r)-e curves 
obtained by plastometric tests of various metals and allovs are 
found4 \ Their analvsis shovvs that plasticalIv deformed 
materials can be devided into rhcological simple vvith 
invariable or strictly inereasing funetion d-e and rhcologicallv 
complex vvith cxtreme on r)-e curves. 

Rhcological anomalies are vvell-knovvn and explained. Initial 
strain anomalies observed as neeking of specimens at tensile 
strain are knovvn too, but the regularities of their development 
are not fullv explored. The influence cd' test rate and 
temperature'', as vvcll as that of the material strueture7 vvere 
investigated, hovvever no attempts to study the dependence 
betvveen the regularities of strain and rhcological anomalies 
vvere published so far. 

This problem vvas solved by the experimentally discovered and 
theoretically explained phenomenon of highest order strain 
anomalies during the tests of rhcologicallv complex materials 
by plastic stretehing. 

2. Theoretical anal vsis 

In the phenomenological analysis it is nccessarv to kcep in 
mind the condition of identity of rhcological curves rJ-e 
obtained bv stretehing and by compression and the fact that in 
the integral aspcct these curves hold ali the information on the 
changes in the material during the plastic deformation. 



During the tensile tests of unstrengthenable material any casual 
rcduction of specimen cross-section leads to rupture, if it is not 
compcnsa ted by strain hardening and the deformat ion in form 
o f t h e necking preceding the rupture. Le t ' s call this vvell known 
simple strain heterogenei ty "s imple strain anomalv" . 
During tensile tests of s t rengthenable material the deformat ion 
vvith decreasing cross-section is localised in one section earlier 
than in others vvhich strengthen because of l iquations. 
favourable orientation of crystallite. etc. and ceases to de form, 
vvhile other sections of the specimen less s trengthened are 
involved in the flovv. 

Consequent ly in the beginning the deformat ion spreads vv ithin 
the vvhole vo lume o f t h e material - vve observe the vvell-knovvn 
quas i -homogeneous strain of the specimen. According to 
phenomenologica l concepts it vvill be called "homogeneous 
strain of the first order". The follovving formation of the neck 
011 the specimen vvill be called "he te rogeneous strain of the first 
order" or "strain anomalv o f t h e first order". 

On the base of the analvsis of true r)-e d iagrams and their 
cxplanat ion ali materials are ciassif icd bv the degree of their 
rheological complexi ty (Fig. I). 

The first rheological class are simple unstrengthenable 
materials. Bv stretching the specimens are de fo rmed according 
to simple heterogeneous strain vvith format ion of the neck and 
rupture (Fig. 1,1). 

In the second rheological order one f inds simple s trengthenable 
materials vvith a strictlv inereasing <)-e function (Fig. 1,11). A 
tvpical feature of sueh materials is the homogeneous strain of 
the first order. the format ion o f t h e neck - strain anomaly o f t h e 
first order and rupture o f t h e specimen. 

The third lo fif th classes are rheological complex materials . 
l ite third rheological class is charasterized bv a m a x i m u m on 

r)-e curves. The material (Fig. 1,111) of this type is stretehed 
through the stage of the first order homogeneous strain, then 
the neck is fo rmed . The reason is not a laek of plasticitv as in 
second rheological class. but the inf luence of other 
mechanisms . The diminut ion o f t h e resistance lo deformat ion is 
reached af ter a l imited uni form elongation of the specimen. 
The process is follovved by a considcrable deerease of the 
relative elongation due to the accelerated format ion of the 
neck, hovvever, the value of relative necking is not decreased at 
the same moment . This anomalv vvas called "he terogeneous 
strain anomalv o f t h e second o r d e r " \ 

For the fourth rheological class of materials tvvo ext reme on r)-e 
curve and an subsequent inerease of resistance to deformat ion 
af ter the first one (Fig. 1,IV) are tvpical. As in the čase of 
materials of the second class. the extention of the specimen 
begins vvith a homogeneous strain of the first order and then, in 
the materials of the third class. a heterogeneous strain of the 
second order is observed: the neck starts to form before the 
elongation et is attained. Herc the material reveals its 
remarkable propertv: the specimen does not fracture, but it is 
stretehed homogeneous lv in the region of the alreadv fo rmed 
neck'1. The explanat ion is the secondarv inerease o f t h e material 
resistance to deformat ion in the neck before et (Fig. 1,1 V). 
Outside the process is similar to the homogeneous strain of the 
first order, embrac ing only the neck region or. to be more 
exact , the transition /.one f rom the neck lo the main volume of 
the specimen. This strain anomalv is called according to the 
proposed terminolog) as "homogeneous strain of the second 
order". Manv metals (coppcr, a luminium, lead. etc.) have the 

remarkable propertv to restore the plasticitv in this vvuv. The 
fur ther extension of the specimen brings the formation of a 
localised neck on the earlier e longated neck and causes "a 
heterogeneous strain anomalv o f t h e third order". 

The fifth rheological class of materials is characterized bv 
relations r)-e vvith three or more ex t rema (Fig. I,V). During the 
extension the specimen passes through stages of strain tvpical 
for the IV rheological class. hovvever vvithout rupture in the 
localised neeks but vvith further s trengthening and uniform 
elongation due to the homogeneous strain. This anomalv. is 
called "homogeneous strain of the third order". The follovving 
stage is the format ion of a nevv localized neck on the e longated 
neck of "he te rogeneous strain anomalv of the fourth order" . 
and so on. 

Multistage strain anomal ies of the highest orders on materials 
of the f i f th rheological class are not evident as it is shovvn 
sehematicallv in Fig. 1,V. The reason are anomalv smooth 
changes betvveen the different stages and thus the changes are 
found only bv very careful observat ion. 
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Figure 1: Tensile strain anomalies of materials vvith different rheologv. 

Slika 1: Anomalije pri nate/ni deformaciji materiala 

Fig. 2 shovvs a family of rheological curves for hot-rolled 
annealed pure t i tanium (99.9% )5 vvhich is at 900 C typical 
representative of an unstrengthenable material of the first 
rheological class, de formable according to the simple strain 
heterogeneitv type, vvhile at 700 C it is a tvpical representant 
of the second rheological class. Fig. 3a shovvs rheological 
curves for a carbon steel (0 .43 ' ; C. 0 .26 ' i Si. 0 .74% Mn. 
0 .022 ' r P. 0 .016% S) representing a verv numerous third class 
of rheologicallv complex materials. Fig. 3c shovvs tj-e curves 
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a - steel C 45 al 900 C:b - copper (99.99% ) at 600 C; 
c - aluminium (99.5% ) al 4X0Cd: d - lead C l (99.9X% ) at 20 C. 

Slika 3: Reološke krivulje: 
a - jeklo C 45 pri 900 C; h - baker (99.99% ) pri 600 C : 

c - aluminij (99.5% ) pri 4X0 Ch; d - svinec C l (99.98% ) pri 2 0 C . 

for a technicallv pure a luminium (99.57r) vvhich is a 
rheologically complex material of the fourth class with two 
cxtrema on the r)-e curves. Copper (99.99%) is at 600 C" a 
rhcologicallv complex materials of the fifth class vvith three of 
more extrema on d-e curves (Fig. 3b). 

3. Experimental invest igations 

The experimental investigations of strain anomal ies were 
performed on lead, which has the remarkable property to 
recrystallize at room temperature (Fig. 4). Processes of its 
plastic deformat ion are similar to those during the hot 
deformat ion of steels and alloys. It is therefore except ional ly 
convenient for the model l ing"• ' - . The rheologicai propert ies of 
lead are unique. Fig. 3d shows rheologicai curves of lead 
(99.98 ' , ; ) obtained on a cam plastometer at 18-20°C" . At strain 
rate e = 0 .005 s 1 lead softens completely bv rccrvstallization 
and it can be thus regarded as a rheologically s imple 
unstrengthcnable material of the first class. At the speed of 
e = 0.01 to 0.1 s 1 it has complex relation 3-e with two ext rema 
inherent to rheologically complex materials of the fourth class. 
By moderate strain rates (e = 0.1 to 0.5 s 1 ) lead is a 
rhcologicallv simple s trengthenable material of the second 
class. whilc at higher rates it is a rheologically complex 
material of the third class. 
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Figure 4: Recrystallization temperature of lead 
Slika 4: Temperatura rekristalizacije svinca. 

The diversilv of rheologicai properties of lead makes il suitable 
for the study of materials deformabi l i ty vvith various rhcologv 
at slabič condit ions and room temperature. Spec imens 10 \ 20 
mm eross-seetion were extruded vvith a deformat ion ratio of 
18:1. Af ter thickening of the ends by forging the specimens 
vverc annealed an hour at 100 X". The properties vverc then 
stabilized by aging at 3(1 C for 60 davs and the microstructure 
vvas controlled. Fig. 5 shovvs the microstructure af ter annealing 
and ageing. No grain grovvth vvas observed during the thermal 
treatment. Even slight impurit ies can change significantlv the 
lead rheolog) quanti tat ively as vvell as qual i ta t ively | ! . In order 
to have a constant chemical composi t ion the specimens vvere 
madc of the same nielt. 

In the analysis of the rheologicai properties of different metals 
il vvas ascertained that al a temperature slightlv above the 
recrystallization temperature the complcxity of rhcologv is 
revcaled more evidenllv al lovv strain rates. For this reason the 
exper iments vverc per formed at a temperature of 33-34 C, thus 
different from the temperature bv vvhich the rheologicai curves 



Figure 5: Microstructure of lead. 

Slika 5: Mikrostruktura svinca. 

r)-e in Fig. 3d were obtained. Invest igat ions were performed on 
"Fritz Hekker t " FP-10 and FP 100/1 machines at a stretehing 
rates of 0.5; I: 200 and 1500 m m p m . 

It was ascertained that the character of specimen deformat ion 
depends at a given rate on the specif ic rheological relation 
given by the <)-t curve f rom the familv of rheological curves in 

i i s;, f). ' 

T o cnsure an average strain rate of e = 0 .004 s 1 longer 
specimetis were used (Fig. 6, spec imen No 1). At tliis rate lead 
deformed as materials of the first rheological class with a 
distinet format ion of the ncck, thus with a simple strain 
anomalv. Spec imens No 1. No 2 and No 3 were stretehed with 
the same pre-set relative elongat ion e = 40',>. 
The average strain rate of specimen No 2 was 0.02 s 1 (Fig. 1. 
IV) and a curve of the fourth rheological class was obtained. 
Af ter a short deformat ion in the stage of strain homogenei tv of 
the first order the deformat ion cont inued by strain 
heterogenei ty of the second order and a local ncck was formed. 
As the extension went on. deformat ion proceeded according to 
the sccondarv homogenei tv type. The ncck elongated on 
account of near-bv metal vo lumes and the specimen acquired 
the shape given in Fig. 6. No 2. Though quanti tat ively 
rheological anomalies (emax and emin deviat ions) of lead at 
tliis speed are onlv marked. strain anomalies and di f ferenees 
between them are observed quite distinctlv. 
Specimen No 3 (200 m m p m ) deformed as rheologieally simple 
s trengthcnable material of the second class in condi t ions of 
homogeneous strain. 

Specimen No 4 (1500 m m p m ) passed a short stage of 
homogeneous deformat ion according to he terogeneous strain 
type and IVacturcd attaining scarcelv an elongation of e = 3X'/r 
while retaining the value of .. = 100% vvaist. The fall of 
plasticity is due in tliis čase to the strain anomalv of the second 
order. Al tliis strain rate rheological curve of lead shovvs one 
m a x i m u m , which is a charaeterist ic for materials of the third 
rheological class. 

The repetition of exper iments conf i rmed the reliabilitv of the 
f indings. The investigation of strain anomal ies of highcr orders 
and the regularity of their occurrence suggest a solution ol 
some interesting problems and reveal the nature of the 
formation of the strain nidus dur ing the rolling of rhcologicallv 
complex stcels14. 

Figure 6: Form of lead specimens stretehed at strain rate of mmpm: 
No I -0 .5 ; No 2 - 1 . ( 1 ; No 3 - 21)0; No 4 - 1500 

Slika 6: Oblika svinčenih preizkušancev, deformiranih s hitrostjo 
deformacije: št. 1 -0.5; št.2- 1.0: št.3 - 200: št.4 - 1500. 

4. Conclus ion 

A phenomenon of strain anomalies of highcr orders of 
rhcologicallv complex materials was determined 
experimental ly and explained. It reveals itself in the process of 
plastic uniaxial evtension. according to the rheological curve ri-
6. Sccondarv and further strain heterogenei t ies appear 



alternated with secondary and following homogeneities vvhich 
inerease the resistance to deformation. 

Considering the proposed rheological classification ol' 
materials the understanding of regularities ol' strain anomalies 
can be used for the solution of theoretieal and technological 
problems connected vvith the predietion ol' the development ol' 
plastic deformations and of the rupture of rheologicallv 
complex materials. 
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Quality of Surfaced Running Wheels 
Kvaliteta navarjenih tekalnih koles 
R. Kejžar*, ZRMK Ljubljana, Slovenia 
L. Kosec, FNT - Montanistika (Metalurgija), Ljubljana, Slovenia 

Results of tribologlc testing of samples of running orane wheels as well as of orane rails 
shovv that vvear resistanee of running vvheels can be considerably improved by 
surfacing. The vvear of the vvheels coated vvith higher-alloyed claddings is insignificant. 
It is only the vvear of crane rails vvhich becomes significant, and vvhich increases vvith 
the increase of hardness of the running vvheel surface (it depends only on alloying of the 
surfaced cladding). Hard running vvheel surfaces are interestmg mostly in the čase of 
greater stresses because they permit operation vvith lovver frietion moment, and 
consequently lovver heating of contact surfaces in sliding as well as m rolling frietion. 
Key vvords: vvear of running crane vvheels, submerged-arc surfacing, alloyed 
agglomerated fluxes, tribologic testing of vvear resistanee of surfacings. 

Rezultati tribološkega testiranja vzorcev tekalnih koles žerjavov in tirnice so pokazali, da 
lahko z navarjanjem znatno izboljšamo obrabno ostojnost tekalnih koles. Obraba koles, 
k i j i h platiramp z močneje legiranimi prevlekami, je neznatna. Pomembna postane samo 
obraba tirnice, ki pa se s trdoto tekalne površine kolesa (odvisna je od legiranja 
navarjene prevleke) povečuje. Trde tekalne površine koles so zanimive predvsem pri 
večjih obremenitvah, ker zagotavljajo obratovanje z nižjim momentom trenja in s tem 
manjše segrevanje stičnih površin tako pri drsnem kot tudi kotalnem trenju. 
Ključne besede: Obraba tekalnih koles žerjavov, navarjanje pod praškom, legirani 
aglomerirani praški, tribološke preiskave obrabne odpornosti navarov. 

1. Introduction 

Wear mechanisms are simulated by tribologic testing. The 
state of stress of a material depends on the load applied, number 
of revolutions. and slip. Stresses generated in a material due to 
the operation of a machine element exert a decisive influence on 
its applicabili ty 'h . 

Quality of the surfaces subject ti) vvear is of extreme impor-
tance. Life of the machine element depends on the steel or allov 
applied. Its making of high-alloy steels or special alloys, vvhich 
vvould result in its high vvear resistanee, hovvever, vvould be very 
expensive. It is surfacing processes vvhich make it possible that 
soleh the surfaces and edges subject to vvear during operation 
need to be made of special vvear-resistant steels or a l l o y s 7 T h e 
verv submerged-arc surfacing of vvheels vvith alloved vvire "EPP 
Cr 6" and vvith fused llux somevvhat improves their vvear resis-
tanee vv ith regard to that of unsurfaced vvheels. An even more 
distinet improvement of vvear resistanee of the vvheels can be 
achieved if running vvheel surfaces are submerged-arc surfaced 
vvith alloyed agglomerated fluxes or high-effieiencv alloyed 
thick-coated eleetrodes to obtain higher-alloved and harder 
claddings. These filler materials permit ns to surface structural 
unalloved steels in one laver vvith high-alloyed claddings1"1 

2. Qualitv of samples for tribologic testing 

Multi-laver submerged-arc surfacing of vvorn-out running 

' Dr. Ra jko Kt J / A R . ilipl. in / . 
Z R M K Ljub l j ana . D i m i č c v a 12. 0100(1 L j u b l j a n a 

vvheels vvith vvire "EPP Cr 6" and fused flux provides quite an ac-
ceptable quality of the repaired running vvheels. The running 
vvheels repaired in this way are even a little more vvear-resistant 
than the unsurfaced ones. This vvas proved also by tribologic test-
i n g " 

s 
Surfacing of the vvorn-out running vvheels vvith alloyed vv ire 

"EPP Cr 6" can be replaeed by submerged-arc surfacing vvith un-
alloved vvire "EPP 2" and alloyed agglomerated flux. The sur-
facing is alloved vvith chromium and other selected elements 
coming from the alloved agglomerated flux. The compositions 
of one-layerand multi-layer surfacings, i.e. deposited metals. ob-
tained in submerged-arc surfacing vvith unalloyed vvire "EPP 2" 
and vvith the nevv alloyed agglomerated IIux "0—7 SIVI" corre-
spond verv vvell to those of the surfacings obtained in sub-
merged-arc surfacing vvith vv ire "EPP Cr 6" and fused flux (see 
Table 1). 

Testing of vvear resistanee of the surfacings has shovvn that 
the alloyed agglomerated vvelding flux " 0 - 7 SM" in eombination 
vvith the unalloyed vvire "EPP 2" is quite a suitable substitute to 
be applied for submerged-arc surfacing of the running vvheels 
vvith alloyed vvire "F.PP Cr 6" and fused flux. 

For surfacing of higher-alloyed vvear-resistant claddings, 
high-alloyed agglomerated vvelding flu.xcs "U-Mo 1" and "BM-
2" have been developed in addition lo the alloved agglomerated 
vvelding flux " 0 - 7 SM". 

Samples for tribologic testing (Fig. l ) have been made of 
steel C.4732. They have been atilomalicallv submerged-arc sur-



Table 1: Chemical analyses of one- layer and mult i - layer 
submerged-arc surfacings (deposited metals) made vvith wires 
- EPP Cr 6 and fused fhix and 
- EPP 2 and al loyed agglomerated flux "0-7 S M " respectively. 

Tabela 1: Kemične analize enos lo jnega in večs lo jnega 
navara (čistega vara) z žico 
- EPP Cr 6 pod ta l jenim praškom in 
- E P P 2 pod legiranim aglomeri ranim praškom "0-7 S M " 

Surfacing C Si Mn Cr Mo 
(%) (%) (%) (%) (%) 

EPP Cr 6/fused flux 
- one-layer 0,20 0.24 0,65 4,53 

- multi-layer 0,10 0,25 0,7(1 7,00 

HPP 2/alloyed flux "0-7 SM" 
- one-layer 0,32 0,35 0.87 3,56 
- multi-layer 0,11 0,55 1,21 9,12 

0,31 
0,48 

running contact surfaces of the rollers surfaced and of the rail 
samples have been ground and polished to Ra = about 0.3 mm 
before being tested on a t r ibometer "Amsle r" . 

3. Results of tribologic testing of the surfacings 
and of the rail 

Parameters for tr ibologic testing of the running erane wheels 
and of the rail have been chosen in such a manner that Her tz ' s 
pressure in the čase of our test carried out betvveen tvvo rollers 
(Amsler) is the same as that in aetual condit ion e\ is t ini i the run-
ning vvheel and the erane rail1 ' . 

Testing condi t ions in rolling fr iet ion are as follovvs: 
P = 600 N/cm, 1200 N/cm, and 2000 N/cm 
v = 200 r.p.m. (0.42 m/s), and 400 r.p.m. (0.84 m/s) 
t = 24 min 

Diagrams of fr iet ion m o m e n t are given in Fig. 2. 

faced vvith vvire " V A C 6 0 " 0 1 . 2 m m (I = 140 A, U = 21 V, and 
vweld. = 30cm/min; q = 5 KJ/cm) and al loyed agglomerated 
f luxes "0-7 S M " . " U - M o 1". and " B M - 2 " vvhich. during surfac-
ing, heated up to the temperature of 350°C. Cool ing rates of the 
surfacing and of the heataf fec ted zone correspond to those in sur-
facing of preheated running vvheels carried out in pract icc 1 ' 1 

Chemical composi t ions and hardness valucs for the surfac-
ings and the heat-affected zones are given in Table 2. 

Table 2: Chemica l composi t ions and hardness values of the sam-
ples surfaced for tribologic testing (50 % overlapping of runs) 

Tabela 2: Kemične sestave in trdote navarjenih vzorcev za tri-
bološke preiskave (50%-no prekr ivanje varkov) 

Surfacing C" Cr Mo W V 

(%) (%•) (%) (%) (%) 

Hardness in H V _ 
Final Weld H A Z 
layer centre 

VAC 60/0-7SM 0,31 5,3 0,3 - - 410 366 183 

VAC 60/U-Mo 1 0,55 9,8 2,3 - 0,9 6S7 556 172 

V A C 60/BM-2 0,85 5,1 4,2 5,0 1,9 707 586 163 
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Figure 2: Diagrams of frietion moment vvhen testing vvear resistance of 
unsurfaced (I.) and surfaced vvheels vvith flux "U-Mo 1" (II.) and 'BM 

2" (III.): v = 400 r.p.m. or 0.84 m/s. 

Slika 2: Diagrami momenta trenja pri testiranju obrabne obstojnosti 
nenavarjenih (I.) ter navarjenih koles pod praškom "U-Mo I" (II.) in 

"BM 2" (III.): v = 400 obr./min. oz. 0.84 m/s 

Wear of the vvheels surfaced vvith higher-alloved claddings 
is insignificant. It is only vvear of the rail vvhich becomes impor-
tant and vvhich inereases vvith the incrcased hardness of the run-
ning vvheel surface (vvhich itself depends on al loving of the 
c ladding surfaced). Hard running vvheel surfaces are of interesi 
most of ali vvith higher stresses because they make possible op-

Figure 1: Scheme of surfacing and preparation of a hard running 
surface bv specimens for tribologic testing (1 - first surfacing, 

2 - second surfacing). 

Slika I: Skica navarjanja in priprave trde tekalne površine pri vzorcih 
za tribološke preiskave (I - prvi navar. 2 - drugi navar) 

Quality running surfaces of the surfaced rollers are obtained 
if the surfacings are broached at an angle of 45 (Fig. 1). The sam-
ples of the rail not being broached, it is the surfaced samples 
vvhich determine the gap vvidth in tr ibologic testing (5 mm) . The 
590 



Figure 3: Microstructure of a rail section 
a) Pr. 10 - high friction moment; more than 10 Nm 

bi Pr. 5 - lov, friction moment; about 6 Nm 

Slika 3: Mikrostruktura preseka tirnice 
a) Pr. 10 - visok moment trenja; preko 10 Nm 

b) Pr. 5 - nizek moment trenja; okoli 6 Nm 

Figure 5: Damaged running surface - parts of oxides, stickers 
of metals... (unsurfaced running wheel) 

Slika 5: Poškodovana tekalna površina - delci oksidov, nalepi kovine., 
(nenavarjeno tekalno kolo) 

Figure 4: Appearance of an unsurfaced running wheel section 
and its microstructure 

Slika 4: Izgled preseka nenavarjenega tekalnega kolesa 
in njegova mikrostruktura 

eration vvith a lovver friction momen t , and consequent ly result in 
a vveaker heating of the contact surfaces in sl iding fr ict ion as vvell 
as in rolling friction. 

Heating o f t h e contact surfaces, vvhich is part icularly s trong 
vvith high friction moments , results, in the čase of strong loads, 
in a considerable deformat ion of the surface layers of the rail 
(Fig.3) and of the running vvheels (Fig.4) if they have not been 

Figure 6: Appearance of a surfaced (0-7 SM) running vvheel section 
and its microstructure. 

Slika 6: Izgled preseka navarjenega (0-7 SM) tekalnega kolesa in 
njegova mikrostruktura 

surfaced, i.e. ref ined vvith a hard cladding. Plastic deformat ion is 
accompanied also by crystalline modif icat ion of the surface lay-
er if the latter heats above 555°C due to rolling friction15 . If heat-
ing dur ing rolling, vvhich strongly depends on friction moment , 
is very intensive, the crystalline modif icat ion zone can extend al-
so beyond the deformat ion zone (Fig.3). The deformat ion zone 
in rails goes approximately 0.4 m m deep, vvhile the crystalline 
modif icat ion zone, in the čase of high friction moments , goes 
even 2 m m deep (Fig.3). 



Figure 7: Damaged running surface - parls of oxides, stickers of 
metals... (surfaced running wheel; 0-7 SM). 

Slika 7: Poškodovana tekalna površina - delci oksidov, nalepi kovine... 
(navarjeno tekalno kolo; 0-7 SM) 

Figure 9: Damaged rolling surface - parts ot ovides. stickers of 
metalls... (surfaced rolling wheel; BM-2) 

Slika9: Poškodovana tekalna površina - delci oksidov, nalepi kovine 
(navarjeno tekalno kolo; BM-2) 

the deformat ion depth vvith the surfaced sample is onlv 80 to 100 
um (see Fig. 6). vvhieh is easy to understand since the surfaced-
laver has martensit ic-bainit ic strueture vvhile vv ith the unsurfaced 
sample (Fig. 4, deformat ion depth 200-250 um), the surface lav-
er has ferritic strueture. 

With the surfaced samples of the running vvheels. deforma-
tion and oxidat ion cause damages to the contact surface. i.e. fold-
ed metal and stickers of metals and oxides (Fig. 7). These are. 
hovvever, esscntiallv vveaker than thosc to the unsurfaced sam-
ples (cf. Figs. 5 and 7). 

Even vveaker deformat ion and lesser damages of the running 
surface occurred vvith the samples vvhieh vvere submerged-arc 
surfaced vvith high-alloved vvelding f luxes "Ll-Mo 1" and " B M -
2" (see Fig. 9). Af ter tr ibologic testing, the surface laver has been 
very little de fo rmed (Fig. 81. Increase of the contact surface duc 
to deformat ion and oxidat ion of the surface (Fig. 8i is insignifi-
cant too (around 5 c/c). 

4. Conclus ion 

Wear resistance of running vvheels can bc improved bv sur-
facing. The very submerged-arc surfacing of the vvheels vvith al-
loved vvire " E P P Cr 6 " and vvith fused flux somevvhat improves 
their vvear resistance vvith regard to that of unsurfaced vvheels. 
An even more distinet improvement of vvear resistance of the 
vvheels can bc achieved if running vvheel surfaces are sub-
merged-arc surfaced vvith alloved agglomerated f luxes or high-
eff ic icncy alloved thick-coated electrodes to obtain higher-al-
loyed and harder claddings. These fil ler materials permit tis to 
surface struetural unallovcd steels in one laver vvith high-al loved 
claddings. 

Test ing ol' vvear resistance of the surfacings has shovvn that 
the alloyed agglomerated vvelding f l u \ "0-7 S M " in combinat ion 
vvith the unallovcd vvire " E P P 2" is quite a suitable substi tute to 
bc applied for submerged-arc surfacing of the running vvheels 
vvith alloved vvire " E P P Cr 6 " and fused flux. 

A distinet deformat ion and oxidation of the surface dne to in-
tensive heat ing of the contact surfaces during rolling results in 
damages to the running vvheel surface (Fig. 5). 

Submerged-arc surfacing itself vvith alloyed agglomera ted 
f lux "0-7 S M " highly improves vvear resistance of the running 
vvheel. Deformat ion of the surface laver is considerablv vveaker. 
The contact surface inereases, due to vvear and plastic de fo rma-
tion, only by 15 % (see Fig. 6). With the unsurfaced sample . the 
contact surface has inereased by even 30 dur ing testing. Also 

Figure S: Appearance of a surfaced (BM-2) running vvheel seetion and 
its microstructure. 

Slika S: Izgled preseka navarjenega (BM-2) tekalnega kolesa in 
njegova mikrostruktura 
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Figure 10: Hardness of sections of unsurfaced and surfaced specimens 

Slika 10: Trdote na prerezu nenavarjenega in navarjenih tekalnih koles 

High wear-resis tance of the c laddings which were sub-
merged-arc surfaced on the running wheel vvith a l loyed-agglom-
erated t"lux "(1-7 S M " is resulting f rom surface hardening (600-
700 HV: Fig. 10) due to deformat ion of the surface laycr. The 
claddings which were submerged-arc surfaced w i t h high-al loyed 
agglomerated f luxes " U - M o 1" and " B M - 2 " , however , are hard 
(around 700 H V: Table 2) right af ter surfacing; therefore, thcv 
practically neither de fo rm nor harden during tr ibologic testing. 
In the čase when the wear resistant cladding vvas made by sub-
merged-arc surfacing \vith high-al loyed agglomera ted f lux 
"BM-2" . stress and heating of the running surface resulted even 
in stress rel ieving and insignificant decrease of hardness imme-
diatelv upon the surface (Fig. 10, upper curve). 

Wear of the wheels surfaced with higher-al loyed claddings 
is insignificant. It is onlv the vvearof the rail which becomes im-
portant and which increases with the increased hardness of the 
running wheel surface (which itself depends 011 alloying of the 
cladding surfaced) . Hard running wheel surfaces are of interest 
most of ali vvith highcr stresses because tliev make possible op-
eration with a lower friction moment ; and consequent!y result in 
a weaker heat ing of the contact surfaces in sliding friction as vvell 
us 111 rolling fr ict ion. W e a r resistance of the running crane wheels 
can be considerablv improved by surfacing and by appropriate 
selection of filler materials without essential ly inf luencing the 
wear of the rail. 
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Cockcroft-Latham Fracture Criterion and Bulk Formability 
of Copper Base Alloys 
Cockroft-Lathamov kriterij loma in masivna preoblikovalnost 
bakrovih zlitin 
B. Ule*, V. Leskovšek, B. Breskvar, Institute of Metals and Technology, Ljubljana, 
Slovenia 
K. Kuzman, D. Švetak, Faculty for Mechanical Engineering, Ljubljana, Slovenia 
F. Kofol, Kolektor, Idrija, Slovenia 

The ductility of metalic materials is generally defined as the ability to deform plastically vvithout 
fracture. It is usually expressed as a measure of the strain at fracture in a simple tension test1. 
Hovvever, the percentage elongation in a tensile test is often dominated by the uniform 
elongation, vvhich is dependent on the slope of the stress/strain curve. The end of uniform 
elongation coincides vvith the onset of plastic instability accompanied by voids nucleation, their 
grovvth and coalescence. It appears that the elongation value is too complex to be regarded as 
a fundamental property of a material and it seems reasonable to assume that any criterion of 
fracture vvill be based on some combination of stress and strain rather than on either of these 
quantities separately. Tvvo grades of copper base alloys used for the production of commutators 
for electrical motors vvere tested in compressing and stretching. The bulk formability of these 
alloys vvere projected using the Cockcroft-Latham criterion23, based on the tensile strain energy 
density at fracture. This criterion emphasizes the importance of tensile stresses in fracture and 
can be applied to a variety of cold vvorking processes. 

Key vvords: ductility, formability, fracture, Cockcroft-Latham fracture criterion, copper base alloys 

Duktilnost kovinskih materialov je v splošnem definirana kot sposobnost, da se plastično 
deformirajo brez pojavljanja razpok. Običajno jo izrazimo z lomno deformacijo pri enostavnem 
nateznem preiskusu1. I/ odstotkih izmerjen celokupni raztezek pri nateznem preiskusu je dokaj 
odvisen od enakomernega raztezka, to je od strmine krivulje napetost-deformacija. Konec 
enakomernega raztezanja sovpada s pojavljanjem plastične nestabilnosti, ki jo spremlja 
nastajanje por, njihova rast in združevanje. Zdi se, da je raztezek preveč kompleksen in ga ne 
moremo smatrati kot osnovno materialno lastnost. Zato je smiseln privzetek, po katerem bo 
moral lomni kriterij temeljiti prej na neki kombinaciji napetosti in deformacij, kot le na eni 
posamični količini. Za tlačno in natezno preiskušanje smo izbrali dve bakrovi zlitini za izdelavo 
kolektorjev pri elektromotorjih. Masivno preoblikovalnost teh zlitin smo opredelili s Cockcroft-
Lathamovim kriterijem23, ki temelji na gostoti natezne deformacijske energije. Ta kriterij poudarja 
pomen nateznih napetosti pri lomu in ga lahko uporabitmo pri različnih procesih preoblikovanja 
v hladnem. 

Ključne besede: duktilnost, preoblikovalnost. lom, Cockcroft-Lathamov kriterij loma, bakrove 
zlitine. 

1. Introduction 
The evolution of ductile damage within the deforming body 

is considerably influenced bv the stress state in the material. It 
was suggested bv Siebel4 that the cracking in metalworking is as-
sociated with induced tensile stresses. even in processes such as 
forging that are predominantly compressive. The importance of 
tensile stresses is indirectly confirmed by the large inerease in 
ductilitv vvhen the materials are deformed under hydrostatic 
pressure1. Pugh and Green'' demonstrated that superimposing a 
hydrostatic pressure in the extrusion process greatly enhanced 

* Dr. Boris ULE. dipl. inž., 
IM'I Ljubljana. Lepi pol 1 1, 61000 Ljubljana 

reductions could bc achieved in ductile materials, and that even 
some brittle materials could be extruded vvithout difficulty. In a 
tensile test of a eylindrical test specimen the stresses at the min-
imum section of the neck can be calculated in different vvavs" 1 

and may be considered to be the sum of tvvo parts. One part. the 
equivalent stress. is equal to the current yield stress and is con-
stant aeross the cross-section. The other part, a hydrostatic ten-
sion, varies from zero at the periphery to a peak value at the 
centerline. As stated by Cockcroft and Latham '. that the use of 
the criterion based on total plastic vvork per unit volume at the 
fracture point, vvhich vvould take into account only the equiva-
lent stress i.e. the current yicld stress, is not a proper solution. 



The current y i c ki slrcss, unlike the pcak stress, is not int luenced 
by the shape of the neeked region. Consequent ly , the neck shape 
should have no effect 011 the fracture strain. a conclusion which 
is eontrary 10 cxperimental facts ' . Thercfore Cockcro f t ' and 
Cockcrof t and Latliam1 proposed a criterion based 011 the tensile 
strain energv densitv wherc the magni tude of the highest normal 
stress is taken into account. At tensile testing this would bc the 
stress aeting in the ccnterl ine where fracture is initiated. 

As an outgrowth of experimental evidence of the inf luence 
of stress stale on duetile fracture, several other eriteria vvere also 
suggcsled for the predietion of fracture in complex stress states. 
A modil icat ion of the Cockcrof t -La tham criterion vvhich in-
cludcs a hydrostat ic-prcssure term vvas suggested bv B r o / o et 
al.1 . Other eriteria of importance vverc proposed bv Oyane 
Clif t1 1 H o f f m a n n e r 1 ' and Osakada" ' . Sueh eriteria vvere success-
lullv applicd bv a number of investigators to a varietv of eold 
vvorking operations1 '. 

2. Fracture criterion 

With the Cockcrof t and Latliam tensile ductility approach, 
the fracture is predieted vvlien 

J(7 (o" / a ) d f = C ( 1 ) 

L o a d 
Figure I: The geomelry al the neeked region and the distribution 

of axial stress <r„. 
Slika I: Geometrija vratu in porazdelitev aksialne 

napetosti it,,. 

factor representing the effect of the highest tensile stress. cr*. 
and C is a material constant . If there is no tensile stress 
operat ing but only a compress ive stress. it* = 0 and fracture 
docs not occur ' . 

The expression (1) has the d imensions of vvork per unit vol-
ume ( N / n r = N m / m ' = J/m1). The reduced form 

a ile = C . 2 ) 

vvherc t' is equivalent i.e. ef fect ive strain, č, is cquivalcnt strain 
al fracture, cr is cquivalent i.e. e f fec t ive stress, o is the highest 
tensile stress, (it*/i~t) is a non-dimcnsional stress-conccntrat ion 

L o a d 

is used for calculation. The correct ion for neeking and pro-
ject ions for .1 could bc obtained bv dif ferent approaches 
Wright and coworkers I H . for instance, successfulv used the equa-
tions of Davidenkov and Spir idonova . vvhereas the equat ions of 
Br idgmai r vvere used in our experiments . 

Fig. 1 illustrates the geometrv at the neeked region and the 
distribution of axial stress bv this localized deformat ion . I11 ae-
cordance to B r i d g m a n \ the variation of the stresses in a mini-
m u m scction of a neeked bar in tension is given as 

= ct(i + 2 p/R) In (\ + R / 2p) 

<T, = <7„„ = a In 
R:+ 2Rp - ; 

2 Rp 

a o + cs„ 

(3a) 

(3b) 

(3c) 

vvhere (r„. is the average stress on the m i n i m u m scct ion of 
the neck (load d iv ided bv m i n i m u m neck area) . R is the radius 
of the m i n i m u m cross scct ion at the neck , r ' is the so cal led 
"s t ra ined l eng th" ( r ' = r R/R„), R,, is the radius of initial cross 
scction (R„ = 5 m m ) and p is the radius of curvature of the neck 
profi le . In the ccnter l ine of the neeked region, vvhere r = r ' = 0. 
z = 0 the stress componen t it,, reaches the highest value 
ir = <r 

- - , R + 2p a = <7 + o In — (4) 

Consider ing the strain hardening. the llovv curve can bc ap-
proximated by several consti tut ive equat ions. The most c o m m o n 
are proposed by H o l l o m o n " , Ludvv ik" . Svvift24 and Vocc . The 
most simple one is (lic Hol lomon povver lovv relation: 

a = KI" (5) 

vvhere 11 is the s train-hardening exponent and K is the 
strength coeff ic ient of the material . Both constants could bc 
determined simply bv the values of 0.2'v offset yield strength 
and fracture s tress l s or bv compute r least-squares fits by plotting 
hi o against hi i . vvhere 11 and K are the slope and intercept 
respectivcly. Hovvever, the s train-hardening exponent n. and the 
strength coeff ic ient , K. could bc also evaluated front the tensile 
test dala bv applving the criterion of instabilitv at the onset of 
neeking. d a / d e = it. From this. it can bc shovvn that at neeking. 
vvhere the ult imate tensile strength is measured. the strain-hard-
ening exponent is given as 

f „ = 11 (M 
Once the strain-hardening cxponent is knovvn. the strength 

coeff ic ient K in the Eq. (31 can be eusilv determined bv means of 
ult imate tensile strenath a u „ , as 

K = cruls (2 • 7 1 S 2 8 / n ) 
\ n 

(7) 

From the results of Eq. (5), a relat ionship of it 10 t' can be 
determined bv using Eqs. (3a) and (4) and assuming that the 



necking is initiated at the ult imate tensile strength o\lls when 
ti",, = <r„ and vvhen E achieves n (Hq. 6). assuming also that cr 
increases linearlv vv ith equivalent strain (Fig.2). Consider ing the 
hatched areas on Fig. 2. the integral (2) can be separated as 
follovv s 

C = J<7 de = J r r de + | a de (S) 

B> substituting the knovvn funct ion <r r.v. t' and using a Irape-
zoidal formula for the second integral, vve finallv get 

r * i , r 
/ 1 + 1 " (9) 
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Figure 2: Effective stress. a. and peak stress. a , versus effective 

strain at tensile testing (schematically). 
Slika*2: Ekvivalentna napetost o in maksimalna napetost o 

v odvisnosti od ekv ivalentne deformacije pri natezanju (shematsko). 

3. Exper imenta l methods 

Tvvo copper base alloys declared as CuAg().2 (OF) and 
CuA«0.2 respectivelv vvere selected for the present study. Both 
allovs, commercia l ly available as one-half inch diameter vvires, 
contain 0.2 vvt. 7< Ag. This type of copper base allov s has good 
creep strength at elevated temperatures and high sof tening tem-
perature and is used for instance for the production of commuta -
tors for electrical motors . 

The cxperimental CuAg().2 allov contained 0.01 vvt. 7c O and 
0.005 vvt. 7, P vvhereas the CuAg().2 (OF) alloy i.e. oxygen f ree 
allov contained < 0.005 vvt. 7, O and 0 .002 vvt. 7, P. Hovvever, 
the bulk vvorkabilitv of CuAg().2 allov vvith higher oxygen con-
tent vvas essential l) wor.se than that of oxygen free allov. As 
shown on Fig. 3, a duetile damage occured at eold bending of 
commuta to r segments f rom such oxygen containing CuAg().2 al-
lov. On the contrary, the bulk formabi l i ty of experimental oxy-
gen free alloy was excellent as it d id r f t present any problems in 
metal vvorking processes. 

The microstructure of both allovs is shown in Fig. 4 and 5. 
The microstructure of oxygen containing CuAg().2 allov (Fig. 4) 
consisled of relatively small grains with tvvinned areas. vvhereas 
the microstructure of oxygen free CuAg0 .2 alloy (<0.005 7< O) 
(Fig. 5) is characterized by somewhat larger. equiaxed grains 
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Figure 4: Microstructure of oxygen containing CuAg0.2 allov . shovv ing 
relatively small grains vvith some tvvinned areas. 

Slika 4: Mikrostruktura kisik vsebujoče zlitine CuAg0.2. Razmeroma 
drobna kristalna zrna s posameznimi področji dvojeenja. 

Figure 3: Cracks on commutator segments occured at eold bending. 
Slika 3: Razpoke, nastale na krakih kolektorja pri upogibanju v 

hladnem. 

Figure 5: Microstructure of oxygen free CuAg().2 allov. shovv ing 
equiaxed grains vvith irregular boundaries. Some grains contain 

tvvinned areas. 

Slika 5: Mikrostruktura kisika proste zlitine CuAg0.2. Enakoosna 
kristalna zrna z iregularnimi mejami in dvojčki v posameznih zrnih. 



with irregular boundar ies and twinned areas. The microst ructure 
of both alloys is typical for the as annealed state where only a 
slight cold reduction was applied at the calibration drawing. 

Tensi le flovv curves were obtained using an Instron machine 
by pulling standard tensile spec imens vvith gauge sections of 
10 mm diameter and 100 mm length at a cross-head speed of 
1 mm/min . The neck prof i le radius vvas established f r o m the 
photographs of the necked region using an appropriate geomet -
rical aproximat ion. A discont inuous compress ion test ing vvas 
carried out on a instrumented hydraulic press on specimens vvith 
10 mm in diameter and initial height of 12 mm. In order to min-
imize the frict ional constraints, tef lon vvas used on contact 
surfaces and constant frietion coeff ic ient of 0 .024 vvas achieved. 
Cumula t ive height reduct ions reached 86 %. The strain rate at 
compress ion testing vvas comparable vvith that at the un i form 
tension and remained nearlv constant over most of the strain 
range. Load-displacement data obtained vvere fed into a com-
puter by points for stress-strain analysis. A correct ion factor for 
the adequate compensa t ion of frietion vvas also incorporated into 
the eomputer program. 

4. Results 

Fig. 6 are the plots of load vs. e longat ion at tensile test of 
both exper imental alloys. The values obtained at testing are 
listed in Table I. The yield stress at tensile testing vvas deter-
mined as 0.2 'h Offse t Yield Stress. The yield stress measured at 
compress ion testing is also included in the table (values in paren-
thesis). As alreadv ment ioned, the radius of the m i n i m u m cross 
seetion of the neck R. and the radius of curvature of the neck 
profile r. of the tensile spec imens vvere measured too. By the 
CuAg0 .2 alloy (0.01 % O) the neck profile radius vvas 2.20 m m . 
the min imum cross seetion radius vvas 2.85 m m , vvhereas at 
oxygen free CuAg0 .2 alloy (<0.005 '/i O), vvhere more a rupture 
than a fracture vvas observed, the neck profi le radius vvas only 
0.15 mm and the m i n i m u m cross seetion radius vvas 1.8(1 mm. 

In Table II the values of Hol lomon eonstants calculated 
f rom the compress ion- and tensile lests data are listed. The eon-
stants. obtained f rom tensile test data vvere determined bv vari-
ous methods of analysis, because the high percent error in £u 

makes somet imes the Eq. (6) unacceptable . Hovvever, n is the 
exponent of an empirical equation (5) and it is not surprising that 
this equation cannot accurately deseribe the stress-strain curves 
in the vvhole strain range. Man et al.-" deseribed the tensile curves 

Figure 6: Load vs. elongation at tensile lest of both experimental 
allovs. 

Slika 6: Odvisnost med obremenitvijo in ra/.tezkom pri nate/nem 
preiskušanju obeh eksperimentalnih /litin. 

Table I: Tensile test results 

Tabela I: Rezultati na t e /nega pre izkušanja 

Vield 
stress' 

(MPa) 

Tensile 
strength 

<rul, 
(MPa) 

Uniform 
elongation 

eux 100 
(%) 

Total 
elongation 
e,n X 111(1 

(<7r) 

Reduction 
in area 

Z \ 11)1) 
(%) 

CuAg0.2 allov 

(0.01 O) 

306 

(321) 

323 -> 9 68 

CuAg0.2 (OF) 

allov(<0.005r i O) 

2 ^ 2 

(248) 

258 142 27 8 7 

* The values in parenthesis vvere obtained by compression testing 

Table II: Compar i son of Hol lomon eonstants bv various test 
methods 

Tabela II: P r imer java Hol lomonovih konstant dobl jenih pri ra-
zličnih metodah pre izkušanja 

Strength 
coefficient 

K 
(MPa) 

Strain-hardening 
e.iponent 

n 

Correlation 
coefficient 

r 

Compression Test 

CuAg0.2 allov 
(0.01 'i O) 

397 0.090 0.977 

CuAg0.2 (OF) allovir 
«0.005 <k O) 

379 0.139 0.993 

Tension test 

CuAg0.2 allov 
(O.of% Oi 

431 0.087 

CuAg0.2 (OF) alloy 
«0.005 O) 

385 0.133 

Calculated from the true stress-true strain tensile test data 

"Calculated from the uniform elongation /Eq. (6)/ 

Table III: Values of the material eonstants 

Tabela III: Vrednost i materialnih konstant 

(MPa) 
CT„ u 

(MPa) 
eu o 

(MPa) 
e, (T , 

(MPa) 
C/Eq(9)/ 
(MJ/m1) 

CuAg0.2 allov 
(0.01 % O) 

306 330 0.019 435 1.124 652 548 

CuAgO,2(OF) 
allov 
«0.005 % 0 ) 

212 288 0.129 423 2.041) 124d 1499 

of copper using tvvo equat ions of Hol lomon tv p e " . This kind of 
analysis is based on the assumpt ion that a change in deformat ion 
mechan i sm occurs during the deformat ion . 

The collection of f inal results is given in Table III vvhere 
0.2 °/( offset yield stress. a . average ultimate stress. <r,, „. and 
f racture stress. <rr, vvith corresponding strains, f„ and 8, respec-
tively, the highest tensile stress <r as vvell as the mater ia l con-
stant C are shovvn. The value of C, i.e. the value of tensile strain 
energy density of oxygen free CuAg0.2 allov (<0.005 c< O) is 
extremely large. This allov vvith lovv oxygen content exhibited 



more a rupture than a fracture at tensile testing resulting in 
adequate small radius of curvature o f t h e neck profile while the 
tensile stress in necked region strongly increased. In spite o f t h e 
fact that the original Bridgman5 analysis and the similar analysis 
of Davidenkov and Spiridonova7 give the best approximate 
procedure for the calculation of stress distribution in the necked 
region, novvadavs, more accurate numerieal solutions can be 
obtained with FEM. 

5. Discussion 

Using the fracture criterion based on the model of Cockcroft 
and La thanr '. the tensile strain energy density at fracture f o r t w o 
copper base allovs was calculated. The calculation utilized the 
results of tensile and compression tests. When the constant cross-
head-speed is used at tensile test, the strain rate decreases slighty 
during the homogenous deformation and then rises rapidly as 
neeking occurs. The rise in strain rate during the neeking results 
in an anomalous rise in flow stress and restriets the usefulness of 
the data obtained by strains smaller than those prevailing during 
the onset o f t h e neeking27 . Probably some discrepancies betwccn 
the tensile and the compression test results (see Table II) could 
be explained also vvith Bauschinger effect and vvith the assump-
tion that a change in deformation mechanism occurs during 
tensile deformation. Zanki2* and Schvvink and Vorbrugg2" found 
ihesc kind of stages also in the tensile curves of annealed nickel 
and copper at lovv strains. Furthermore. Mishra at al.1" proposed 
that in the range of uniform strain the Hollomon lavv overesti-
mates the flovv stress in the initial stages and underestimates it in 
the final stages. It seems therefore, that the tensile test data of 
experimental copper base allovs should fit better vvith double-n 
method vvhich uses the tvvo Hollomon equations. Kleemola and 
Nieminen-1 found out that the use o f t h e Hollomon equation for 
pure copper in an annealed state and after 40 pet deformation 
gives a misleading pieture of the strain-hardening properties of 
the material because the strain-hardening exponent n is not equal 
to the correct eu value. The same vvas also observed in our 
CuAg0.2 experimental alloy vvith 0.01 % oxygen vvhere 
computer least-squares fits by plotting tensile test data had to be 
used instead of F.q. (6). In opposition to tensile test data, the 
compression test data are obtained from a much larger strain 
range and it is therefore assumed that the use of the simple 
Hollomon povver lavv relation is justified. The regression analy-
sis of compression test data also gives satisfactory high linear 
correlation coefficients (0.98 and 0.99 respectively). 

The data presented in Table l i l (C-values) shovvs that at 
oxygen free CuAg().2 alloy the integral of the maximal tensile 
stress over the plastic strain path /Eq. (9)/ reaches a value of ap-
prox. 1500 MJ/m". vvhich is ncarl v three times larger than that of 
CuAg0.2 allov vvith 0.01 % oxygen (C approx. 550 MJ/m1). 
Hovvever. the reduction in area at tensile test of oxygen free 
CuAg0.2 allov is only for one quarter larger than that of CuAg0.2 
allov vvith 0.01 % oxygen. It seems that a considerable inerease 
in ductilitv may result bv an on!y relatively lovv improvement in 
the reduction-in-area value. so that such way of expressing the 
duetiIity shovvs little diserimination in very duetile metals. 
Namely. once the neeking develops, a "negative feedback" effect 
occurs. vvhich tends to prevent the exhibition of really large 
ductilitv values'. At the onset of neeking, the stress system 
changes and a component of hydrostatic tensile stress is gener-
ated vvhich is superimposed on the axial stress. The hydrostatic 
tensile stress inereases as the neck becomes deeper, vvith the 
result that the fracture is more likely to occur. This situation leads 

to a stabilizing effect and an inerease in ductility causes a deep-
er neck to be formed, hence higher local stresses are developed 
and a greater possibility of fracture occurs. The Cockcroft-
Latham criterion of duetile fracture is therefore a much more 
reasonable criterion than the criterion based simply on reduction-
in-area value at tensile test. Hovvever. it should be noticed that at 
the neck profile vvhich is characteristic for rupture instead of 
fracture, the extremely high value of tensile stress <r . and high 
tensile strain energy density C. are somevvhat doubtful. The 
equations of Bridgman5 /(3a,b and c) and (4)/ and equations of 
Davidenkov and Spiridonova becomes questionable at very lovv 
radius of curvature of the neck profile typical for the rupture and 
vvhen asymptotic continuum mechanics analyses could not be 
applied for the deseription of stress state due to local singularitv. 

The excellent bulk formability o f t h e experimental CuAg().2 
oxygen free alloy vvith regard to the verification based on the 
Cockcroft-Latham criterion is not surprising. This criterion has 
the desirable feature for homogenous compression, in vvhich čase 
the tensile stress o ' is zero and no fracture limit is predieted. This 
coincides vvell vvith the experimental results at homogeneous 
(frictionless) compression. Hovvever, follovving the theoretical 
analysis of Kuhn et al.1, it is possible to relate the C-value calcu-
lated from tensile test data /Eq. (9)/ and the principal tensile and 
compressive surface strains, i.e. the circumferencial and axial 
strains measured on the barreled equatorial free surface at fracture 
in upset lest. It vvas also experimentally confirmed that there is a 
linear relationship betvveen the tensile and compressive surface 
strains at fracture by upsctting by rolling and by bending. 
Consequently, the representation of fracture data as a plot of ten-
sile versus compressive strains at fracture became a useful form 
for the analysis o f t h e fracture in eold forming processes resulting 
in a "forming limit diagram concept". The Cockcroft-Latham ten-
sile strain energy fracture criterion is consistent vvith this concept' . 

6. Conclusions 

The Cockcroft-Latham tensile strain energy density criterion 
vvas used for a reliable evaluation of the ability of tvvo copper 
alloys to metalvvorking operations. This criterion implies that the 
fracture depends both on the stresses imposed and on the strains 
developed and it could be deseribed as "fracture vvill occur vvhen 
the plastic vvork of the largest tensile stress, per unit volume, 
reaches a characteristic critical value". 

It vvas demonstrated that there is a good qualitative agree-
ment betvveen the predietion of formability under bulk metal-
vvorking conditions based on this criterion and the observed 
behaviour in the production of commutators forelect ical motors. 
The plastic vvork done per unit volume by oxygen free CuAg().2 
alloy vvith excellent bulk formability is nearly three times larg-
er than that done by the oxygen containing CuAg0.2 alloy 
(0.01 % O), vvhile, the difference in the tensile reduction of area 
of both alloys vvas much smaller. Consequently, the reduction-
in-area value at tensile test cannot be appreciated in general. 
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Properties of Cu-based Alloys-powders for Brazing 
Prepared by Water Atomization 
Lastnosti prahov-zlitin na osnovi bakra izdelanih z vodno 
atomizacijo 
B. Šuštaršič*, B. Breskvar, V. Leskovšek, A. Rodič, Institute of Metals and Technologies, 
Ljubljana, Slovenia 

Cu based alloys-powders are currently used as solder and brazing agents in many fields of application. 
Cu-Ag based alloys-powders are the most common brazing agents used in electrical engineering and 
electronics. Similarly, Au-Cu based ailoys-powders find many applications in electrical engineering and 
electronics as vvell as in jewellery. Vacuum brazing of tool and high speed steels as vvell as hard metals 
(cemented carbides) on the structural steel base vvith Cu-Ni or Cu-Cr base alloys-powders is also 
increasingly used in many fields of application. Fluid and centrifugaI atomization are the most frequent 
and therefore the most important manufacturing methods for the producfion of Cu based alloys-powders. 
Among the fluid atomization processes, gas and vvater atomization are the most common and the most 
important ones. The stream of liquid metal is disintegrated by high pressure jets of mert gas (N,, Ar or He) 
or vvater. Gas atomization makes it possible to produce high quality. on the surface non-oxidized 
spherical povvder particles. l/l/afer atomization is a simpler and cheaper povvder manufacturing method. 
The metal povvder produced by vvater atomization usually has irregularly shaped particles vvhich are 
coated vvith a thin oxide film. In spite of that, the gas atomized povvders could be replaced by vvater 
atomized povvders in many fields of application. We therefore investigated the applicability of vvater 
atomization for the preparation of Cu based alloys-powders. The present arficle introduces the 
morphological and microstructural characteristics of prepared Cu-based alloys-powders and possibilifies 
for their application. 
Key vvords: povvder manufacturing, povvders for brazing. vvater atomization, properties of Cu-based 
alloys-powders. 

Prahovi-zlitine na osnovi bakra se uporabljajo na mnogih področjih kot sredstva za mehko in trdo 
spajkanje. V elektrotehniki in elektroniki so najpogostejše spajke na osnovi Cu-Ag. Podobno se zlitine na 
osnovi Au-Cu uporabljajo v elektrotehniki, elektroniki in tudi zlatarstvu. Vakuumsko spajkanje orodnih jekel 
ali karbidnih trdm na osnovo iz konstrukcijskega jekla s prahovi-zlitinami na osnovi Cu-Ni ali Cu-Cr se tudi 
vse bolj uveljavlja v praksi. Prahovi-zlitine na osnovi Cu se najpogosteje izdelujejo s tekočinsko in 
centrifugalno atomizacijo. Med postopki tekočinske atomizacije se najpogosteje uporabljata plinska in 
vodna atomizacija. Curek raztaljene kovine pri teh postopkih razpršimo v hitro strjene delce prahu s 
pomočjo visokotlačnih curkov inerfnega plina (He, Ar ali N,.) ali vode. Plinska atomizacija omogoča 
izdelavo visoko kakovostnih neoksidiranih prahov kroglične oblike. Vodna atomizacija je enostavnejši in 
cenejši postopek, vendar so tako izdelani kovinski prahovi običajno površinsko oksidirani in imajo zato 
tudi nepravilno oblikovane delce. Kljub temu bi lahko vodno atomizirani prahovi na mnogih področjih 
zamenjali dražje plinsko atomizirane prahove. Zato smo raziskovali možnost uporabe vodne atomizacije 
za izdelavo kovinskih prahov-spajk na osnovi Cu. V pričujočem delu so predstavljene morfološke in 
mikrostrukturne značilnosti izdelanih prahov ter posledično možnosti njihove praktične uporabe. 
Ključne besede: izdelava kovinskih prahov, prahovi za trdo spajkanje, vodna atomizacija, lastnosti prahov 
zlitin na osnovi Cu. 

1. Introduction 

Metal povvders are used extensively as filler material in the 
brazing and soldering industries'. Powders offer the most con-
venient method of appl ving filler metal to parts which have to be 
joined (bonded) together. although alternative filler metal forms 
(wire, rod, sheet. foil, etc.) are also used. Filler metals (alloys) 
for brazing have liquidus temperature above 450°C and below 
the solidus of the base metal, and filler metals for soldering have 
liquidus temperature belovv 450°C and below the solidus of the 
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base metal. For brazing and soldering applications metal alloys-
povvders either as pure povvder vvithout additions or in flux-pow-
der paste form are used. 

Cu based alloys-powders are currently used as brazing 
agents (filler material) in many fields of application. Cu-Ag 
based alloys-powders are the most common brazing agents used 
in electrical engineering and electronics. Similarly, Au-Cu based 
alloys-powders find many applications in electrical engineering 
and electronics as vvell as in jewellery. Vacuum brazing of tool 
and high speed steels (HSS) as vvell as hard metals (cemented 
carbides) on the structural steel base vvith Cu-Ni or Cu-Cr as vvell 



as Ni-Cr base a l loys-powders is also increasingly used in many 
fields of appl icat io t r 

Fluid and centr i fugal a tomizat ion are the most f requent and 
therefore the most important manufac tur ing methods for the pro-
duetion of Cu based al loys-powders . A m o n g the fluid a tomiza-
tion processes . gas and water a tomizat ion are the most e o m m o n 
and the most important ones4 \ The stream of liquid metal is dis-
integrated either bv high pressure (comntonly 10 - 30 bars) jets 
of inert gas (N,. Ar or He) or by high pressure (commonlv 100 -
300 bars) je ts of vvater. Fig. 1 represents sehematical ly a gas at-
omizer and the disintegration of a f ree fall ing molten metal 
stream by high pressure jets (d' inert gas. 

Gas a tomizat ion makes it possible to produce high quali ty. 
on the surface non-oxidized spherical powder particles. Wate r 

vacuum vakuumska 
induction indukcijska 
melting furnace ( talilna peč 

spheres 
kroglice 

coliec+ion zbiralna 
c h a m b e r , posoda 

metal powder 
kovinski prah 

Figure 1: Schematie presentation of gas atomizer4 

Slika I: Shematični prikaz postopka plinske atomizacije4 

atomizat ion is a s impler and cheaper powder manufac tur ing 
method. Fig. 2 shows schcmatical lv the production of metal 
powder by water atomizat ion. 

The metal povvder produced bv vvater atomization usuallv 
has irregularlv shaped particles vvhieh are coated vvith a thin ox-
ide fi lm. In spite of that. the gas a tomized povvders could be re-
placed by vvater a tomized povvders in manv fields of application. 
We therefore investigated the applicabilitv of vvater atomization 
for the preparat ion of Cu based al loys-powders . 

2 Experimental procedure 

Most of the experintents and investigations have been done 
at the Institute of Metals and Technologies , Ljubl jana . 

Tvvo dif ferent vacuum brazing allovs (Cu vvith 2% of Ni and 
Cu vvith 1 ,5% of Cr) and tvvo typical Cu-Ag based brazing allovs 
( L - A g l 5 P and L-Ag40Cd) vvere selected for our e \ p e r i m e n t s 
and investigations. For the compar ison some other types of al-
loys-powders (Ni and Co-based povvders for vvelding, HSS povv-
ders. Alnico hard magnet ic povvders) of previous investiga-
tions7^"111 vvere also used. The povvders of selected allovs vvere 
prepared by vvater atomization (pilot a tomizer Davv McKee , 
typc D5/2) installed at IMT Ljubl jana (see Fig. 3). 

5 C S S « 
Figure 3: PM&RST laboratorv al the IMT Ljubljana vvith vvater 

atomizer in the foreground. 

Slika 3: PM&RST laboratorij na IMT Ljubljana z vodnim atomizerjem 
v ospredju. 

Figure 2: Schematie presentation of vvater atomization" 

Slika 2: Shematični prikaz postopka vodne atomizacije" 

Table 1: Chemical composi t ions of prepared Cu-Ag based 
vvater a tomized povvders in compar ison vvith A S T M standar-
dized1 brazing allovs-povvders. 

Tabela 1: Kemične sestave z vodno a tomizaci jo priprav -
ljenih prahov na osnovi C u - A g v primerjavi z zlitinami stan-
dardiziranimi po A S T M standardih 

Material 
B CuP-5 L A g l 5 P B Ag-2 L Ag40 Cd 

Material 
nominal IMT nominal IMT 

Elements I mass ' i ) 

Cu >79,85 balance 26.0 19.0 

Ag 15,00 14,9-15,60 35.0 40.0 

P 5,00 6,0-6,20 -

Zn - - 21.0 21.0 

Cd - - 18.0 20.0 

Other elements 0,15max. not determined 0.15max. not determined 

Melt 
Talina 

Tundish 
Vmesna posoda 

High pressure 
water jets 
Visokotlačne 
vodne šobe 

Induction melting 
furnace 

Indukcijska talilna peč 

Metal stream 
Curek tekoče kovine 

vessel 
komora 

Slurry Gošča 
(water /powder) 

To pressure 
devvatering and 
vacuum drying 
Vakuumsko sušenje 

Molten metal 
Raztaljena kovina 
Tundish nozzle 
Iz l ivek 

High pressure pump 
Visokotlačna črpalka 



Table 2: Process parameters of water a tomizat ion for the 
preparation of Cu-2<7f Ni and Cu-Ag based a l loys-powders . 

Tabela 2: Procesni parametri pos topka vodne atomizaci je za 
pripravo kovinskih prahov C u - 2 % N i in Cu-Ag. 

Process parameter 
(vvater atomizer D5/2 Davv McKee 

Cu-2'SNi 
allov 

Cu-Ag 
allovs 

Remarks 

Temperature of superheating (°) 123C)±20°C 810+31) C pyromcter 

Tundish temperature ( 1 1210120 C 850±30"C Pt-1'lRli 13 
Tundish nozzle diameter (mm) 04.0/4.5 04,0/4.5 fused quarl/ 

Metal flou rate (kg/min.l 4.5-5,5 5,6-7.3 

Water nozzle diameter i mm) 
lwo (2) main nozzles 
tvvo (2) side nozzles 

12 x 1.05 
1,1 x 0.85 

1.2 x 1.05 
1.1 x 0.85 

150.3 tvpc 
1502tvpc 

Jet apex angle (°) 
betvveen main vvater streams 
betvveen side vvater streams 

50 
41) 

50 
40 

original 
manifold 

Water/metal ratio 11-12 7,3-9,6 

Watcr pressure range I bari 120 180-215 manometer 

Protective atmosphere (nitrogen) O.hni Vb 0.65m'/h flovv meter 

The initial chemical composi t ions (ingots for melt ing) as 
well as the final chemical composi t ions of prepared povvders 
vvere determined and controlled bv classical chemical analvsis. 
No significant d i f ference betvveen initial and final composi t ions 
vvas observed. In Table 1 the chemical composi t ions of selected 
Cu-Ag brazing allov s are presented. 

The process parameters of vvater a tomizat ion are vvater pres-
sure, tundish nozzle diameter , apex angle and diameter of vvater 
jelš. superheat ing of the melt . etc. The main influent povvder par-
ticle size parameter of these is vvater p ressure" and vvater veloc-
itv. respecliv el v. In the first stage of our exper iments the process 
parameters of vvater a tomizat ion vvere established and opt imized 
in order to get an opt imal mean particle size and opt imal particle 
size distribution. For brazing, first of ali the povvder f ract ions be-
tvveen 45 and 125 um are c o m m o n l y used. In Table 2 the main 
controlled process parameters of vvater a tomizat ion during our 
experiments are presented. 

Ali prepared povvders vvere then sieved and their main mor-
phological propert ies (particle shape, part icle size distribution, 
mean particle diameter , apparent densitv and f lowabil i ty) vvere 
determined. Besides the chemical composi t ion of the alloy. these 
povvder propert ies are the main applicabil i tv criteria of metal 
povvders for brazing. 

3 Results and discussion 

Ali prepared povvders vvere examined by optical and scan-
ning electron microscopv (SEM). The micrographs shovv mi-
erostruetures vvhich stionglv depend on the particle size and the 
cooling rate. Fig. 4 and 5 shovv the tvpical microst ructure of pre-
pared povvders. Some internal porositv of povvder part icles vv as 
noticed. Fig. 6 shovvs the SEM micrograph of a vvater a tomized 
Cu-2CNi allov-povv der vv ith nearlv spherieal particles. Fig. 7 
shovvs internal porositv of a vvater a tomized Cu-Ag (I. A g l 5 - P ) 
based allov-povv der. Particularlv Cu-Ag based a l loys-powders 
shovv a large amount of povvder particles vvith internal porosity. 

The standard sieving analvsis. as vvell as the Silas Alcatel 
laser granulometry of povvders vvere also p e r l o r m e d ' " l : . The 

povvders have a regular and partially irregular particle shape. The 
mean particle diameter of prepared povvders stronglv depends on 
the vvater pressure used. The port ion of irregularlv shaped parti-
cles raises vvith inereasing vvater pressure ( inereased eollision be-
tvveen droplets of molten metal as vvell as partially solidified par-
ticles dur ing atomization). The relatively high portion of 
regularlv shaped particles conf i rms the somet imes forgotten 
fact that vvater atomization can also produce nearlv spherieal 
povvders. vvhich is a condit ion for high apparent density and good 
f lowabil i ty of povvders. 

Figure 4: Ccllular solidification of C u - 2 % Ni allov--povvder particle. 

Slika 4: Celična strjevalna mikrostruktura delca Cu-2'/r Ni prahu. 

Figure 5: Cellular solidification of Cu-Ag (L Agl5-P) alloy-powder 
particle. 

Slika 5: Celična strjevalna mikrostruktura delca Cu-Ag prahu 
(L Agl5-P). 

The mean particle diameter of prepared Cu-2%Ni povvders 
is approximate ly 50 pm at a tomizing pressure 120 bars vvith a rel-
a t i v e n regular particle shape and narrovv particle size distribu-
tion (standard deviation cr = 2.2). The mean particle d iameter of 
the prepared C u - l , 5 % C r povvders is approximately 55 um at at-
omiz ing pressure 150 bars vvith a higher amount of irregularlv 



Figure 6: Particle shape of prepared Cu-29f Ni alloy-powder. 

Slika 6: Oblika delcev pripravljenih Cu-2'/< Ni prahov. 

Figure 7: Internal porositv of nearlv spherical Cu-Ag allov -povvder 
particles. 

Slika 7: Notranja poroznost delcev Cu-Ag prahov. 

shaped particles (high melt ing point C r o x i d e formation) in cotrt-
parison vvith Cu-Ni povvders but a relativelv narrovv particle size 
distribution ( a ~ 2.1) is obtained. The preparation of Cu-Ag 
based povvders vv as per formed al considcrablv higher atomizing 
pressures ( 1 SO to 220 bars) in order to get a higher amount of par-
ticle size fract ions belovv 125 um. The mcan particle diameter of 
tltc prepared Cu-Ag povvders is approximately 7(1 um al I SO bars 
and approximately 45 pm at the a tomizing pressure 215 bars vv ith 
a higher amount of incgularlv shaped particles (inereased colli-
sion) in compar ison vvith Cu-Ni povvders and a rclativclv narrovv 
particle size distribution ( o = 2,25) is also obtained. Tvvo infor-
malive a tomizing cxpcr imcnts for the preparation of Au-Cu 
based allovs-povvdcrs (alloy vv ith 5S mass '/r of Au - 14 carat 
gold and allov vvith 75 mass 9! of Au - IS carat gold) vvere also 

Figure S: S E M micrograph of Au-Cu u ater atomizcd povv der v\ ith 
irregularlj shaped (tear drop and ligamental) particles. 

Slika 8: R E M posnetek vodno atomiziranega prahu na osnovi Au-Cu 
/ delci nepravilne (vlaknaste in kapljičaste) oblike. 

performed. The mcan particle diameter of the prepared Au-Cu 
povvders is approximately 55 um al a tomizing pressure 140 bars 
vvith a rclalivclv high amount of incgularlv shaped particles i see 
Fig. 8). 

Unlortunatelv our pilot vvater a tomizer is too large (15 
kg/bateh) for the preparation of small quanti t ies o f t h e verv cx-
pensive Au-Cu based allov s-povvdcrs vvhich are normallv used in 
practice. For these types of a l loys-powders a small a tomizer vv ith 
the capacilv of up lo 0.5 kg/bateh max. is suitable. We therefore 
dccidcd lo give up further cxpcr imental vvork until vve purchase 
a small gas/vvater a tomizer suitable for the preparation of these 
allov s-povvdcrs. 

For other constant process parameters ol atomizat ion. the re-
lationship betvveen vvater pressure and the mcan particle stzc 
shovvs a good. f rom the l i t e r a t u r e 4 v v c l l knovvn exponential 
correlation (DS I = k . P,,,,,") for ali prepared povvders. The con-
stants k and n depend on the allov composi t ion . the geometrv of 
the atomizer and other process parameters of a tomizat ion. For 
the Cu-Ag based allov (L A g l . v P type) the constants are esti-
matcd as k = 8900 and n = -0.96 for the tundish nozzlc diameter 
4.0 mm and the other process parameters of a tomizat ion given in 
Table 2. Fig. 9 shovv s the exper imental correlat ion: mean part i -
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Figure 9: Mean particle size vs. vvater pressure for Cu-Ag brazing-
allov povvder and Co-based vvelding-allov povvder. 

Slika 9: Povprečna velikost delcev v odvisnosti od tlaka vode za 
prahove na osnovi Cu-Ag in prahove za navarjanje na osnov i Co. 
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cle size vs. water pressure for the Cu-Ag brazing a l loy-powder 
and the Co-based welding-al loy powder . The influence of chem-
ical composi t ion is evident. 

Ali prepared powders have the b imodal particle size distrib-
ution with two max ima at approximately 40 to 60 um and ap-
proximately 100 to ISO pm virtuallv independent of the applied 
water pressure and other parameters of water atomizat ion. This 
confirms the s ta tement 1 ' that the disintegration of the molten 
metal stream during water a tomizat ion is carried out in two steps 
(the so-called primary and secondary disintegration). Fig. 10 
presents the sieving analvsis of Cu-AI powders with not ieeable 
bimodal particle size distr ibution and the inf luence of chemical 
composit ion. Fig. 11 shows the b imodal particle size distr ibution 
of prepared Co-based water a tomized powders de termined by 
laser granulometrv". Bimodal particle size distribution vvith tvvo 
maxima is clearlv evident. 

In the Wos tho f f s apparatus the oxygen content of prepared 
povvders vvas determined. The prepared vvater a tomized povvders 
have a relativelv high oxygen content in spite of the fact that for 
pure metals (Cu. Ag. Ni and Au) Gibbs f ree entalphy for the re-
action M e + H : 0 = V I e 0 + H is positive"1 4 and therefore theoreti-
cal possibilitv for oxidat ion of pure metals vvith vvater s team is 
relativ elv lovv. Obvious ly . the al loying e lements and impuri t ies 
vvith higher aff ini tv to oxygen (Cr. Mn. Cd. Zn, P. etc.) have an 
important inf luence on t h in oxide f i lm format ion on the surface 
of povvder particles as vvell as other factors vvhich can inerease 
oxygen content (diseussed later in the article). Fig. 12 shovvs that 
from the theoretical point of vievv, for some pure metals as vvell 
as allovs smaller oxygen contents in vvater a tomized povvders 
could be expected, and vice versa. In spite of that a rough esti-
mation of oxygen content in vvater a tomized povvders is possible 
from this d iagrammat ic presentation. The d iagram is based on 
literature" as vvell as our ovv n cxper imental data. 
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Figure 10: Sieving analvsis histograms of Cu-AI vvater 
atomized povvders. 

Slika 10: Histogrami sejalnih analiz Cu-AI vodno atomiziranih prahov. 
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Figure 11: Bimodal particle size distribution of Co based vvelding 
alloy-powders performed bv laser granulometry. 

Slika 11: Dvogrba velikostna porazdelitev delcev prahov za navarjanje 
na osnovi Co dobljena z laserskim granulometrom. 
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Figure 12: Gibbs free entalphy for the reaetion Me+H ,0=Me0+I 1, vs. 
oxygen content for different vvater atomized alloys-powders. 

Slika 12: Gibbsove proste entalpije za reakcije Me+I l ,0=Me0+H 
v odvisnosti od vsebnosti kisika za različne vodno 

atomizirane prahove-zlitine. 

The plot oxygen content vs. particle size f rac t ions exhibi ts , 
for most povvders, the m i n i m u m oxygen content for part icle frac-
tions betvv een 60 and 00 pm. The expIanation of this phenome-
non is in the combinat ion of the e f fec ts of the particle size and 
the cooling rate (specific surface area - degree of oxidat ion) of 
particles during vvater atomization1 . Except ional ly, povvders vvith 
a high degree of particle shape irregularity exhibit a direct pro-
portional inereasing degree of oxidat ion vvith inereased specif ic 
surface area of the povvder1. F ig . 13 shovvs the plot oxygen con-
tent vs. particle size fract ions of different prepared povvders vvith 

0 
<45 45 / 6 3 6 3 / 7 5 7 5 / 9 0 90/125 125/250 

P a r t i c l e s ize f r a c t i o n s (pm) 

Velikost delcev po frakcijah (pm) 

Figure 13: Oxygen content of prepared povvders. 

Slika 13: Vsebnost kisika v izdelanih prahovih. 
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the m i n i m u m oxygen content for partiele size fract ions between 
60 and 90 um. 

The average oxygen content of prepared Cu-2%Ni povvders 
is 0 .23 mass ''/, O, , for C u - l , 5 % C r povvders 0.15 mass % of O , 
and for Cu-Ag povvders 0,15 mass % of O,. Our opinion is ihat 
a considerable reduction of these values is possible by an addi-
tional optimizat ion of vvater a tomizat ion (melt ing time reduc-
tion, superheat ing temperature as lovv as possible, inert gas blovv-
ing or protective slag used during melt ing, reduced 
vvater/povvder partiele interconnecting t ime, etc.). For example , 
the average oxygen content 0,075 mass % for C u - A g alloy-povv-
der vvas already obtained during our exper iments . 

The relativcly high oxygen content found in prepared Cu-
based allovs-povvders requires the considerat ion in vvhat fo rms 
the oxygen can be found in povvder particles. It is usually found 
in metal particles in the follovving forms: dissolved oxygen, sur-
face oxides, surface adsorbed molecular oxygen and diserete ox-
ides. The Ni and Cu-based povvders can contain several thousand 
ppm of dissolved oxygen if not adequately deoxidised prior at-
omization"*. The free energy for the reaction of Ni and Cu vvith 
vvater s team is positive. vvhich suggests that the amount of sur-
face oxides present in the Cu-Ni based povvders is insignificant. 
The origin of diserete oxides is usuallv slag and refractory parti-
cles. The surface adsorbed molecular oxygen, vvhich results f rom 
povvder handling af ter the atomizat ion, niust not be neglected, ei-
ther. In our future exper iments , it vvould therefore be necessary 
to de termine precisely the individual contribution of the above 
ment ioned oxides to the total oxygen content of Cu-Ni povvders. 

The flovvabilitv and the apparent density of povvders vvere 
determined vvith the HalFs apparatus 1 ' . The flovvabilitv raised 
vvith inereased sphericity of povvders. The fract ions betvveen 45 
pm and 125 um of ali prepared povvders have relatively good 
flovvabilitv but the partiele size fraet ion belovv 45 pm has no 
flovvabilitv. except C u - 2 % N i and Cu-Ag povvders prepared at the 
lovvest (120 bars) vvater pressure. Fig. 14 shovvs the correlat ion: 
f lowabil i ty of prepared povvders vs. partiele size fract ions. The 
povvder fract ions betvveen 63 pm and 125 pm have the best 
f lowabil i ty . The prepared C u - 2 % N i povvders have the best 
f lowabil i ty in compar ison vvith other prepared povvders. This is 
in accordance vvith the highest amount of regular (spherical) 
povvder particles obtained for this type of alloy. 

In accordance vvith high amounts of internal partiele porositv of 
prepared L A g l 5 - P a l loy-powders a relativelv poor apparent as 
vvell as tap densitv of these povvders is obtained. 
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Figure 14: Flowability of prepared povvders. 

Slika 14: Tekočnost izdelanih prahov. 

Fig. 15 shovvs the correlation: apparent density of prepared 
povvders vs. partiele size fract ions. The highest apparent as vvell 
as tap densi t ies are obtained for the finest f ract ions of povvders. 
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Figure 15: Apparent densities of prepared povvders. 

Slika 15: Nasipne gostote izdelanih prahov. 

The determined morphological properties of prepared al-
loys-powders shovv that vvater a tomized povv ders could be useful 
for di f ferent brazing applications, vvhere relativelv high oxygen 
content is not harmful (vacuum brazing, brazing in reduetive at-
mosphere , brazing vv ith allov addit ions of deoxidizers or f luxes 
that p roduce light lovv melt ing point protective slags). Therefore 
vve also made some brazing exper iments : l x " \ V a c u u m brazing 
of high speed steel (circular savv segments and paper knifes) on 
the structural steel base vvith a Ni-Cr based allov (Nicrobraz Wall 
Co lmonov type 30 and LM filler metals) as vvell as vvith the pre-
pared Cu based brazing allov-povvder gives high strength. non 
porous and other defect free. vvell d i f fus ion bonded joints. Fig. 
16 shovvs a high temperature vacuum brazed high speed steel 
(circular savv segments) on the structural steel base vvith simul-
taneous heat t reatment per formed at IMT Ljubl jana. Fig. 17 
shovv s the microstructure of a high temperature vacuum brazed 
tool steel/structural steel joint produced at IMT Ljubl jana vvith a 
Cu-based brazing povvder. 

V a c u u m brazing of sharp edged W C - C o particles on the steel 
plate also gives good results. Fig. 18 shovvs vacuum brazing of 
sharp edged W C - C o particles on a steel plate (grinding vvheel) 

Figure 16: Vacuum brazing of high speed steel (circular savv 
segments) on the structural steel base. 

Slika 16: Segment krožne žage iz orodnega jekla vakuumsko spajkan 
na osnovo iz konstrukcijskega jekla. 



Figure 17: Microstructure of high temperature brazed tool 
steel/struetural steel joint. 

Slika 17: Mikrostruktura vakuumskega spoja orodnega in 
konstrukcijskega jekla. 

with a prepared Cu-2 '<Ni brazing a l loy-powder per formed at 
IMT Ljubl jana. Cu-Ag based a l loys-powders also give good 
brazing results and the above ment ioned brazing alloys are al-
ready produced on the level of small scale product ion for 
Slovenianelectr ical engineer ing industrv ( ISKRA Autoelektr ika 
Nova Gorica , Metalf lex Tolmin , etc.). Fig. 19 shows industrial 
vacuum brazing of heat ing e lements on the steel plate carrier per-
formed at IMT Ljubl jana . Fig. 20 shows electrical componen t s 
industriallv brazed vvith vvater a tomized Cu-Ag based alloys-
povvders. 

Figure 19: Vacuum brazing of boiler heating elements on the steel 
plate carrier. 

Slika 19: Vakuumsko spajkanje grelnih elementov na jekleno nosilno 
osnovo. 

4 Conclusions 

The preparat ion of Cu based brazing a l loys-powders by vva-
ter atomization vvas investigated. The main morphologica l prop-
erties of prepared povvders vvere then determined. The deter-
mined morphological propert ies of prepared al loys-powders , as 
well as practical brazing exper iments shovv that vvater a tomized 
povvders could be successfullv used in many brazing applica-
tions. especially vvhere relatively high oxygen content in vvater 
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Figure 18: Vacuum brazing of W C - C o particles on the steel plate. 
Slika 18: Vakuumsko spajkanje ostrorobih delcev karbidne trdine 

na jekleno osnovo. 
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Figure 20: Electrical components for automotive applications 
industriallv brazed vvith vvater atomized Cu-Ag based alloys-powders 

manufactured at IMT Ljubljana. 

Slika 20: Električni sestavni deli za avtomobilsko industrijo spajkani / 
vodno atomiziranim Cu-Ag prahom izdelanem na IMT Ljubljana. 

atomized povvders is not harmful . Hovvevcr. practical brazing ex-
per iments supported by metal lographical and mechanical inves-
t igations of each individual brazing application are a lways nec-
essary in order to conf i rm the usability of the selected vvater 
a tomized Cu based al loy-powder. 



An important fact that has to be considered is the y ield of us-
able metal povvder (fraction +45 - I 2 5 p m up to +45 -75um) for 
brazing applications. Water and gas atomization give approxi-
mately the same but relatively poor povvder yield (=25+35%). 
Centrifugal atomization gives a better yield (= 40% ) but seems 
to present some practical difficulties in engineering and reliabil-
itv1 . Therefore, f rom this point of vievv, it can be concluded that 
vvater atomized povvders for brazing are comparable vvith gas at-
omized povvders. 
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Use of a Mathematical Model GPRO to Describe 
Complex Gas • Metal Reactions 
Uporaba matematičnega modela GPRO pri opisovanju 
kompleksnih reakcij med plinsko in kovinsko fazo 
B. Koroušič*, Institute for Materials and Technologies, Ljubljana, Slovenia 

The knowledge of the thermodynamics in complexe systems consists of gases and 
metal shoud be valuable for the control of industrial processes. The Gibbs energy 
mmimization model has been implemented in the softvvare program GPRO and 
associated vvith a povverfull reliable database. This computer package can perform 
computation of the equilibrium composition in very complex chemical and metallurgieal 
systems. Some examples in this paper illustrate the simpliclty of the computation and 
use of the program in the field of typically metallurgieal applications vvhieh have been 
traditionally assigned to specialists. 
Key vvords: Equilibrium reactions, active gas-atmospheres, decarburisation of non-
oriented electrical steels 

Poznavanje termodinamičnih odnosov v kompleksnih sistemih plin - kovina ima lahko 
izreden pomen za kontrolo industrijskih procesov. Gibbsov model o minimizaciji energije 
je implementiran v programsko opremo GPRO, 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 aplikacij, k i j i h večinoma izvajajo strokovnjaki na tem področju. 
Ključne besede: Ravnotežne reakcije, aktivne plinske atmosfere, razogljičenje 
neorientirane elektro pločevine. 

Introduction 

The application of thermodynamics to a system gas/solid en-
ahles to calculate the composition at equilibtium and the direc-
tion and extent of change vvhieh can take plače under specified 
conditions. In this paper an attempt is made to demonstrate the 
use of a personal computer software program as an elegant and 
sensitive method for numerous metallurgieal applications espe-
ciallv for analysis of gas-metal svstems. 

It is expected, that user of this method vvill bc in good posi-
tion to go more deeplv into learning thermodynamic correla-
tions. 

Principles of the Gibbs method 

In the fields of heat treatment of metals as annealling, car-
burizing, steel decarburizing, nitrocarburizing and many other 
operations. the metallurgist is concerned not with pure gases but 
with mixtures of various components (gases and solids) vvhieh 
form the atmosphere in the furnace. 

Description of used method for the complex equilibrium 
conditions 

Several excellent softvvare programs for general studing and 
calculating of equilibria reactions by high temperatures have 

' Prof. dr. B l a ž e n k o K O R O U Š I Č . 
IMT Ljub l j ana . Lepi poi 11. MIKU l L jub l jana 

been developed in the last tvvo decades (e.g. SOLGASMIX, 
T H E R M O C A L C , FACT, C H E M S A G E \ 

Hovvever. most of them are designed and vvritten in complex 
form requiring very strong computer units. few others are in-
tented simply tis a tool to be applied for the purposes ot solving 
real problems. 

Therefore , it seemed vvorthvvhile to develop a program 
vvhieh vvill take some midway path betvveen these tvvo com-
puter program designs. The nevv softvvare program, ealled 
G P R O is based on the method of free energy minimization and 
extended to systems containing numerous gaseous and con-
densed phases mainly in accordance vvith SOLGASMIX-pr in -
ciples5 

Thermodvnamical approaehes to the Gibbs-method 

The advantage of Gibbs method energy minimization is 
based on his simplicity for description of chemical reactions in 
complex systems and its ability to facilitate determination of the 
effect of a change in the external influences on the equilibrium 
state. In the GPRO softvvare program the user needs only to spec-
ify the typc. the components present in the system and the con-
ditions (for example: temperature and chemical composition of 
the system) for the calculation. 

The program vvill perform automatically the equilibrium 
thermodynamic computions typically associated with complex 



chemical cquilibria from a defined database. 

With Ihe aid of Ihe GPRO-program, a user is able to perform 
most of the following operations: 

I he energv for pre-heating the initial mixture from the initial 
temperature T„ to the reaction temperature T. 
The heat of reaction, 

- The eomputation of the complex chemical equilibria in 
gaseous mixtures and activitv of solid compounds, 

- Displaying and printing data of compounds and solutions at 
any temperatures and eompositions. 

Associated databases for the thermodynamic equilibrium 
coinputations 

From manv excellent standard treatises on thermodynamics 
it is knovvn. that vvithout reliable thermodynamic data most of the 
equations are ineffective and numerical ansvvcrs vvill be 
vvrong.GPRO softvvare program is based 011 use of both formula 
for calculations of the standard Gibbs energies of the formation 
of the phase: 
1. in the form: 

A G= — + B + CT+DT2 +ET-+FTI11T 
1 T (a) 

2. over the enthalpy AW ( entropv AS.r and heat capacity 

C,,(T): 

a g v = + - T ^ i M u r ( b ) 

Cp(T) = A + BT + CT J + D T : 

Both methods used from the database involve a search for a 
minimum value of the free energv G of a svstem and give equiv-
alent results. Hovvever the second method considering the en-
thalpv H. entropv S and heat capacitv Cp has more advantages 
by combining heat and equilibrium calculation. Typical example 
is the determination of the adiabatic flame temperature, vv here 
enthalpv of reaction serves as the eriterion of the heat balance. 

Exploiting the ( iPRO-program for heat and standard free 
enthalpv calculations 

Traditionallv the concept of heat enthalpv and standard free 
enthalpv as a stale funetion are introduced bv considering the be-
haviour and properties of many chemical and metallurgical re-
aetions. 

Since the equilibrium stale has been obtained. the heat gen-
eration or the total heat of process can be computed, using the 
therniodvnamical funetions .H.g. the energy necessarv for pre-
heating the initial mixture from the initial temperature T to the 
reaction temperature T. H - H,„ (taking into the account the tran-
sition values vvithin the aetual temperature interval T - T„ added 
to the heat of reaction - H,,i. gives the H„ - total total heat of the 
system. 

Exainplc No. I 

StatcmaU ofthe problem 

A mixture of Fe. (O,). SiO, present in the molar ration 
2 : I : 1 is adiabatically heated from 298 K lo 1 173 K. Calculate 
H„ - H :,w and G„ for the reaction: 

2< Fe) + ( o 2 ) + {SiO,) = (Fe: SiO,) (1) 

vvhere: 

o = solid, () = gas 

Compare the obtained results vv ith results from literature for 
the Gibbs free energv o f t h e favalite formation4: 

AG ? = - 5 5 5 5 0 4 + 1 3 5 . 2 3 r ( j . mo/"1 )(900... 1478tf ) (2 i 

AGy. = - 5 0 5 2 6 3 + 1 0 1 , 3 2 r ( / . moF>) (147,S... 15(IS K) (3) 

Since the end temperature is higher then 1773 K ali transi-
tion and latent heats of the reactants and products must be con-
sidered: 

1. F e | a —>/j) = 1033K, A / / ^ ^ = 5 0 2 4 j / .mol 1), 

2. / v ( j S - > y ) = 1 lX3K.A// / ( y =92l(././ti<»/ 1). 

3. Fe(y - > <5) = 1674 K . A H ^ . = 8 7 9 ( j . m o r 1 ) . 

4. Fe ( r , „ ) = 1 8 0 9 X . A H r m = 13S6()( J. mor'). 

5. Fc2Si04[Tm = 1493 K). AH n = 92lo( J .mol '). 

Solution : 
Fig. 1 shovvs a plot of G„ versus T for the reaction ( 1). There 

is a change of the entalpv due to melting Fe ,S i0 4 at T = 1492 K 
and calculated values for G,, over Cp - expression and from a 
formels (2) and (3). 

Fe + C + 3 % Si 

Figure 1: Plot ol thermodv namical data for Fe Si(); as a funetion of 
temperature calculated u ith GPRO-program. 1 Model I and I Lit.) using 

data from Richardson and Jeffes4 

Slika 1: Diagram termodinamičnih podatkov /a Fe.SiO, kot funkcija 
temperature izračunano s programom GPRO. 



Exploiting the G P R O - p r o g r a m for complex equilibria 
calculations 

In this chapter, some examples of work performed in our lab-
oratorv on the application o f t h e computer-based model G P R O 
vvill be revievved. The accuracv of the gaseous atmosphere con-
trol in steel decarburizing furnaces has been remarkably im-
proved ovving to the application of computer control systems and 
the development of nevv measuring techniques (for example: 
oxygen and/or carbon sensors). 

Gaseous active atmospheres 

There is relativelv little emphas is in the literature about use 
of the thermodvnamical mode l s on the field of active atmos-
pheres. Such mixtures containing both gaseous and condensed 
components (for example: Fe + C + O + H + N are extremly 
complicated for the numerical calculations). Detailed experi-
mental studies are difficult and also thermodynamical results are 
mostlv presented in the graphical form, vvhich are very useful in 
research vvork but of little effect ivness in searching solutions for 
a current practical operation. 

To obtain equil ibrium composi t ions in the real gaseous mix-
tures bv high temperatures, taking into account both energy and 
material balances. development of nevv approaches are strongly 
required. 

E.\ample No. 2 

Statement ofthe problem 

The use of gaseous a tmosphere vvith a vvell-defined oxygen 
potential for decarburisation of lovv carbon iron-silicon steels in 
the continuous furnace can be simulated by use of thermody-
namical model . 
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Figure 2: Equilibrium behavior of different oxide phases during the 
decarburization of Fe-C-Si alloys in active gas atmosphere 

(CO + CO, + H, + H ; 0 + N2) 
Slika 2: Ravnotežni odnosi različnih oksidnih faz. ki nastajajo med 

razogljičenjem jekel Fe-C-Si v aktivni plinski mešanici 
iCO + CO,+ H,+ H ,0 + N,) 

Equil ibr ium calculations and practical measurements shovv 
that solubilitv and carbon activity in Fe-C-Si steels depend on the 
gaseous atmosphere, temperature and steel composit ion. 

The thermodynamic analysis permit on the base of thermo-
dvnamical data to prediet the equil ibrium carbon contents in 
electrical steels (Fig. 2). 

Concluding Remarks 

One of the widely knovvn methods for chemical and metal-
lurgical equilibrium calculations bv the high temperatures is 
Gibbs energy minimization method. Based upon these principles 
and implementing some algorithms f rom computer program 
S O L G A S M I X , the nevv user-friendly computer program called 
G P R O vvas developed. 

GPRO-softvvare program is designed as a system vvhich can 
perform equilibria thermodynamic computat ions in systems con-
taining gaseous and stoichiometric and/or non-stoichiometric 
condensed phases. 

The computer program lists options as menu and the user is 
slowly direeted through the program, choosing one option at a 
time. Before using the level o f t h e main menu, user must create 
the relevant thermodynamic data lile vvhich contains the reliable 
thermodvnamic data as heat capacity, enthalpy, entropy vvith re-
spect to a chosen references state. 

In this paper some typical examples are presented to illus-
trate the simplicity of the computat ion in the complex chemical 
and metallurgical systems at high temperatures for typical in-
dustrial applications. 

Reference 

Gaskel , D. R.: Introduction to Metallurgical Thermodvnamic 
McGravv - Hill Book Company , (Washington, D.C), (1973) 

: Christopher, W. B., G. Erriksson: Metallurgical 
Thermochemical Databases - a revievv. Canadian Metallurg. 
Quat. Pergamon Press. (Oxford) 29, 1990, 2, 105-132. 

Eriksson, G., K. Hack: ChemSage - A Computer Program for 
the Calculation of Complex Chemical Equilibria. 
Metallurgical Transactions H. (Materials Park, OH) 21B. 
1990, 1013-1023 

4 Richardson, F. D.. J. H. E. Jef fes : , / . Iron Steel Inst., (London) 
160, 1948, 2 6 1 - 2 7 0 

Koroušič, B.: Computer ized thermodynamical expression of 
gas-metal reactions in industrial application of carburizing 
vvith in situ produced atmosphere process. Journal of Heat 
Treating, JHTRDR. (Franklin, WI) to appear 

6 Koroušič, B.: Študij ravnotežnih reakcij v plinskih mešanicah 
l.del: Varovalne atmosfere. Rudarsko-metalurški zbornik. 40. 
1993, 1 - 2 , 5 - 1 7 

Koroušič, B., J. Langervveger., E. Kolb: Fortschritte in den 
Opt imierungsrechnungen des Entkohlungsprozesses von 
Silizium-legierten Stahlen, HTM (1994) (to appear) 

s Koroušič, B.. A. Rosina: Contributions to the computer pre-
dietions of the homogeneous and heterogeneous equilibrium 
composi t ions for the gas atmospheres. Veitscli - Radex 
Rundschau (1994), 1-2 , 523-530 . 



61000 LJUBLJANA, LEPI POT 11, POB 431 
SLOVENIJA 

INSTITUTE OF METALS Telefon: 061/1251-161, Telefax: 061 213-780 
AND TECHNOLOGIES p.o. 

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 wide 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 vvork up to 350 mm 
diameter, 910 mm high, and vveight up to 380 kg. 

• Clean, bright surface finish 
• 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, vvhich in addition to our high pressure, rapid quenching facilities increases the 
range of materials suitable for Vacuum Heat Treatment. 

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 acknovvledged by 
government authorities. industry and International companies. 
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TYPICAL APPLICATIONS 
• Bright Annealing 
• Bright Stress Relieving 
• Hardening/Tempering 
• Brazing/Hardening/Tempering 
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• Demagnetisation 
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• Sintering 

QUALITY ASSURANCE 



Protection of Carbon/Carbon Composites against 
Oxidation 
Zaščita kompozitov tipa ogljik/ogljik pred oksidacijo 
Borchardt G.,* Institut fur Allgemaine Metallurgie, Technische Universitat Clausthal, 
Deutschland 
R. Turk, S. Javorič, V. Nardin, Oddelek za metalurgijo in materiale, FNT, Univerza 
v Ljubljani, Slovenia 

A mayor problem of carbon/carbon composites is use in oxidative environments. 
Protective coating in this study consists of SiC outer and B4C inner coating and offer 
efficient protective of composites against oxidation. Because of cracks and erosion of 
microstructure as a result of oxidation oxidized samples have lovver mechanical 
properties. 
Key vvords: carbon/carbon composites, oxidation, protective coatings, mechanical 
properties of oxidized composites. 

Največji problem kompozitov tipa ogljik/ogljik je njihova uporaba v oksidativnih 
atmosferah. Ugotavljali smo učinkovitost večplastne zaščite grafita pred oksidacijo, 
sestavljene iz zunanje SiC in notranje B4C plasti. Rezultati kažejo, da je takšna zaščita 
učinkovita v temperaturnem intervalu 600-1000°C. Zaradi razpok in erozije strukture 
grafita, ki so posledica oksidacije, so mehanske lastnosti oksidiranih kompozitov slabše. 
Ključne besede: kompoziti tipa o g l j i k / o g l j i k , oksidacija, zaščitne plasti, mehanske 
lastnosti oksidiranih kompozitov. 

1. Introduction 

Carbon fibers and carbon/carbon (C/C) composites are at-
traetive materials because of strength-to-weight properties supe-
rior to those of any other materials. 

Potential uses range from those in aircraft, autoindustrv to 
medical and šport applications (boat making, fishing rod...). 

C/C composites consist of carbon fibers sel in a graphite ma-
ta. Mechanical properties of C/C composites depend 011 fibers. 
which exhibit high Young 's modulus E (E = 250-500 GPa) com-
pared to the graphite matrix (Ev = 30 GPa).1 

Strong bonding betvveen the matrix and the fibers results in 
high shear strength while weak bonding inereases the toughness. 
so that crack propagation in the matrix can bc arrested at the fiber 
surface. 

High tensile strength is a consequence of very strong cova-
lent bonds betueen carbon atoms and high anizotropic crys-
talline fibers. ; 

2. Protection of C/C Composites against Oxidation 

The most obvious advantage of using C/C composites in 
aerospace application is their high relative strength compared 
vvith low vveight. 

A tnavor problem is using sueh materials in oxidizing envi-
ronments (hot flovving gases). Carbon rapidly reacts vvith oxygen 
at temperatures as lovv as 500 C. forming gaseous products (CO, 
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CO,). Gasifications leads to a rapid degradation of the compo-
site. This oxidation process results in the erosion of the strueture 
and in the degradation of the mechanical properties vvhieh the 
material originally posessed. 

Many protective coatings are being considered to prevent 
contact betvveen oxygen and carbon. Most of these coatings rclv 
on oxide films formed during oxidation as oxygen diffusion bar-
riers. 

2.1. Protective Coatings 

The most important 19.34 U.S. patent ' in vvork on protection 
against oxidation for C/C composites deseribes a coating system 
for graphite materials composed of a SiC and vitreous overlav 
coatings. 

Work 011 oxidation protection for C/C composites started in 
1970's. The coating system vvas very similar to that in the 1934 
patent and vvas composed of a SiC conversion laycr and silicate 
glaze overlav. 

Any coating material used to protect the composite f rom o.\-
idation niust prevent the invard diffusion of oxygen, and has lovv 
volatility to prevent erosion. Coating issues associated vvith oxi-
dation protection are coating erosion, spallation and oxygen per-
meation of the intact coating system. 

Erosion resistance requires the use of outer coatings that 
have lovv vapor pressures. The high thermal expansion coeffi-
cient is a strong negative factor because the large differences in 
thermal expansion behavior often results intension-induced 
coating cracks. 



In the presence of an oxide film 011 the surface, the oxygen 
has to diffuse through it to reach the substrate/oxide surface. 
Oxide film acts as a diffusion barrier. The oxidation of a sub-
strate involves five steps, shown schematically in Figure l:4 

Figure I: The oxidation of a protected graphite 
Slika I: Oksidacija zaščitenega grafita 

1. gas phase diffusion aeross the boundary layer: 
2. oxygen diffusion through cracks: if the oxide film is cracked, 

(oxygen diffuse through it to the substrate/oxide film inter-
face); 

3. condensed phase diffusion (if the oxide film is nonporous); 
4. reaction at the interface substrate/oxide; 
5. counter diffusion of gas products back to atmosphere. 

Oxides have usualy higher thermal expansion coefficients 
than corresponding carbides. For this reason it is advantageous 
to start with a nonoxide outer coating that converts to an appro-
priate oxide upon exposure. Such deposition reduce diferences 
betvveen thermal expansion bchaviour of coating and substrate. 

Studies have shovvn the utility of borate glasses for protect-
ing C/C composites front oxidation. Current coating system for 
proteeting C/C composites are composed of an outer coating of 
SiC and an inner B4C coating. Due to oxidation SiC is convert-
ed to SiO, vvhich acts as primary oxygen barrier.'' 

Oxidation of the inner B4C coating through cracks in the SiC 
outer coating produces a borate glass B , 0 , . Above the melting 
point of B,0< it flovvs to fill cracks present in the inner and out-
er coatings. 

3. Mechanical Properties of (Kidized C/C Composites 

Oxidation of the graphite leads to pitting, degradation and 
porosity of C/C composites. Gasification appeared to lead pro-
gressively to the formation of pores in the matrix. follovved by 
propagation of longitudinal channels along the fiber axes. 

Cracks, vvhich appears under loading, leads to a loss in 
strength of the composite. One of the most oxidized and loaded 
fibers rupture and this leads to crack initiation and propagation 
of transversional cracks because of shear stresses.7 Strength of 
oxidized composites is reduced because of cracks and mi-
crostructure erosion. 

Bending strains for oxidized C/C composites are much lovv-
er than that for unoxidized ones. 

4. Experimental Procedure 

Graphite EK 986 used in this study vvere supplied by 
Ringsdorf, Germany. The average density vvas 1.85 g/cm and 
open porosity 8%. Graphite samples vvere cut in approximatelv 
cube form, side 0.7 +- 0.01 mm. 

Multilayer coating vvas composed of an outer coating of SiC 
and of an inner B ,C coating. 

SiC and B4C coatings various thicknesses vvere deposited bv 
Physical Vapor Deposition (PVD) process vvith High Frequency 
(HF) Sputtering. 

Samples vvere sputtered in vacuum at 2-3 x 10 mbar. fre-
quency 10 MHz and voltage lkV. 80 min of sputtering vvas suf-
ficient to deposit a B4C film of 0.30 um and 75 min to deposit a 
SiC film of 0.70 pm on the surface of the samples. Some graphite 
samples vvere only B4C coated. 

Measurements of the oxidation kinetics of ali graphite sam-
ples vvere carried out in a vertically open-ended furnace in stag-
nant air, betvveen 600 and 1200°C. 

Mass changes of the specimens vvere measured bv Thermo 
Gravimetry Analyses (TGA) using an automatic "SARTO-
TIOUS M 25 D-V" thermobalance (sensitivitv +-0.001 mg) 
vvhich vvas connected vvith computer. 

Ali kinetics data vvere collected and approximated vvith 
Computer operated data on line acquisition system. Samples 
vvere cooled dovvn in air and vvere observed using Scanning 
Electron Microscope (SEM). Jeal JSM - 35. 

C/C composites materials BB 7655 used in this studv vvere 
made from SCHUNK. Germany. Samples vvere preprotected 
vvith Si, vvhich vvas deposed into the graphite matrix 
("Kapillarziliziert").8 

Samples vvith average dimensions 20 x 20 x 1.7 mm. the av-
erage density 1.64 g/cm' and the average porosity 8.2% vvere ox-
idized betvveen 400° and 8()0°C. 

Oxidized samples vvere cooled dovvn in air and tensioned bv 
GLEEBLE 1500 (DUFFERS SCTENT1FIC) at room tempera-
ture in air at a rate of 0.1 mm/sec. 

5. Results and Discussion 

5.1 Oxidation hehaviour of uncoated graphite 

Oxidation of the graphite appeared to occur at specific active 
sites, leading to pitting, degradation and porosity at the surface. 

Figure 2 shovvs the relative vveight loss for oxidized samples 
per unit of calculated geometric area (dm/A,,) as a funetion of 
time at 600°C and 1()()0°C. 

Due to the presence of porosity, the effective surface area 
over vvhich reaction can occur is possiblv 10 to 100 times high-
er than the geometric area. This is consistent vvith the high poros-
ity of the C/C composites. 

Oxidation process of graphite results in the erosion of the 
strueture (Figure 3). Because of higher erosion the oxidation rate 
for uncoated graphite samples (Figure 2.b-A) at 1000°C is high-
er than rate at 600°C (Figure 2.a-A). 

The lovv temperature rate - limiting step is probably a surface 
reaction - desorption of oxidation products (CO. CO : ) from the 
carbon netvvork. 

At higher temperatures the release of the oxidation products 
becomes easier and leaves defects in the carbon netvvork. The 
rate is then probably controlled by oxygen diffusion into pores. 
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Figure 2: Relative vveight loss per unit of calculated geometric area 

(dm/A„) as a function of tirne at 600°(a) and 1000°C(b). 
A ... uncoated graphit 

C.... graphit , eoated with SiC and B,C proteetive eoating 

Slika 2: Relativna i /guba mase na enoto izračunane geometr ične 
površine (dm/A„) kol funkci ja časa pri 600°(a) and l()00°C(b). 

A ... nezaščiten grafit 
B ... grafit , zaščiten s SiC in B,C zaščitno plast jo 

With continued oxidation the porosity and active surface area in-
creased resulting in the increase in the oxidation rate. 

An important question is vvhether oxidation of C/C compos-
ites proceeds more readilv along the carbon fiber axes or in the 
less vvell crvstallized matrix of the composite. 

Because of the higher incidence of reactive edge sitcs, amor-
phous carbons tend to be more susceptile to gasification than 
crvstalline graphite. 

Oxidation of the graphite occured simultaneously at specific 
active sites (vacancies. pores). Burn off of oxidation products 
leads progrcsivelv to formation of pores in the matrix (Figure 
4.a). followed by the propagation of longitudinal channels along 
the fiber axes (Figure 4.b). Facile oxygen diffusion along sueh 
channels allovved a rapid excavation of material and growth of 
larger pores betvveen the fiber bundles. 

Gasification also occured rapidly at the exposed ends of the 
fibers. leading to diffusion of oxygen along the fiber axes. 

5.2 Oxidation behariour of eoated graphite 

In the temperature range 600 C-10()0°C samples covered 
vvith SiC and B4C eoating (Figure 2.a ,b-C) shovved better oxi-
dation resistance and reduetion in the oxidation rate compared 
vvith uneovered graphite samples (Figure 2.a,b-A). 

Figure 3: Surface of uncoated graphite after oxidation at 60(1 C (a) 
and 1000 'C (h) 

Slika 3: Površina nezašči tenega grafita po oksidaciji pri 600 C' (a) 
in 1000°C (b) 

Figure 4: Oxidation of the graphite occured simultaneously at specific 
active siles. appeared to lead progressivelv to the formation of pores in 

llie matrix (a), follovved by the propagation of longitudinal channels 
along the fiber axes (b) and grovvth of larger pores betvveen the f iber 

bundles (c). 

Slika 4: Oksidaci ja grafita prične simultano na specifičnih aktivnih 
mestih, kar vodi do tvorbe por v matrici (a), podolžnih kanalov vzdolž 

osi vlaken (b) in rasti večjih por med vlakni (c) 

- 3 5 
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graphite 

a g raph i te - a B4C > a SiC 

4 1 g raph i te - 4 1 B4C > 4 'SiC 

T=450"C 

Figure 5: Surface of coated graphit after oxidation at 600' C (a) 
and 1000' C (b) 

Slika 5: Površina zaščitenega grafita po oksidaciji pri 000 C (a) 
in 1000 C (In 

Figure 7: Af ter removal f rom the furnace we noticed that B:C' plus SiC 

coating resignate f rom graphite matrix and cracked. 
Slika 7: Po oksidaciji smo ugotov ili. d a j e zaščitna plast B,C plus SiC 

odstopila od grafitne matrice in razpokala. 

Oxide films formed during oxidation prevent direct contact 
between oxygen and undcrlving graphite and reduee numbers of 
specific active sites and presence of porositv over vvhich oxida-
tion can oeeur (Figure 5). 

Examination of the B4C plus SiC coated specimen on re-
moval from the furnace suggested that oxidation vvas initiated at 
the eorners and edges of the sample. 

Bonding of the coating at these sites vvas probablv poorer 
than on the faees and that local mismatehes caused mierocraek-
ing in these regions. 

SiC prevent direct oxygen attack on the carbon matri.v 
Cooling composite from relativ elv high deposition temperatures 
leads to cracking in the coating as a result of thermal evpansion 
mismatehes (Figure 6.a). 

Upon exposure to o.xygen SiC becomes an oxide SiC), vv h i c h 
is an excelent oxygen barrier so oxidation bv diffusion through 
Sit) laver is not the limiting factor. 

Porous structure of SiC and eraeks in the coating degrades 
the oxidation resistanee of graphite. Oxygen diffuse through 
cracks and causes oxidation of tinderlv ing carbon. (Figure 6.bi. 
Thal is the reason vv liv SiC coating offered onlv limited protec-
tion of oxidation. 

The tise of B4C gave good protection at temperatures up to 
1000°C. B,C forms borate glass B :() , on oxidation vvhich has 
surface energies less than 100 mJ m 2 for carbon vvetting and v is-
cosities of 10' to K)2 dPa s (in the 600 to 1 100 C range). 

Figure 6: Cooling composite leads tu cracking in the coating as a 
result of thermal e.vpansion mismatehes (a). ( K v g c n diffuse through 

cracks and causes oxidation of undcrlving carbon (hi. B,() , flovvs to fill 
thermal expansion mismaleh cracks in the outher SiC coating and in 

the matrix (c). 

Slika 6: Pri ohlajanju kompozita se v zaščitnih plasteh pojavijo razpoke 
zaradi razlik v temperaturni razteznosti zaščitnih plasti grafita (al. 

Kisik difundira sko/i razpoke in povzroča oksidacijo spodaj ležečega 
ogljika (b). B , 0 , . ki se tvori med oksidacijo, zapolni razpoke v SiC 

plasti in v grafitni matrici (c) 

a S i C = 4.7 X 10-«/ K 

a B4C = 5.29 - 6.25 X 10"6/ K 

" g raph i te = 7 .86x 1 0 ^ / K 



Above the melting point of B : 0 , (450 C) it flows to lili ther-
mal expansion mismatch cracks in the outhcr SiC eoating and in 
the matrix (Figure 6.e) providing a diffusion barrier in the com-
posite. B O ; is segregated in ciusters at the aetive sites on the 
graphite surface where oxidation normallv occured and blocks 
this aetive sites. 

The use of borate eoating is limited bv the volatililv o f the bo-
ratc. Volatization cd' the eoating leaves the underlving material 
exposed. Rapid oxidation and a 250% volume inerease at the con-
version of B4C to B : 0 , are cssential features of these coatings. 

After removal from the furnace vve noticcd that B ,C plus SiC" 
eoating resignate from graphite matrix and crack (Figure 7). 
Hvdrolvsis of B .O ; produces orthoboric acid and a 125% volume 
inerease: 
B O, + H.O = 2B 0 ; + H O = B.O ; + H,BO, 

Heating relcases vvater and produccs a mixture of boric ox-
ide and mctaboric acid. Under drv conditions the complete con-
version H,BO, back to B.O, completed al about 450 . 

5 J Mcchanical properties ofo.\idi:cd C/C eompozites 
Because of cracks and erosion of microstructure of C/C com-

posites oxidized samples have lovver mcchanical properties. 
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Figure 8: Bonding forces and breaking stresses (up lo 91) MPa) for less 
oxidized C/C composi tes as for vvell oxidized samples (minimal 

hending forces and stresses). 

Slika 8: Pri man j oksidiranih C/C kompozit ih so za porušitev potrebne 
manjše upogibne sile (do 3300 N) oz. napetosti kot pri zelo oksidiranih 

vzorcih, kjer so potrebne minimalne upogibne sile oz. napetosti. 

Figure 8 shovvs that bending forces (up to 3300 N) and stresses 
(up to 90 MPa) for less oxidized C/C composites (at 0.036% 
mass loss) are much higher than those for vvell oxidized samples 
(minimal bending forces and stresses). 

Relationship betvveen breaking 1'orce (F) and mass loss (C) 
can be represented as follovving cquation: 
F = a + b( sqr(C")):. 

vvhere cocfficients are a = 58.2238 and b= - 7.1752. 

6. Cunelusions 
1. The main problem for C/C composites is use of such materi-

als in oxidizing environments (hot flovving gases). Carbon 
rapidlv reacts vvith oxygen al ternperatures ;is lovv as 500 C. 
forming gaseous products (CO, CO,). Gasifications leads to a 
rapid degradation o f t h e composite. 

2. Manv proteetive coatings are being considered to prevent oxy-
gen from rcaching carbon. Most of these coatings rcly on ox-
ide films formed during oxidation ;ts oxygen diffusion barri-
ers. Coatings vvith less pcrmeabilitv for oxygen and 
temperature expansion coefficient similar to those of substrat 
shovvs efficient protection of oxidation. so laycrs could be me-
chanically stable during cooling and heating processes. 

3. Graphite samples in approximately cube form, side 0.7+-0.01 
mm vvere covered vvith multilaver proteetive eoating, vv hich 
vvas composed of an outer eoating of SiC and of an inncr B ,C 
eoating. 

4. SiC and B,C coatings of various thicknesses vvere deposited 
bv Physical Vapor Deposition (PVD) process vvith High 
Frequency (HF) Sputtering. 

Measurements o f the oxidation kinetics of ali graphite samples 
vvere carried out in a verticallv open - ended furnace in slag-
nant air. betvveen 600 and 1200'C. 

5. Comparison betvveen uneovered graphite and graphite. cov-
ered vvith SiC and B,C proteetive eoating shovvs reduction in 
the oxidation rate resulting from proteetive eoating. 

6. After removal from the furnace vve noticcd that B ;C plus SiC 
eoating resignate from graphite matrix. Because of cracks and 
erosion of microstructure shovvs oxidized C/C composites 
lovver mcchanical properties. Bending forces (up to 3300 N) 
and stresses (up to 90 MPa) are much higher for less oxidized 
C/C composites (at 0.036% mass loss) than those for vvell ox-
idized samples (minimal bending forces and stresses). 
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Influence of the Scaling upon the Heating 
Steel Slabs in a Pusher-type Furnace 
Utjecaj ogorine na proces zagrijavanja celičnih 
potisnog tipa 
M. Kundak, J. Črnko, Metalurški fakultet Sisak, Croatia 

In the frame of this paper an existing and a proposed more optimal temperature regime 
for heating of steel slabs in a pusher-type furnace is analysed. The influence of steel 
oxidation upon the heating process and its influence upon the optimal temperature 
regime calculation is also investigated. 
Key words: pusher-type furnace, scaling, heating of steel. 

U okviru ovog rada analiziran je postoječi i predloženi optimalniji temperaturni režim 
zagrijavanja čeličnih slabova u peči potisnog tipa. Takoder je istražen utjecaj oksidacije 
čelika na proces zagrijavanja i njezin utjecaj pri proračunu optimalnog temperaturnog 
režima. 
Ključne besede: peč potisnog tipa, zagrijavanje, oksidacija. 

Process of 

slabova u peči 

1. Introduction 

The intensitv of oxidation of the heated steel generally de-
pends on the affinitv of the basic material, i.e. of iron and alloy-
ing elements towards oxygen, on gas composition above the 
heated steel. on the temperature of furnace space and the time of 
exposure to high tenipcratures. Oxidation doesn ' t depend solely 
on the presence of free oxygen in the furnace atmosphere. 
Aqueous vapour, carbon and sulphuric dioxide also appear as re-
aetants. Results achieved regarding the influence of these factors 
on steel scaling revealed differences, the cause of vvhich has not 
been explained adequately so far. Quantitive values regarding 
the extent of the scaling achieved during the investigation stated 
in references, are given as medium values of several repeated in-
vestigations. Sueh data can be useful for determining the influ-
ence scale has on steel heating. especially due to the changes in 
scale composition throughout the deptli of the scale layer, as stat-
ed in references. the layer may significantlv influence the coef-
ficient of heat conductiv itv. Hovvever, it should bc taken into 
consideration that iron o.vidation in the course of steel heating al-
so introduces heat into the process. Yet. exploitation of sueh heat 
is insignificant. as the oxygene necessarv for iron oxidation is 
hrought f rom the furnace surroundings. i.e. vvith the air required 
for fuel combustion. therefor a eorresponding quantity of nitro-
gen is present. vvhich is heated to the temperature of vvaste gas-
es. A part of the heat produced by iron oxidation is lost by this 
heating. Formation of scale diminishes utilization of heat from 
vvaste gases inside the furnace. as the heat source on the steel sur-
face decreases the possibilitv of heat transfer f rom the vvaste gas 
to steel, and due to the lovv coefficient of conductivity, heat con-
ductivitv is limited as vvell. The latter indicates the importance of 
defining the thickness of the scale layer on the surface of the 
heated steel semiproduct. The thickness of the scale layer in re-
lation to the one obtained by calculation from referential data 
may be checked bv means of plant investigations in aetual 
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process conditions of given steel heating. This paper also pre-
sents the research results regarding the influence of scale layer 
thickness on the time required for the lovv carbon steel heating in 
a pusher-type furnace of a nominal capacity of 67 t/h. 

2. A pusher-tvpe furnace and the research results 

To studv the influence scaling has 011 the rate of charge heat-
ing, in other vvords the temperature regime of the furnace, a tem-
perature profile of the vvall and of the upper surface of the charge 
lengthways of the pusher-type furnace is determined by an opti-
cal pyrometre and presented by a diagram in Fig. 1. The length 
of the furnace from the slab charging line up to the front vvall is 
26.5 m. and the furnace length covered vvith slabs is 24,4 111. The 
inside vvidth of the furnace is 4.6 m. A schematic presentation of 
the furnace profile and of its main dimensions is given in refer-

Figure 1: Temperature profile of the vvall and of the upper charge 
surface along a pusher-tv pe furnace 

Slika I: Temperaturni profil zida i gornje površine ulo.ška po dužini 
peči potisnog tipa 



enee F In the course of determining the temperature profile slabs 
of the St 12 (per DIN) quality, with dimensions of 
430x190x3800 mm and mass of 2500 kg vvere heated. The fur-
nace capacitv vvas 31.4 l/It. To be able to estimate the value of 
the determined temperature regime, due to lovv furnace produc-
tivitv'. a numcrical method vvas used to obtain an optimal tem-
perature regime in such conditions. The numcrical method : starts 
bv dividing the calculation into scveral sections vvithin vvhich 
variablcs mav bc considcred constant vvith regard to temperature. 
Whilc the material vvas passing along the seetion length. the 
chargc vvas considcred motionlcss and its heating vv as calculat-
ed as such as in a hearth furnace of the same temperature, the 
temperature flovv of the flue gas vv as determined on the basis of 
the seetion heat equilibrium. 

According to this, a preheating and heating zone vvas divid-
cd into five sections, the soaking zone itself consisted one of the 
sections. The calculation presumes that heating cffects from be-
lovv vvere cqual to those from above in the heating and preheat-
ing zone vvhich vv as confirmed during determination of the tem-
perature regime. The calculation starts vvith the required final 
temperature of the material and is successively carried out for 
each seetion tip to the beginning of the preheating zone. The i n i 
tial temperature vvas alvvavs the final temperature of the materi-
al of the preccding seetion. The calculation vv as considcred to bc 
completed vvhen the obtained initial temperature of the material 
in the first preheating zone seetion vvas app. 20°C. II. hovvever. 
the initial temperature of the material differed considerablv from 
the one stated, the calculation vvould bc repeated. Table 1 pre-
sents values for some calculated variablcs and the results of the 
temperature regime calculation for a 31.4 t/h productivitv of the 
pusher-tvpc furnace. The vvall temperature and the chargc tem-
perature along the furnace during heating vvere obtained bv cal-
culating on optimal temperature regime that is presented in a di-
agram form in Fig. I. 

Table 1: Some variablcs and the results of the pusher-type 
furnace temperature regime calculation 

Nmiiher Lirah of II h k N, c 11, <>„ Al) 0, 
ol a seclion 
seclion (niml C W/m k W/mK kVVs/kgK C C C C 

1. 4(166 131X1 2 b ' l 2i) 2 8,88 11.74 0,71 1275 I22S 4 1230 
T 4(166 14511 308 20.2 1.113 0.73 D.7I 1260 1270 IS 1303 
3. 41 Ki h 141111 27.4 1.01 11.7! 11.71 1171 1200 37 1260 
4. 4ll(i(i 135(1 252 2(i.S ().')!) 11.75 11.71 11)114 1050 71) 1110 
X 41 Idli 12(10 33.') 11.55 0.84 0.62 713 761) 64 '175 
6. 4ll(i(, SIKI 91 51,3 0.17 (13)7 0.51 318 330 15 650 

Duc to the effect of the furnace atmosphere an oxide film 
(scale), consisting of the Fc,() ; , FeX), and FeO bound more or 
less tightlv onto the iron base, is formed on the vvhite hot steel 
surface. On the basis of the accepted steel scale composition: 
consisting of 5c/t Fc .O„ 10% F e . A and 85 p/r FeO11 ,1 and den-
sitv ranging from 5200 k g / m \ 5100 kg/m' for F e 3 0 4 and 5900 
kg/m'151, a correspoding scaling dcnsity of 5785 kg/m1 is deter-
mined. The density and the scale composition enable the calcu-
lation of the percentage of steel burn off in regard to the heated 
chargc. Fig. 2 shovvs diagrams of the dependence of the scale 
lav er thickness in regard to the percentage of steel burn off and 
slabs thickness heated both sidedly in a pushcr-tvpe furnace. 

The amount of burn off steel per unit of steel chargc surface 
may be calculated according to the temperature and duration of 
detainment al that temperature, as stated in reference 6. 7, 8 
vvhen fuels of higher heating values (cokc-oven gas, natural gas 

Figure 2: Dependence of the scale laver thickness in regard to 
percentage ol' steel burned off and the slabs thickness during heating 

from both sides 

Slika 2: Odvisnost deblj ine sloja ogorine od postotka čelika koji odgori 
i debljine dvostrano zagri javanog uloška 

Figure 3: Scale heat conductivity and lovv-carbon steel in regard to 
temperature 

Slika 3: Toplinska vodljivost / a ogorinu i niskougljični Celik u 
ovisnosti od temperature 

and heavy fuel oil) are used the generated flue gases have a sim-
ilar effect upon the formation of scale. The quantity of the steel 
burn off per unit of the heated chargc surface is presented in the 
references quoted in a form of a table and diagram in regard to 
various air factors during fuel combustion, i.e. from 0.6 to 1.1. 

Fig. 3 shovvs diagrams regarding the dependence of scale 
heat conductivity and lovv -carbon steel to temperature1*. From the 
determined relation it can bc seen that the scale heat conductiv-
ity is more than ten times lovver than that of lovv-carbon steel. 
therefor it acts as an isolating laver on the heated steel chargc sur-
face. Based on this data a specific heat resistance, depending on 
the thickness of the scale layer formed during 190 mm thick slabs 



t h i c k n e s s of the s c a l e layer, mm 

Figure 4: Specif ic heat resis tanee of low-earbon steel covered with a 
scale layer in regard to scale thickness and temperature for ll)() 111111 

thick slahs 

Slika 4: Specif ični toplinski olpor niskougl j ičnog čelika sa slojem 
ogor ine u ovisnosti od debl j ine ogorine i temperature za uložak 

debl j ine ll>0 mm 

were heated and their temperature, as tliis is the most common 
charge of a pusher-type furnace (over 70'/f). was determing and 
is presented in a form of a diagram in Fig. 4. 

Hovvever. for the operating conditions investigated, first av-
erage temperatures of the charge surfaces in single sections of 
the furnace were defined from the diagram presented in Figure 
1. the calculated optimal temperature regime was determined on 
the basis of data from Table 1 regarding for the temperature of 
the charge surface at the end of a single seetion an average tem-
perature of two neighbouring sections was taken. On the basis of 
these temperatures and the tirne of charge detention in single sec-
tions along the furnace the parametres regarding scale, as well as 
the extra time required for charge heating due to scale, were cal-
culated. Natural gas used as fuel (Hu 37300 kJ/nr'), the air fac-
tor was 1.1. data and methods stated in reference 8 were used for 
the calculation. The results of calculation regarding the scaling 
of the steel St 12 are presented in Table 2. 

Table 2: Calculation results in regard to steel scaling during 
charge heating in a pushcr-tvpe lurnacc 

Length 
of a 
seetion 
(mm 

For operating conditions For calculated conditions Length 
of a 
seetion 
(mm 

0 . 
( T ) 

Burned steel 
(kg/m ; l <7r 

Lav er 
(1111111 

Al 
c ;> 

s, 
r O 

Burned steel 
t kg /n r i '!, 

Laver 
I111111) 

Al 
(%> 

4066 3 SO - - - - - - -

4066 950 (1.710 0.09 0.12 1 1 545 - - -

4(l(i6 115(1 1.872 0.26 0.32 5.0 905 0.42(1 0,06 0,07 0.7 

4066 121)11 2,650 0.36 0.45 7.0 1125 0.907 0.12 0.16 2.5 

4066 1230 3.600 0.49 0.61 9.5 1235 2,430 0,33 0.42 6,3 

406(i 123(1 4.372 0.6(1 0.75 11.0 1249 3.3 IS 0.45 0,57 8,5 

Measurements of the scale layer thickness were carried out 
in the working plant. after the charge was puslied out of the fur-
nace and adequately cooled, data 011 thickness of the scale layer 
formed in different working conditions of the furnace with re-
gard to the delavs in the vvorking of the furnace due to war cir-
cumstances in the countrv were obtained. Table 3 shows the re-

sults of the measurements of scale laver thickness on slabs vvith 
dimensions of 430x 190x3800 mm. steel grade St 12. during con-
tinuous and discontinuous furnace operation vvhen the slabs vvere 
kept too long in the furnace''. 

Table 3: Results of measurements of the scale layer thick-
ness on the surface of steel St 12 during continuous and discon-
tinuous operation of a pusher-type furnace 

Working Continuous Discontinuous vvorking of the furnace 
conditions vvorking conditions vvorking 
of the of llie Heating 16 h 12 h 
furnace furnace Bl ind firing X h 12 h 60 h 
Laver 
thickness 1.(1111111 4.8 mm 7.(1111111 10,0 mm 

Slabs vvere kept in the furnace for 264 min. The calculated 
optimal temperature regime not only improved the heat flovv of 
the slabs in the initial period, but also shortened the period of slab 
detention at highcr temperatures and reduced scale loss. the 
grovvth of the furnace floor and the heat energy consumption. 

3. Discussion of the results 

In addition to disadvanlages that scaling causes sueh as are 
reduetion of charge mass and defects in products, scale also be-
haves as an isolating layer on the heating surface of a charge. 
therefor more energy is required for its heating as the heating ca-
pacitv of a pushcr-tvpe furnace decreases. Figure 1 sliovvs data 
aquired from a pushcr-tvpe furnace during operation regarding 
the temperature regime and the calculated optimal temperature 
regime at a productivitv of 31.4 t/h in a diagram form. The in-
fluence of the scale laver thickness upon the heating of a charge 
could be studied and necessarv corrections in the optimal tem-
perature regime calculation could be applied front these data. 
Generallv. 011 the basis of the scale layer thickness, slabs thick-
ness and heating procedures (one or both sidedlv), a percentage 
of steel burn o f f c a n be predieted. From the diagram in Fig. 2 it 
may be scen that for the scale layer of thickness 2 mm. vvhich 
does not differ vvith slab thicknesses in a corresponding furnace 
atmospherc. the steel burn off at the charge thickness of 350 mm 
is 0,45 % and at the charge thickness of 90 mm is 1.75 c/<. As 
sueh the percentages of steel burn off inerease or decrease in re-
gard to inerease or decrease of charge thickness, the specific heat 
resistanee also inereases or decreases. From the expounded it 
may be noted that the oxidation atmospherc of the furnace space 
contributes a great deal to a formation of scale on the charge sur-
face, and the inerease of specific heat resistanee vvas larger vvhen 
thinner charges vvere heated. 

To vvhat degree scale behaves as an isolating layer can be 
seen from the diagram in Fig. 3. The coefficient of scale heat 
conductivity, in regard to the temperature level, is more than ten 
times lovver than that of steel. I11 Fig. 4 specific steel heat resis-
tanee for different scale layer thicknesses of a 190 111111 thick 
charge heated in a pusher-type furnace is presented in a diagram. 
As the specific heat resistanee inereases in regard to temperature, 
it is necessary to correct the calculated heating time of the 
charge. From the diagram in Fig. 4 it is also possible to define 
parametres for the charge of various dimensions vvhen the at-
mospherc remains unehanged inside the furnace. as alreadv evi-
dent in the diagram in Fig. 2, inerease or decrease of the specif-
ic heat resistanee parameter presented in diagram, Fig. 4 for the 
percentage of inerease or the decrease of the steel burn off for the 
same scale layer thickness. 

Table 2 presents quantities of scale determined by calcula-
tion follovving the method referred to in reference 8 during op-



eration and a calculated optimal temperature regime of a pusher-
tvpe furnace. It has been noted that scaling is greater in the tem-
perature regime achieved during operation than that at the cal-
culated optimal one, which can be explained bv the higher 
surface temperature of the charge in the first temperature regime. 
From the data (At) in Table 3 it may be ascertained that deten-
tion at certain temperature sections should be altered, i.e. in a 
manner that the corresponding temperatures of flue gas and of 
the vvalls inside the furnace are higher in the 5,h and 6"1 seetion in 
regard to calculated optimal temperature regime, duc to the iso-
lating behavior of the scale. However, the temperature regime 
determined during operation in fact corresponds to the optimal 
temperature regime of the furnace vvith a heating capacity of 40 
t/h. That increase of capacity would not have an essential influ-
ence upon the quantity of scale, as formation due to detention at 
higher temperatures (which is shortened due to capacity in-
crease) has a significantly greater influence. 

Research carried out in a pusher-type furnace has shown that 
in the operating conditions. vvith a heat regime obtained by con-
tinuous vvork, ;t larger quantity of scale is formed in compare 
with the quantity of scale determined through calculation (Table 
3). The differenee is: (1 - 0,745) 100/0,745 = 34,23 %. The in-
crease of steel burn off may be explained due to ;t greater oxida-
tion atmosphere inside the furnace due to the air sucking through 
the openings on the furnace. This vvas confirmed by additional 
investigations. Particular attention should be paved to the for-
mation of scale during discontinuous vvork after longer periods 
of delay in operation brought about by vvar circumstanccs. Five-
day operation of the rolling mili train vvith 12 hours (one and a 
half) shifts vvas follovved by 60 h delay, vvhieh led to a formation 
of 10 mm thick scale layer on the slabs surface. By normalising 
of conditions the continuous vvork vvas obtained. The result of 
abnormal conditions vvas a mass loss of the charge and an in-
creased consumption of energy, because the time necessary for 
the charge to be heated vvas more than tvvice as long as usually. 
It vvas noticed that scale formed vvhen the charge vvas kept in the 
furnace for over 60 hours, consisted of many layers of probably 
different composition and microstructure. This might be vvorth 
vvhile to investigate in the future due to the influence on heat con-
ductivity and due to great loss of the charge vveight. 

Research carried out lit the harm that scale makes as an iso-
lating layer on the slab surface, during its heating. A correction 
of calculated heating time is necessary in the čase of determina-
tion of proper heating conditions (regime) or by aetual heating 
proces analysis. They can be useful as a ground for further stud-
ies of scaling influence on the quantity of air necessary for the 
start of fuel combustion, or the amount of 0 2 in vvaste flue gasses 
at the end of the furnace. 

4. Conclusion 

The scale on the surface of a charge behaves as an isolating 
laycr, vvhieh enlarged the heating time and inereased energy con-
sumption. This is much apparent in the čase of thinner charges 
heating in an oxidating atmosphere. The heating is slovverdue to 
the influence of scale. By the determining of an optimal temper-
ature regime is necessary to consider the influence of scale 
formed. Inaccuracy by the calculation of a temperature regime, 
due to the increase in specific heat resistance is higher than in the 
čase if no scale is present. A čase of a pusher-type furnace vvith 
190 mm thick steel charge heated and vvith a correction applied 

in the course of optimal temperature regime calculation, con-
tributing to a better quality of the heated charge is deseribed. 

In particular. the influence of a thicker scale laver. formed 
due to larger stoppage of the rolling mili, the span of the heating 
time and energv consumption is deseribed. During longer stop-
pages in a rolling mili multi-lavered scale is noticed on a charge 
surface. A long time a blind fired furnace probablv has an influ-
ence on scale formation and on its heat conductivity, and also on 
other parametres connected to charge heating. These investiga-
tions may also be useful as a ground for further studies of scale 
influence on quantity of air required at the beginning of opera-
tion and for the determination of fuel to air rate for the automat-
ic regulation of the burners of the pusher-tvpe furnace. 

List of simbols 

cp - specific heat of steel. Ws/(kg K) 

h - heat transfer coefficient, W/ (n r K) 

k - thermal conductivitv of steel, W/(m K) 

NBi - Biot number, 

At - extention of heating time. % 

A 0 m - the highest temperature differenee in slabs, C 

T - coefficient for thick-vvall bodies 

(•„ - temperature of flue gas, C 

()m„ - average temperature of slabs, C 

6 m s - temperature of slabs surface, C 

\),„s - medium temperature of slabs surface, C 

()„ - temperature of furnace vvalls, C 
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A r e you s a t i s 
a i r in you r fa 
h e a t i n g up th 

f i e d vv i th t h e 
c t o r y vvhen 
e I a d Ies? 

VEITSCHER 

In spite of good ladle burners, fumes 
and bad odours are direct ly emit ted into 
the factory vvhen heating up carbon 
conta in ing refractory l in ings 

The newly delveloped bond ing system 
(Major Improvement in Ladle Emiss ion) 

solves the p rob lems you cou ld encoun-
ter vvith fumes and odours . 

Our qual i ty assurance system ISO 9001 
guarantees the highest con t inous qual i ty 
and l in ing life for these new refractory 
products. 

Your partner 
for pure air in 
the steel plant. 


