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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 nov način t ehn ičnega u re j an ja in 
pr iprave za tisk revi je Kovine, zlitine, tehnologije. Da bi 
poceni l i t i skarske s t roške, skra jša l i čas od p r e j e m a č lanka 
do n j e g o v e o b j a v e in prepust i l i av to r ju k o n č n o o d g o v o r -
nost za moreb i t ne neodkr i t e t i pogra f ske napake , s m o se v 
uredniš tvu odloči l i , da i zkor i s t imo možnos t i , ki jih d a n e s 
nudi n a m i z n o založništvo. 

Avto r lahko poš l je č lanek nap i san k las i čno - s pisal-
n im s t ro jem. Z a ž e l e n o je , da av tor o d d a uredniš tvu čla-
nek oz. besed i lo n a p i s a n o na računa ln ik z u re jeva ln ik i 
besedi l : 

- VVORDSTAR, verz i ja 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 . 
Če je besedi lo nap i sano z u re j eva ln ikom besedil : CHI 

W R I T F R , n a j ga 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 av tor je , da poš l j e jo u redn iš tvu 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 zp i som te d a t o t e k e 
na pap i r ju . 

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 
papi r ju pa ročno izpisane . 

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 tar ih i zda jah Ž e l e z a r s k e g a zbo rn ika . Vsak 
č lanek pa mora vsebovat i : 
• s lovensk i in anglešk i nas lovi č lanka , 
• imena ter nas love av to r j ev , 
• p o v z e t k a v anglešč in i in s lovenšč in i , 
• r e f e r ence , ki n a j b o d o v besed i lu 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 \ N a č i n c i t i r a n j a 
č lanka: avtor, in ic ia lkam naj sledi pr i imek, naslov član-
ka . ime r e v i j e , l e t n i k , s t r a n i , l e to . N a č i n c i t i r a n j a 
kn j ige : avtor , nas lov, za ložnik in k ra j izda je , leto. po 
potrebi pog lav j e ali strani. 

Besed i lo č lanka na j bo razdel jeno na razde lke (označene 
z z a p o r e d n i m i š t ev i lkami ) in po pot rebi 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 ce l i de l 
o z n a č u j e razde lek . 

Sl ike 

Vse slike na j bodo na posebn ih listih pap i r j a , z j a s n o 
o z n a č e n o š tevi lko slike. Sl ike na j b o d o o z n a č e n e z za-
poredn imi š tev i lkami p o v s o d v č lanku . Original i za vse 
vrste slik na j b o d o ostri in b r e z š u m a . Risbe n a j b o d o 
nar i sane s č rn im na be l em o z a d j u . Vse o z n a k e in besedi -
la na r isbah na j b o d o v is tem j ez iku kot besed i lo č l anka 
in d o v o l j v e l i k e , da 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 . Le i z j e m o m a lahko slika sega čez obe koloni be-
sedila (16,5 cm) . Fotografije so lahko katerekol i ob iča j -

ne d i m e n z i j e , na s v e t l e č e m p a p i r j u in z d o b r i m kon-
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 pa z v r i s a n j e m 
us t rezne skale na fo togra f i j i . 

Za v s a k o sl iko na j av to r p redv id i , kam na j se sl ika v 
besedi lu č l anka uvrsti , k j e r na j se n a h a j a us t rezen pod-
napis z z a p o r e d n o š tevi lko slike (na pr imer : "S l ika 3 pri-
k a z u j e . . . " . n ikakor pa ne: " N a spodnj i sliki v i d i m o . . . " ) . 

T a b e l e 

A v t o r n a j se 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 tabe lo na j 
se naha j a z a p o r e d n a š tev i lka tabe le s p o j a s n i l o m . Tabe 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 tev i lkami . 

Pisanje 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 an ju besedi l na raču-
na ln iku u p o š t e v a j o n a s l e d n j a navod i l a , s a j le-ta p r ece j 
o l a j š a j o naše n a d a l j n j e de lo pri pr ipravi za tisk: 
• ne pušča j t e p raznega pros tora pred ločili (p ikami , ve-

j i cami , dvop ič j i ) in za p r edk l epa j i o z i r o m a pred zakle-
paj i , 

• pušča j t e p razen pros tor za vsemi ločili (p ikami , vej i -
cami , dvop ič j i ) - razen d e c i m a l n o p iko . 

• piši te vse nas love in besede z m a j h n i m i č r k a m i (razen 
vel ik ih zače tn ic in krat ic) , 

• be sed i lo na j ne v s e b u j e de l j en ih besed na koncu vrsti-
ce . 

Če av tor p r ip rav l j a i lus t raci je na r ačuna ln iku , ga napro-
šamo , da pri loži da to teke s s l ikami na d i ske to z besedi -
lom č lanka , s p o j a s n i l o m , s ka te r im p r o g r a m o m so nare-
jene. 

Krtačni odt i s 

Krtačn i od t i s - k o n č n a p o d o b a č l a n k a - bo 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 
hi t re je oprav i ko rek tu re in ga poš l j e n a z a j na u redniš tvo . 
Hkrati n a p r o š a m o av to r j e , 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 anka ne v rne p r a v o č a s n o , bo ob jav l j en 
nepop rav l j en , kar bo tudi o z n a č e n o . 

Uredništvo 
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14. SLOVENSKO VAKUUMSKO POSVETOVANJE 
5.-7. oktober 1994, Hoteli Bernardin, Portorož 

in v a b i j o 

Strokovnjake z industrije, inštitutov in univerz, ki delajo na teh področjih k aktivnemu sodelovanju 
Posvetovanje je namenjeno predstavitvi temeljnih in aplikativnih raziskovalnih ter razvojnih dosežkov s 
področja tehnologije in uporabe materialov. 
Obravnavana bodo naslednja področja: 

- sinteza sodobnih kovinskih, polimernih, keramičnih in kompozitnih materialov 
- razvoj modernih tehnologij proizvodnje materialov 
- kakovost 
- matematično modeliranje in računalniška simulacija procesov in tehnologij 
- korozija in propad gradiv 
- sodobne termične obdelave 
- karakterizacija materialov 
- vakuumska tehnika in tehnologije 
- tanke plasti in površine 
- tribologija 
- varstvo okolja 

V posebni sekciji bodo lahko razstavljalci predstavili najnovejše proizvode in opremo. 

V okviru posvetovanja bomo organizirali razstavo, na kateri se bodo predstavila slovenska in tuja podjetja, 
proizvajalci in uporabniki materialov, gradiv in opreme. 

Delovna jezika na posvetovanju sta slovenski in angleški jezik. 

Vabimo vas k aktivnemu sodelovanju na področjih znanstvenega programa SMMM-45, SM-2 in SVS-14 
Program, bo obsegal vabljena predavanja, govorne prispevke mladih raziskovalcev in postrske 
prispevke. 

Povzetek pošljite na naslov: Organizacijski odbor Portorož 94 
Inštitut za kovinske materiale in tehnologije 
pp 431 
61001 Ljubljana 

Zadnji rok za oddajo je 30. april 1994. 
Dela, uvrščena v program posvetovanja, bodo natisnjena v prvi številki znanstvene revije: 
KOVINE, ZLITINE, TEHNOLOGIJE v letu 1995 

Najbolje ocenjeni prispevki mladih raziskovalcev posameznih področjih (metalurgija in kovinski materiali, 
kjeramika, polimeri in vakuumska tehnika), bodo nagrajeni z denarno nagrado 300 DEM v tolarski 
protivrednosti. 
Prosimo vse mlade raziskovalce, da na poslanem povzetku označijo, da sodeluiejo v sekciji Mladi 
raziskovalci. 
Dodatne informacije: tajništvo IMT Ljubljana - telefon (061) 1251161, fax: (061) 213780 



Beseda glavnega urednika 

Težko je pisati uvodnike, ko se razmere v Slovenskih železarnah spreminja-
jo iz dneva v dan. Nihče v tej družbi ne ve povedati ali Slovenija železarne 
potrebuje, ali ne. S takšnim občutkom živijo ljudje v teh krajih. Lahko bi re-
kli, da se lastniki obnašajo do njih precej nestrokovno in neodgovorno. Pa 
vendar za Jesenice lahko trdimo, da izgledi za nadaljni obstoj in razvoj niso 
slabi. Pri visokolegiranih nerjavnih jeklih sploh ne. Enako velja rudi za ele-
ktropločevine, kjer smo na Jesenicah uspešni. 

ACRON 1 Jesenice je majhno podjetje, izredno prilagodljivo v današnjih 
tržnih razmerah. Prav to majhnost moramo izkoristiti, da se uveljavimo na 
tistih trgih in s tistimi vrastami jekel, ki za druga velika podjetja niso za-
nimivi. 

Zelo hitro se v svetu uveljavlja nova tehnologija vlivanja tankih štabov in di-
rektnega valjanja v trakove in pločevino. Le-ta bo v naslednjem tisočletju 
morala najti pot tudi na Jesenice. 60 do 70 US $ prihranka pri toni dajo mi-

sliti. Ali bodo naši bodoči lastniki dovolj modri in pogumni in ali bodo imeli dovolj znanja, da bodo uvideli 
potrebo po bolj sodobni tehnologiji? 

Še pred leti je veljala trditev, da je mogoče dobro jeklo za globoko vlečenje izdelati le v LD konvertorjih. 
Danes v elektro pečeh po novi tehnologiji, tako pri firmi Arvedi, kot pri Nucor Steel, izdelujejo enako 
kakovostno jeklo za globoki vlek, potreben je le čisti vložek, le seda j moramo misliti na uporabo direktno re-
duciranih peletov (DRI) na Jesenicah. 

Vsekakor se prav na področju proizvodnje jekel za globoki vlek za slovenske potrebe na Jesenicah obetajo 
velike možnosti povečati izkoriščenost jeklarne. Če bo le volja tam pri vrhu. Znanje imamo, le izkoriščati ga 
ne znamo. 
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Relationship betvveen Fracture Toughness and 
mechanical Properties of some Structural Steels at 
Lovv Temperatures 

Odvisnost med lomno žilavostjo in mehanskimi lastnostmi 
nekaterih konstrukcijskih jekel pri nizkih temperaturah 
B. Ule, M. Lovrečič-Saražin, Inštitut za kovinske materiale in tehnologije, Ljubljana 
J. Vojvodič-Gvardjančič, Inštitut za metalne konstrukcije, Ljubljana 
A. Ažman, A. Lagoja, Acroni Jesenice 

The effect of strain-aging on the impact toughness characteristic of Charpy specimens 
(CVN) and on guasi-static fracture toughness values KIC of some structural steels vvas 
Investigated in the temperature range of nil-ductility temperatures. Strain-aging 
provokes shifts of Charpy curves to higher temperatures, but it decreases the 
nil-ductility temperatures regarding to as purchased steels. The correlation betvveen KIC 
and conventional mechanical properties valid for lovv temperatures confirms that KIC and 
probably also Karrest of as strain-aged steels are higher than that of as purchased steels 
vvith the same Charpy energy. 
Key words: fine-grain low-alloy steels, fracture mechanics, fracture toughness, 
drop-weight test, nil ductility temperature. 

Raziskali smo vpliv deformacijskega staranja nekaterih konstrukcijskih jekel na njihovo 
udarno Charpyjevo žilavost (CVN) ter kvazi-statično lomno žilavost KIC v temperaturnem 
območju ničelne duktilnosti. Deformacijsko staranje pomakne Charpyjeve krivulje 
k višjim temperaturam, vendar pa zniža temperature ničelne duktilnosti glede na jekla 
v dobavnem stanju. Korelacija med KIC in konvencionalnimi mehanskimi lastnostmi, 
veljavna pri nizkih temperaturah, kaže, da je Ktc in verjetno tudi Karrest vrednost staranih 
jekel višja kot pri jeklih v dobavnem stanju z enako Charpyjevo energijo. 
Ključne besede: drobnozrnata malolegirana jekla, mehanika loma, lomna žilavost, test 
s padajočim bremenom, temperatura ničelne duktilnosti. 

1. Introduction 

The relationship of microstructure to mechanical properties 
in low-alloy structural steels has been the subject of 
considerable research. Such steels vvith increased yield stress 
are sometimes alloved vvith small additions of various elements 
so that the characteristics and the properties of such steels are 
substantialh affected presumablv due to the reduction of the 
austenite and ferrite grain size and because their yield stress. 
strength and toughness increase vvhile the ductile/brittle 
transition temperature decreases vvhich is perhaps one of the 
most important aspects of microalloying. In most of the 
previous investigations. fracture behaviour of steels has been 
evaluated mainlv by means of the Charpy impact test because 
of its convenience and familiarity. Although the material 
requirements for a lot of practical applications are based on 
concepts of fracture mechanics, they are specified in terms of 
Charpv V-notch impact test results (CVN). Toughness 
requirements for thick-vvalled nuclear pressure-vessel steels are 
based on minimum dynamic toughness values, K,d. Hovvever, 
the actual material-toughness requirements for steels used in 
these pressure vessels are specified using NDT (nil-ductility 
transition) values and CVN impact values using lateral 
expansion measurements. Empirical correlations, engineering 
judgment and experience are thus used to translate the fraeture-
mechanics guidelines or controls into actual material-toughness 

specifications". A comprehensive concept for a practical 
estimation of the dynamic fracture toughness from the CVN 
impact energy vs. temperature curve vvas proposed by the 
MPC/PVRC Working Group on Reference Toughness21. It vvas 
proved that lovver bound curves can be derived from the CVN 
vs. T-curve for the quasi-static and lovv rate dvnamic fracture 
toughness (Kk) , dynamic and high-rate dvnamic fracture 
toughness (Kl(l) and crack arrest toughness (K,.,)'1. Besides this. 
some other correlations betvveen conventional mechanical 
properties and K„ values for ductile/brittle transition range or 
for lovver Charpy shelves are also well-known4'51. Hovvever, it 
is well-known too that strain-aging of several lovv-allov 
structural steels causes some shifts along the temperature axis 
vvhich is not the same for both the CVN data and the KIc data. 
The purpose of the present paper is therefore to determine the 
more relevant correlation betvveen the conventional mechanical 
properties and the K„ values for some structural steels in the 
nil-ductility temperature range. 

2. Experimental procedure 

Nine non-, micro- and low-alloy structural steels in the 
form of hot-rolled and heat-treated flats vvere used in this 
investigation. The chemical composition, the designation of the 
steels and the thickness of the flats are given in Table 1. These 



steels vvith 0.05 to 0.21 V V I / A carbon vvere either non-alloyed or 
alloyed vvith chromium, nickel, molybdenum, niobium and 
vanadium in different combinations. The microstructure of the 
investigated steels vvhich vvas hol-rolled and subsequently 
cooled at different cooling rates vvas mainly ferritic vvith 
different shares of perlite (Nioval 47. Č.0562 and Č. 1204) or 
bainite (Niomol 490 K). Only tvvo types of low-alloyed steels 
(Nionicral 70 and Nionicral 90) have a microstructure of 
tempered martensite. The yield stress of the investigated steels 
varied from 265 MPa for plain carbon steel to 1003 MPa for 
Nionicral 96 i.e. for submarine steel alloyed vvith chromium, 
nickel and molvbdenum. Ali the investigated steels vvere tested 
as purchased i.e. hot-rolled and cooled at different cooling rates 
but they vvere tested also after strain-aging, i.e. after cold-
rolling vvith a reduction in thickness of 10% and additionnally 
heating for 30 minutes at 250"C. 

Table 1: Chemical composition of the investigated steels 
(weight %) 

N o . G r a d e 
( t h i c k n e s s ) 

C Si M n P s C r Ni M o N b V 

1 N i o v a l 4 7 

l 2 l ) i i i n i l 

0 . 1 9 0 . 4 2 1 .49 0 . 0 1 3 0 . 0 0 5 0 . 1 3 0 . 1 0 0 . 0 4 0 . 0 5 ( 1 . 0 7 

2 N i o v a l 4 7 

( 6 5 m m ) 

0 . 1 4 0 . 3 3 1 .53 0 . 0 1 4 0 . 0 0 5 0 . 1 6 0 . 1 5 0 . 0 1 0 . 0 4 0 . 0 7 

3 N i o n i c r a l 7(1 

l 2 0 i i i n i i 

0 . 1 1 0 . 2 8 0 . 2 7 0 . 0 0 9 0 . 0 0 7 1.07 2.81) 0 . 2 6 0 . 0 6 

t N i o n i c r a l 71) 

( 5 0 m m ) 

0 . 1 1 0 . 3 7 0 . 3 4 0 . 0 0 9 0 . 0 0 3 1 .03 2 . 6 3 0 . 2 7 (1,08 

5 N i o n i c r a l 9 6 

( 5 0 m m ) 

0.14 0 . 2 9 0 . 5 1 0 . 0 1 7 0 . 0 0 9 1.64 2 . 7 6 0 . 4 2 

d N i o m o l 49(1 k 

(M) m m ) 

0 . 0 5 0 . 3 5 (1.42 0 . 0 1 1 0 . 0 0 4 0 . 7 5 0 . 2 9 0 . 3 3 0 . 0 6 

7 Č . (1562 

( 2 5 mi l i ) 

0 . 1 7 0 . 3 2 1 .28 0 . 0 2 0 0 . 0 0 9 0 .21 11.23 (1.115 

8 Č . 0 5 6 2 

( 8 0 m m ) 

0 . 1 8 0 . 4 6 1 .29 0 . 0 3 6 0 . 0 0 4 0.3(1 0 . 1 5 0 . 0 3 

9 f . 1204 

( 3 0 m m ) 

0 . 2 1 0 . 2 5 0 . 5 1 0 . 0 1 1 0 . 0 2 5 0 . 0 2 0 . 0 4 0 .01 

Test specimens vvere cut from the plates in transverse 
orientation and machined to the required dimensions. Besides 
the standard Charpy V-notch- and Drop-weight test specimens 
of P3 type (15.9 x 51 x 127 mm), a large number of round-
notehed and prefatigue cracked tensile specimens for the low-
temperature measurements of quasi-static fracture toughness 
Kič w ; ' s made. The drop-vveight test specimens vvere prepared 
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F i g u r e 1: G e o m e t r y o f a r o u n d - n o t c h e d a n d p r e c r a c k e d t e n s i l e 
s p e c i m e n 

S l i k a 1: G e o m e t r i j a n a t e z n e g a p r e i s k u š a n c a z z a r e z o 
in r a z p o k o p o o b o d u 

in accordance vvith the ASTM E208-84a vvhere the crack 
starter bead application is performed by the one bead technique 
to avoid the undesirable variation of NDT61. The geometry of 
the round-notched precracked tensile specimens. prepared 
according Dieter s recommendation7 ' is shovvn in Figure 1. 

At the experiments, it is essential that the fatigue annulus 
be of a uniform vvidth and concentric vvith the outer diameter of 
the specimen in order to obtain a state of plain strain at 
fracture. The fatigue crack grevv to a depth of about 0.2 mm. 
leaving an unfractured ligament approximately 6.5 mm in 
diameter. 

F i g u r e 2 : E x p e r i m e n t a l s e t - u p vvith c r v o s t a t c h a m b e r 
S l i k a 2 : E k s p e r i m e n t a l n a u r e d i t e v s k r i o s t a t s k o k o m o r o 

An cryostat chamber f i 1 led vvith liquid nitrogen and 
petroleum ether vvas used during the test to control the 
specimen temperature range from - 140"C to room temperature 
and the fracture in the quasi-static test at crosshead speed of 
1 mm/min vvas reached by using a universal testing machine 
(Figure 2). For a round-notched precracked specimen, the 
stress intensity factor is given by Dieter7' as 

K , = ^ (-1.27 + 1.72 D/d) (1) 

vvhere d is the radius of the uncracked ligament after fatiguing, 
P is the applied fracture load, and D is the outer diameter of the 
cylindrical specimen. In order to apply linear-elastic fracture 
mechanic (LEFM) concepts, the size of the plastic zone at the 
crack tip must be small compared vvith the nominal dimensions 
of the specimen. The size requirement for a valid KIc test is 
given by Shen Wei et. al.81 as 
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D > 1.5(K„./(t>s) (2) 

where a ; s is the initial vield stress of the material obtained at a 
strain rate comparable to that attained near the root of the noteh 
in the fracture test. If the specimens did not comply with 
requirement (2) for valid fracture toughness (K lc) 
measurements. K(| values were obtained instead of K „ , 
according to E399. However, the concept of the equivalent 
energy adopted by Wang Chang91 enabled us to determine the 
virtual fracture load P* instead of load P in equation < 1 > after 
the transformations of the surface under the parabolic load-
displacement curve into the quantitatively equal surface of the 
triangle as shown on Figure 3. 

F i g u r e 5 : C h a r p y V - n o t e h i m p a c t e n e r g y v e r s u s t e m p e r a t u r e b e h a v i o u r 
»l a s s t r a i n - a g e d s t e e l s . A r r o w s i n d i c a t e t h e N D T t e m p e r a t u r e s 

S l i k a 5 : C h a r p y j e v e e n e r g i j e v o d v i s n o s t i o d t e m p e r a t u r e p r e i s k u š a n j a 

j e k e l v s t a r a n e m s t a n j u . S p u š č i c a m i s o o z n a č e n e t e m p e r a t u r e n i č e l n e 

d u k t i l n o s t i 

transition temperatures vvas approximated with linear elastic 
fracture behaviour. 

Displacement 

F i g u r e 3 : T o t h e e \ p l a n a t i o n o f t h e c o n c e p t o f e q u i v a l e n l e n e r g y 

S l i k a 3 : K r a z l a g i k o n c e p t a e k v i v a l e n t n e e n e r g i j e 

Therefore. the vveak elasto-plastic fracture behaviour of the 
investigated steels even in the vicinity of the nil-ductility 

3. Results 

Figure 4 shows the Charpv impact energy of as purchased 
steels as a function of the testing temperature whereas Figure 5 
shows the same relationship for investigated steels as strain-
aged. The nil-ductility transition temperatures (NDT) measured 
at drop-weight test are also indicated in both diagrams. As may 
be seen, the ductile/brittle transition temperatures of the 
investigated steels are shifted against higher values due to 
strain-aging. Hovvcver, the shift of nil-ductilitv transition 
temperatures nearly in ali the cases shows a slightlv opposite 
trend vvhich is somevvhat surprising. 

The CVN impact energv. the vicld stress cr and the 
fracture toughness K l r of the investigated steels measured at 
nil-ductility temperatures are given in Table 2 for both as 
purchased and as strain-aged eondition. Hovvever, because of 
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-196 -140-120-100-80 - 60-40 -20 0 +20 
Temperature (°C) 

G r a d e 
Thicknes 

mm) 

N iova l47 
N i o v a U ? 
Nionicral 70 
N i0ntcra l70 
Nionicral 96 
Niomol490K 
Č 0562 
C 0562 
Č. 1204 

No G r a d e Thicknes 
(mm) 

1 NiovaU? 20 
2 NiovaU? 65 
3 Nionicral 70 20 
4 Nionicral 70 50 
5 Nionicral 96 50 
6 NiomoU90K 60 
7 C 0562 25 
8 C 0562 80 
9 C. 1204 30 

2 0 0 -

-140 
Temperature (°C) 



the lack of diameter of the round-notched specimens for Kl( 

measurements, only the limited number of the entire data are 
taken into account, namely onlv data complying with the 
requirement (2). 

Table 2: Mechanical properties of the investigated steels at 
nil-ductilit.v temperatures (28 valid measurements) 

No. (T,s CVN K„ MPa m , :) 
(MPa) (J) measured calculated Eq.(5) 

As purchased 

1 908 13 68.5 75.2 
2 900 19 76 80.4 
3 524 5 43.5 45.1 
4 354 4 31.5 34.2 

717 10 65 62.1 
6 1(171 12 85 81.8 
7 1(156 17 91.5 86.7 
S 1054 21 100.5 90.1 

As s t ra in -aged 

9 681 7 68.5 56.3 
10 780 3 53 52.0 
11 780 4 63 54.9 
12 745 5 73 55.7 
13 8(13 8 56.5 63.7 
14 791 10 58.2 65.9 
15 781 10 65.5 65.9 
16 1074 11 106 80.6 
17 790 9 59 64.5 
IS 791 3 45 51.2 
19 675 5 53 52.5 
20 665 10 62.3 59.4 
21 658 1 38.5 38.1 
22 595 2 40 40.9 
23 564 3 44.5 42.8 
24 933 6.5 68.5 67.0 
25 855 7.5 76.5 65.4 
26 1343 11 75.5 92.2 
27 1308 12 80 92.2 
28 1293 14 99 94.3 

The relationship betvveen the CVN impact energy and the 
fracture toughness K,, of the investigated steels is shovvn in the 
diagram of Figure 6. From the data point distribution it can be 
concluded that two different correlations betvveen K„ and 
CVN could be deduced, one for steels as purchased and 
another one for steels as strain-aged. Mathematical 
approximation vvith povver function shovvs that the correlation 
for steels as purchased can be expressed as: 

K„ = 15.11 (CVN)" (3) 

vvith a regression coefficient of 0.945, vvhereas the correlation 
for steels as strain-aged can be represented as: 

Ki, : 35.09 (CVN)0- (4) 

vvith a regression coefficient of 0.819. As strain-aging provokes 
a considerable increasing of the vield stress of ali the 
investigated steels, we tried to establish a unique correlation 
betvveen K„ on one side and both the properties CVN and <r,„ 
on the other side. The follovving correlation 

K„ : 0.776 (Tvs (CVN)"' (5) 

vvith a regression coefficient of 0.921 vvas deduced from the 
vvhole set of experimental data given in Table 2. 

4. Discussion 

Charpy V-notch impact toughness measurements and 
quasi-static fracture toughness measurements on some none-
and low-alloyed structural steels in as purchased and as strain-
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aged condition respectivelv vvere performed over the 
temperature range of nil-ductilitv transition temperatures i.e. 
over the temperature range of-140"C to -40"C. The decrease of 
the NDT temperatures of steels as strain-aged regarding to the 
as purchased steels suggests that NDT temperature of steels as 
strain-aged is a good enough index temperature to represent the 
quasi-static fracture toughness transition behaviour of such 
steels, but it is maybe not an enough conservative estimation 
for the determination of the FTE temperature (NDT + 4()"C). A 
similar ascertainment, but for dvnamic fracture toughness 
transition behaviour of some stress-relief heat-treated steels for 
nuclear reactor pressure vessels. has been previouslv published 
by Tanaka and covvorkers6. Nevertheless, it seems that the 
NDT temperatures, measured either in steels as purchased or 
after strain-aging, correspond to the adequate KarresI value. 
Beeause the drop-vveight test emplovs a sharp crack. moving 
rapidly from the notched brittle vveld bead into the test plate. it 
does not come as a surprise either to find that the NDT 
temperature defined by this test correlates vvell vvith the 
beginning of an increase in fracture toughness vvith temperature 
measured in quantitative, sharp-crack tests"1. 

Tvvo different correlations betvveen fracture toughness K[( 

and CVN values for both groups of steels in the temperature 
range investigated shovv that steels after strain-aging have a 
noticeable higher fracture toughness K,< than as purchased 
steels vvith the same Charpv energv. Hovvever. a verv good 
correlation betvveen K„ and both properties. CVN and CTvs vvas 
also deduced from ali the data. The regression coefficient of 
Equation (5) is relativelv high so that this approach seems to be 
relevant. Rolfe and Barsom" ascertained that the effects of both 
the notch acuity and the loading rate should be considered to 
establish correlations betvveen KIC and CVN test results in the 
transition-temperature region. Thev found out that K„ values 
and CVN values in the transition-temperature region can be 
correlated (a) vvhen the test results for slovv-bend K„ 
specimens are related to the test results for slovv-bend fatigue-
cracked CVN specimens and (b) vvhen the test results for 
dynamic K„ specimens are related to the test results for 
dynamic-cracked CVN impact specimens. The correspondence 
betvveen K„ and the CVN energv-absorption values obtained at 
a particular test temperature and the same strain-rate for bolh 
KIC and CVN can be approximated bv1"" 

K„ = A H (CVN)" ( 6 ) 

vvhere A = constant of proportionality, E = Young's modulus. 
and K1( and CVN are tested at the same temperature and strain 
rate. 

The constant of proportionalitv. A. incorporates - in 
accordance vv ith Rolfe and Barsom" - the effects of specimen 
size as vvell as notch acuitv. By changing Ihe value of A in 
Equation (6) it is then possible to correlate the K l ( data and the 
CVN energv-absorption values obtained by testing V-notched 
specimens. This equation suggests that the relationship 
betvveen slovv-bend Kl( and slovv-bend CVN test results is the 
same as the relationship betvveen the impact K „ (i.e.K[d) and 
the impact CVN results. This observation is not unexpected 
beeause it vvas shovvn" that a particular change in loading rate 
causes an equal shift along the temperature axis for both the 
CVN data and ihe K,, data. Both authors also concluded that 
an engineering estimation of K k at anv strain-rate can be 
predicted by using impact CVN data in conjunction vvith 
Equation (6) and then shifting the curve to lovver temperatures. 
This approach has been used in investigating the effects of 
irradiation for steels used in nuclear reactors'". The magnitude 
of the temperature shift betvveen dynamic and slovv-bend 
curves vvas given by 

T s h m("C)= 118.4 -0 .12 a,, (71 



and valid for steels vvith the yield stress <r>s up to a value of 
1000 MPa approximately. vvhereas it is diminished at steels 
vvith higher vield stresses. The general procedure to estimate 
K]( values in the transition-temperature region from CVN 
impact results comprises the calculation of KI(I values at each 
test temperature using Equation (6) vvith follovved shift of K,(1 

values at each temperature by the temperature shift calculated 
vvith Equation (7) to obtain static Kl( values as a funetion of 
temperature. This procedure vvas adopted from more recent 
recommendations of Rolfe and Barsom" and it represents a 
conceptual advantage compared to the previously published 
methods4'"*'. By comparing our Equation (3) for as purchased 
steels vvith the Rolfe-Barsom Equation (6) one can scc that the 
exponents in both equations are relatively close. If the 
exponent of 0.5 is adopted also in our čase ovving to simplicity 
and considering some unaccuracy in our calculations (small 
number of data for relevant statistical analyse), then Equation 
(3) can be transformed into 

K l t = 20 (CVN)"5 (8) 

vvhere the calculated constant of 19.97 was rounded up to a 
value of 20. 

It could be assumed that Equation (8) represents the lovver 
envelope of ali the measured values i.c. it represents the 
realistic conservative estimation of the fracture toughness of 
the investigated steels in the temperature range of nil-ductility 
transition temperatures irrespective by their microstructure or 
prehistorv. Nevertheless, at very lovv CVN absorbed energies 
our equation gives higher K„- values compared vvith the values 
obtained from the previously established Barsom-Rolfe 
equation for the transition temperature range41. Namely, the 
mentioned authors41 found that the plane strain fracture 
toughness KH in the transition region is related to the Charpv 
energv CVN by 

K ;
IC = 0.22 E (CVN)'"2 (9) 

vvhere the Young modulus E is expressed in GPa, K l r is 
expressed in MPa m 1 \ and CVN in Joules. The 54 J Charpy 
energv commonlv used to determine the transition temperature 
of similar steels'21 corresponds roughly to 150 MPa m"2 vvlicn 
the relationship (91 is used. Quite a similar value is obtained 
also vvith Equation (8). vvhich means that both equations could 
be applied in the transition temperature range. It is not 
surprising because the loading rate and the noteh acuity do not 
have a great influence on the fracture-toughness behaviour at 
slightlv higher toughness values. 

Besides the above mentioned equations of Barsom and 
Rolfe41" /(6),(8|/ there are also some other successful attempts. 
Namelv. Beglev and Logsdon" suggested that for lovv 
temperatures vvhere the behaviour is predominantly brittle, the 
fracture toughness (in MPa m1'2) may be related empirically to 
the vield stress a l s (in MPa) alone: 

K„. = 0.0717 crys (10) 

Although Equation (10) essentially differs either from the 
equations of Barsom and Rolfe4'10 or from our equations (3) 
and (4). it is not in larger disagreement vvith our observations 
since for lovver Charpy shelves both approaches givc a 
considerably higher fracture toughness for as strain-aged steels 
vvith higher vield stress. The empirical correlation (10) is also 
in good agreement vvith K,(, data'4 ' so our linking the Eq. (10) 
vvith the equation of the type K„. = A (CVN)" into a single 
form (5) vvas relevant. The relatively high regression 
coefficient for this nevv correlation (5) i.c. a correlation vvhich 
is compatible vvith the Barsom and Rolfe4 '"" approach as vvell 
as vvith the approach of Beglev and Logsdon51 confirm that Eq. 
(5) enables the best empirical estimation of the lovv-
temperature fracture toughness KI( calculated on the basis of 

conventional mechanical properties measured in the 
temperature range investigated as it is also shovvn in Table 2. 

5. Conclusions 

1. The fracture toughness vvas measured in the temperature 
range of nil-ductility temperatures of nine non- and low-alloy 
structural steels either in as purchased or as strain-aged 
condition and it vvas correlated vvith the Charpy V-notch 
impact energies. Although the strain-aging reduces the Charpy 
energies i.c. provokes some shifts of Charpv values to higher 
temperatures, it also decreases the nil-ductility temperatures of 
such steels. 

2. The fracture toughness K l c of the investigated steels in 
the temperature range of nil-ductility temperatures can be 
sucessfully predieted either by the Equation (3) for as 
purchased steels or by the Equation (4) for steel as strain-aged. 
The estimation of K I ( , vvhich vvould bc conservative enough for 
both slates of steels can bc given by the Equation (8) vvhich has 
also a simplc form. 

3. In general, the most suitable and stili plain procedure for 
obtaining the aetual fracture toughness K„ of structural steels 
in the temperature range of nil-ductility temperatures, being 
also compatible vvith various other concepts1'4'5'"", vvould 
comprise tensile and Charpy testing at lovver temperatures and 
further application of the generalized correlation (5). 

The correlation (5) suggests that K„. and probably also 
Karnsi of : l s strain-aged steels vvould bc higher than that of as 
purchased steels vv ith the same Charpv energy because of the 
inereasing yield stress at strain-aging. Consequently, strain-
aged steels have lovver NDT temperatures than those of as 
purchased steels. 
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Recrystallization of Ni-based Superalloy after Cold 
Deformation 

Rekristalizacija Ni-superzlitine po hladni deformaciji 

M. Torkar, B. Šuštaršič and F. Vodopivec, Inštitut za kovinske materiale in tehnologije, 
Ljubljana 

The strain hardening and isothermal recrystailization after cold deformation of Ni-based 
superalloy was investigated. Cold deformation belovv 10% and annealing temperature 
above 1050°C promote the grovvth of recrystallized grains. A cold deformation, not 
iovver than 10% and annealing betvveen 1000°C and 1050°C for 30 minutes, produce 
fine recrystallized grains. 
Key words: Ni-based superailoy, cold deformation, strain hardening exponent, statical 
recrystallization 

Izvršena je bila raziskava utrjevanja pri hladni deformaciji in poteka izotermne 
rekristalizacije po hladni deformaciji Ni-superzlitine. Rezultati kažejo, da končna hladna 
deformacija pod 10% in temperatura žarenja nad 1050°C pospešujeta nastanek velikih 
rekristaliziranih zrn. Hladna deformacija nad 10% in 30 minutno rekristalizacijsko 
žarjenje med 1000°C in 1050°C zagotavljata drobno zrnato rekristalizirano 
mikrostrukturo. 
Ključne besede: Ni-superzlitina, hladna deformacija, eksponent napetostnega 
utrjevanja, statična rekristalizacija. 

1. Introduction 

Ni-based superallovs are used in manufacturing of turbine-
tvpe machinerv. for rotors. vanes and combustion chambers, for 
exhaust valves in automotive industrv, in the tool industry for hot 
work dies, further in nuclear povver plants and for petrochemical 
equipment as well as in many other places, where a combination 
of good mechanical properties and corrosion resistance are de-
manded. Despite of the material development, oriented to Fe-, 
Ni-, Ti-aluntinides and other intermetallics, the Ni-based super-
allovs remain the base material for use for the critical compo-
nents (ref. 1). 

Ni-based superallovs vvith chromium and other alloying ele-
ments are strengthened bv precipitation hardening. The matrix is 
strengthened by precipitation of (Ni,/AlTi/) particles and the 
grain boundaries bv carbide particles, vvhich prevent the grain 
grovvth (ref. 2). 

As čast Ni-based superallovs have a limited hot workability. 
The hot vvorking is easier in a narrow temperature range above 
the creep range and belovv the solidus line, vvhere virtualy no pre-
cipitates are found in the microstructures. For most of the allovs 
vvith limited hot workability the use of hot extrusion is more suit-
able especiallv if it is performed at Iovver deformation rate 
(ref. 3). 

Electric slag remelting also improves the hot vvorkabilitv of 
the allov (ref. 4.51. 

The mastering of the hot vvorking in order to obtain the opti-
mal properties, demands a striet control of the grain size and 
therefore it is important to control the process of grain grovvth 
and the grain si/e from the solidification to the final cold vvork-
ing. During the hot deformation dynamic recovery and recrys-
tallization occur and cause a much Iovver rate of strain hardening 
than is found at room temperature (ref. 6). After cold deforma-

tion only static recrystallization occurs during the annealing. The 
aim of the research vvas to determine the strain hardening at cold 
deformation as vvell as to establish the influence of deformation 
grade and annealing temperature on the start of recrystallization 
and grain grovvth. 

2. Experimental 

The allov vvith the follovving composition: 21 % Cr. 1.7% Co. 
2.5% Ti. 1.7% Al, 0.62% Mn,(X72% Si, 0.74% Fe.0.05% C. bal. 
Ni, ali in vvt. % , vvas melted in induetion furnace. The ingots of 
60 x 60 mm cross seetion vvere čast, electric slag remelted (ESR) 
into ingot of 100 mm diameter and forged to the bar of 15 mm 
diameter. 

Cvlindrical specimens vvith 13 mm of diameter and length of 
10 mm vvere machined from the forged bar. solution annealed at 
1150"C and vvater quenched. Some samples vvere continuously 
compressed vvith a maximal logaritmic deformation up to 0.9. 
The exponent of strain hardening (n) vvas calculated bv the 
method deseribed in ref. 7. 

Other samples vvere subjeeted to 3, 5, 10, 20. 30 and 50% of 
cold deformation vvith compression. In both cases a teflon foil 
vvas used as lubricant to diminish the friction, betvveen the tool-
ing and the specimen. 

After the cold deformation the specimens vvere isothermal 
annealed 30 minutes at 900, 1000, 1050, 1100 and 1 150'C. vv a-
ter quenched and submited to the examination in optical micro-
scope. 

3. Results 

The microstructure of solution annealed and vvater quenched 
specimen is shovvn on Figure 1. 



The strain hardening at cold deformation is shown on Figure 
2. Factor k, represents the true yield stress, i.e. the true stress in 
the sample in the moment of the load action. It vvas established 
(ref. 7) that the curve of llow stress at compression test in the in-
terval from 7 = 0.2 to 7 = 1.0 can be approximated vvith the fol-
lovving parabolic function: 

f̂ = r̂i.i) Y 
The exponent of strain hardening (11) can bc estimated from 

the equation: 

n = ln_kflu^ln k f u i 
ln 0.2 

using the values for kn)2 and krM, from figure 2. The calculated 
exponent of strain hardening vvas 11 = 0.44. The value for k, 
(N/mnr) can be calculated by tising the follovving equation: 

kf= 1770 x t"'44 

The logaritmical deformation <p is calculated bv the follovv-
ing equation: 

Y — hJi 
h 

vvhere h0 - represents the initial height of the sample and h - the 
true height of the loaded sample at each step of deformation. 
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The microstructure of the allov after cold deformation and 
annealing in temperatures range 900 to 1050°C for 30 minutes 
are shovvn in Figure 3, 4 and 5. 

Elongated grains on Figure 3 show the allov remain unre-
crystallized after annealing at 900"C. At 1000"Č the recrvstal-
lization occurs by at least 10% of cold deformation. 

The lovvest temperature at vvhich recrvstallization occurs at 
ali grades of deformation is about 1050" C. 

At the same annealing temperature the grain size of reervs-
tallized grains decreases vvith the inereasing deformation. At 
higher temperature the recrvstallized grain starts to grow. Figure 
6 shovvs the connections betvveen the grade of cold deformation 
and the temperature on the start and advance of recrvstallization. 

Both, higher annealing temperature and higher cold defor-
mation promotes the start of recrvstallization. 

The grain size vvas measured from the micrographs. and rep-
resented as ASTM number in Figure 7, as relationship betvveen 
the size of recrvstallized grains. the grade of cold deformation 
and the annealing temperature. 

A fine grained recrvstallized microstructure can be obtained 
by at least 10% grade of cold deformation at temperature be-
tvveen 1000 and 1050 C and after 30 minutes of annealing. 
Higher annealing temperature promotes the grain grovvth of re-
crvstallized grains. 
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Figure 3 : M i c r o s t r u c t u r e o f t h e a l l o y a f t e r c o l d d e f o r m a t i o n 3 t o 5 0 % a n d a n n e a l i n g 3 0 m i n u t e s a t 9 0 0 " C . 

Slika 3 : M i k r o s t r u k t u r a h l a d n o d e f o r m i r a n e ( s t o p n j a d e f o r m a c i j e 3 d o 5 0 % ) z l i t i n e p o 3 0 m i n u t n e m ž a r j e n j u n a 9 0 0 " C . 



30 min. 1000°C 

mm H 30% 
F i g u r e 4 : M i c r o s t r u c t u r e o f t h e a l l o y a f t e r c o l d d e f o r m a t i o n 3 t o 5 0 ' ; a n d a n n e a l i n g 3 0 m i n u t e s a t 1 0 0 0 C . 

S l i k a 4 : M i k r o s t r u k t u r a h l a d n o d e f o r m i r a n e ( s t o p n j a d e f o r m a c i j e 3 d o 5 0 ' / r ) z l i t i n e p o 3 0 m i n u t n e m ž a r j e n j u n a I Q 0 0 " C . 



F i g u r e 5 : M i c r o s t r u c t u r e o f t h e a l l o y a f t e r c o l d d e f o r m a t i o n 3 t o 5 0 % a n d a n n e a l i n g 3 0 m i n u t e s at 1 0 5 0 " C . 

S l i k a 5 : M i k r o s t r u k t u r a h l a d n o d e f o r m i r a n e ( s t o p n j a d e f o r m a c i j e 3 d o 5 0 9 f ) z l i t i n e p o 3 0 m i n u t n e m ž a r j e n j u n a 1( )50"C. 



Figure 7: Effect of cold deformation and annealing temperature on 
recrystallized grain s i /e after 30 minutes of annealing. 

Slika 7: Vpliv stopnje hladne deformaci je in temperature žar jenja na 
velikost rekristaliziranih zrn po 30 minutnem žarjenju. 

4. Conclusions 

Ni-based superalloy vvas cold deformed by compression lest 
and a hardening exponent n = 0.44 vvas obtained. The strain hard-
ening can be calculated by the follovving equation: 

k r = 1770 x V'44 

The investigation of the isothermal recrystallization of the 
superallov shovved that a small grade of deformation (belovv 

10%) and a higher temperature (above 1050"C) of annealing 
promotes the recrystallized grain grovvth. 

The occurence of partial reerv stallization is limited to a rel-
at iven narrovv temperature range near 1050°C at deformation 
belovv 10% and near 1()00"C at deformation over 10%. 

Finer reervstallized grains of Ni-based superallov are ob-
tained after a cold deformation not Iovver than 10% and 30 min-
utes of annealing betvveen 1000°C and 1050°C. 

At annealing above the 1050"C the reervstallized grains start 
to grovvth. 
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The Rheological Model of Deformation Nidus in the 
Process of Rolling 

Reološki model deformacijskega prostora v procesu valjanja 

G. G. Shlomchack, Dnepropetrovsk Metallurgical Institute, Ukraine 
I. Mamuzič, Metalurški fakultet, Sisak, Hrvatska 
F. Vodopivec, Inštitut za kovinske materiale in tehnologije, Ljubljana 

On the basis of contemporary ideas on the metal pressure shaping theory and 
investlgation results of the metal stress-strained state during rolling and uslng variation 
prinolples of mechanics, the plastometric classification of metals and alloys, a nevv 
rheological model of the high deformation nidus is proposed in this work. The model 
explains the regularities in the distribution of plastic deformation intensity in the non-
contact zones as vvell as the formation of the feed front end deformation in dependence 
of the plastometric properties of metals. Experimental data confirming the validity of the 
model are given also. 
Key vvords: rolling, plastometry, rheology, deformation, straining, deformation nidus. 

Na osnovi sodobnih pogledov o teoriji oblikovanja kovin, raziskav napetostnega stanja 
v kovini med valjanjem, z uporabo variacijskih načel mehanike in plastometrične 
razvrstitve kovin in zlitin, se predlaga nov reološki model visoko deformiranega prostora. 
Ta model razlaga regularnosti v porazdelitvi intenzitete plastične deformacije v coni 
brez kontakta in nastanek čela deformacijskega prehitevanja v odvisnosti od 
plastometričnih lastnosti kovin. V članku so priloženi eksperimentalni podatki, 
ki potrjujejo veljavnost modela. 
Ključne besede: valjanje, plastometrija, reologija, deformacijska utrditev, deformacijski 
prostor. 

1. Introduction 

In spite of the intensive development of mathematical mod-
elling and experimental methods of mechanics. the theorv of 
rolling at present doesn't dispose of reliable informations on the 
mechanism of building-up of the deformation nidus. F.speciallv 
little is knovvn on the regularities of metal flow at unstable stages 
of the process. This may result in the slov, development of 
blooming rolling tcchnologv. a lovv rolling yield and sometimes 
also in an unsuitable quality of semifabricate. 

The plastometrical (rheological) properties of metals play a 
very important role in the formation of the deformation nidus. 
The influence of rheologv on the development of regularities of 
deformation at rolling of rheologically complex materials is es-
peciallv important by extremes on i r - e curves. In references 1 
and 2 the higher order deformation anomalies during the testing 
of rheologicallv complex materials by means of plastic tension-
al are described. The neeking of the sample vvith the decrease of 
resistance to deformation (da/de<0) on the (r - e curve represents 
the secondarv deformation heterogeneity. With increased resis-
tance to deformation. according to the o - e curve, a second scc-
ondarv deformation homogeneitv appears in form of uniform 
elongation of the neck. Thus, changes on the do/de curve are al-
ternated by anomalies in deformation gradient and intensity. 
This is the base for the proposed rheological classification of ma-
terials shovvn in fig. 1 and established on the basis of experi-
mental data: I class- simple unstrengthenable materials; II class-
simple strengthenable materials; III-V classes - complex 
strengthenable materials. 

The experimental investigation of the deformation nidus 
stress strained statc vvas realised considering the requirements of 

the similarilv theorv (3) and using a laboratory device (4). It vvas 
necessary to reveal the mechanism of the formation of the knurl 
on the ends of rollings-a vvide-spread defect on blooming rolling 
(fig. 2). 

F i g u r e 2 : W i d e l y s p r e a d d e f e c t : k n u r l o n t h e f r o n t e n d o f t h e r o l l i n g : 
a - g e n e r a l v ievv; b - d u r i n g r o l l i n g o n t h e b l o o m i n g " 1 3 0 0 " at 

1 1 5 0 " - 1 2 0 0 " C ; e - l a b o r a t o r v m o d e l o f k n u r l i n g . 

S l i k a 2 : Z e l o r a z š i r j e n a n a p a k a : o d p r t a u s t n i c a in č e l o v a l j a n c a : a -
s p l o š e n p o g l e d ; b - p o v a l j a n j u n a b l u m i n g u " 1 3 0 0 " pr i 1 1 5 0 " C - 1 2 0 0 " C ; 

c - l a b o r a t o r i j s k i m o d e l u s t n i č e n j a 
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Figure 1: Rheological classes of materials 
Slika I : Reološki razredi kovin in zlitin 

2. Experimental vvork and analvsis of the results 

Laboratorx device for modelling 
The investigated unstable process is a complex phvsical phe-

nomenon in vvhich ali parameters: geometrical, rheological, evo-
lution of deformation, stressed-deformed state and others change 
in time. A special automated lahoratory equipment vvith modem 
measuring instruments vvas build for the modelling of this 
process considering the similarity criteria. The base of this de-
vice is a nevv rolling mili vvithout spindles (fig. 3) - a model of 
blooming (5). vvith roll diameter of 80...200 mm and length of 
120 mm, and a rolling force of 0,3 MN. The main drive is a di-
rect-current motor of 1,5 kW. The circumferential speed of rolls 
varies vvithin the ranges of 0-100 mmph and of 2-50 mmps. On 
the device it is possible to obtain an unfinished rolling (an in-
stantaneous deformation nidus) by means of "shooting o f f ' the 
upper roll at a determined moment and use modern investigation 
2 9 6 

Figure 3: General vievv of the new laboratorv rolling mili 
Slika 3: Splošen pogled na novo laboratorijsko valjamo 



methods such as moire, photoelasticity, filming and strain mea-
surement to measure the integral characteristics of the proeess 
(efforts, moments, displacements and others). 

The laboratorv equipment includes also auxiliary devices for 
the preparation and realization of the trial: presses, stamps. ten-
sometric and optical instruments, etc. Ali parts of the device are 
unified in an integrated svstem vvith an automatic programmed 
control vvhich ensures the precision and quality of the tests. 

The rheological mode! 
Lead-a natural model of hot steels and allovs. has the remar-

cable propertv of recrystallization at room temperature. It de-
forms at lovv efforts, it is brazed reliably after grating using the 
moire method and has a perfect plasticitv. 

A careful studv of its rheology shovvs one more lead proper-
tv (fig. 4). At various strain rates shovvs plastometric curves of 
different rheological classes, from simple unstrengthenable I 
class (at e<0.01 s"1) and strengthenable II class ( a t e = 1... 13,5 s"1) 
to complex strengthenable III class (at e = 13,5...60 s"1) and IV 
class (6 = 0.01 s'1). 

This behavior makes it possible to use lead and its alloys as 
rheological models for different steels and alloys. Earlier inves-
tigations (61 shovved that its use makes it possible to respect 
strictlv the similaritv eriteria in the modeling of rolling process-
es on rolls of optical and organic glass by means of photoelastic 
observations. Technically pure lead (99,98% Pb) vvas used in this 
vvork. 
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Nuelea ofmaximum strain rates during the rolling 

Experimental investigations of the mechanism of the forma-
tion of the deformation nidus vvere performed after a theoretical 
and experimental analysis of the metal stress-strained statc. Fig. 
5a shovvs the intensitv field of strain rates H(x,y) obtained by so-
lution of the v ariation problem using the methods proposed in 
ref. 7. Fig. 5b shovvs the experimental data for a stable proeess 
of rolling obtained by the moire method. Fig. 5c shovvs the field 
of strain rates e(x,y) at the initial stage of cogging of the slab 
edges by edging rolls obtained by mathematical simulation us-
ing the method of finite elements (8). 

/ a 

Figure 5: T h e f i e l d o f s t r a i n r a t e s in s 1 o b t a i n e d b y t h e m e t h o d s o f : 

a - f i n i t e d i f f e r e n c e s ( 7 ) : b - m o i r e p a t t e r n s a n d c - f i n i t e e l e m e n t s (8) 

Slika 5 : P o l j e d e f o r m a c i j s k i h h i t r o s t i v s"1 i z r a č u n a n o p o m e t o d a h : 

a - k o n č n e r a z l i k e ( 7 ) ; b - m o i r e f i g u r e in e - k o n č n i e l e m e n t i (8) 

Though the methods vvere different, their results agree vvell 
and shovv scveral common features of the deformed statc in the 
deformation nidus: I-high heterogeneity of the deformation; 
2-extension of plastic regions far beyond the geometrical limits 
of the deformation nidus, and the presence of the nuelea vvith 
maximum intensity of strain rates Hmax (hatched regions). The 
Hmax nuelea on fig.5a (Hmax = 3 s"1) and'fig. 5b (Hmax = 2.5 s"') are 
located in the initial contact regions at the very beginning of the 
deformation nidus. 

An important conclusion can be derived from these results. 
the location of Hmax nuelea does not depend on the degree of met-
al fullness of the deformation nidus (see fig. 5c). 

Mechanism of the formation of the knurl 
The unstrengthenable metal through the regions of strain 

rates maximum intensitv (Hmax nuelea) strives the flovv tovvards 
the nearest free surface-tovvards the front end of the rolled piece. 
From the Hmax nucleus, as the source, it strives forvvard in direc-
tion of the rolling, overtaking the roll surface and the central part 
of the metal. This is hovv the knurl is formed (fig. 6a). 

In čase of rolling of strengthenable metal the size of the knurl 
depends on the strain hardening degree. This hardening grovvs 
adjacent, to contact lavcrs and reaches in the nucleus a HmaN suf-
ficient to deplace the stretehing to deeper layers of the metal 
dovvn to the center. Central lavcrs rush forvvard and flatten the 
front edge of the rolled piece up to the complete elimination of 
the knurl (6b,c). Thus. the extension of strain in the front end of 
the rolled piece is determined by the rheological properties of the 
metal. During the hot rolling alternated by softeming and re-
crystallization phenomena the rolling speed plays and important 
role. At lovv speed the to Hmax strengthened nucleus has the time 
to soften. This explains the formation of the knurl vvhile at high 
rolling speed and the virtual absence of softening the knurl is not 
formed.-

Pictures of the samples in fig. 6a vvere obtained at different 
stages of the formation of the strain nidus and before the stabili-
sation of the rolling proeess. The rolling vvas performed in the 
high-speed regime of the third rheological class, vvhen the addi-
tional softening, vvhich causes a strain heterogeneity of the sec-



ond order, occurs in the Hlllas nucleus. The layers adjacent to the 
contact surface do not soften not only because of shortage of 
time. but also because of the do/de<0 rheological anomaly. 
Sliding on the roll the metal in these lavers is literally extruded 
from the strain nidus tvvisting towards the centre of the sample, 
and the formation of the knurl is intensified to the maximum. 

During the rolling of lead in the regime of the second rheo-
logical class (e = 1... 1,5 s"1) the adjacent to contact layer of the 
metal has 110 time to soften and that prevents the formation of the 
knurl (fig. 6b). 

Several experiments under the same conditions, but vvith dif-
ferent rolling speeds vvere performed additionallv on alluminium 
vvith the aim to check the reliability of the explained mechanism. 
The plastometric characteristic of alluminium shovvs that it is a 
material of the second rheological class vvith strictlv inereasing 
funetion <7 - e (see fig. 4). In the deformation nidus it practically 
does not soften at room temperature. Thus the metal adjacent to 
the contact surface, strengthened by the passage of Hmax nuelea 
(see fig. 5), is not elongated in the direetion of the exit from the 
rolls and deeper layers of the metal are deformed. If at the first 
moment the adjacent to the contact layer of alluminium, vvhich 
had no time to slrengthen, outpaces the central area then, because 
of the strengthening, their deformation is delayed, vvhile the cen-
tral area is rushed forvvard outpacing the adjacent to the contact 
layers and prevents the formation of the knurl (see fig. 6c). 

Thus, the mechanism of the formation of the strain nidus dur-
ing the rolling is determined by the degree of metal rheological 
complexity. 

The plants producing rolled carbon steels lose a considerable 
quantity of metal because of the cuttings. During the blooming 
rolling the shrinkage cavity is elongated simultaneously vvith the 
formation of the knurl and the quantity ofrejects is inereased. For 
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F i g u r e 7: P l a s t o m e t r i c e u r v e s o f c a r b o n s t e e l ( 0 . 4 3 % C ; 0 . 2 6 % Si : 
0 . 7 4 % M n ; 0 . 0 2 2 % P: 0 . 0 1 6 % S ) a t 9 0 0 " C : a - f r o m r e f . (9 ) , (10) 
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that reason the elimination of the knurl with increased speed of 
gripping during blooming rolling of carbon steel incots (0.43% 
C; 0.26% Si: 6.74% Mn; 0.22%" P; 0.016% S) was checked. It 
failed because of the rheological properties of the steel (fig. 7). 
The plastometric curves from ref. |9| and |10| were used under 
assumption that the steel vvas rheologically simple and of the sec-
ond class (see fig. 7a). In reality, according to the investigations 
of Suzuki. it is complex (fig. 7b) and of the third rheological 
class 11|. The reason for the knurling vvere the deformation 
anomalies of the second order at d|/d|<0. A diminution of the 
knurling could be obtained only by means of decrease of the de-
formation degree (in Hmax nucleus). 

The analvsis of the rheology of carbon steels (0.2 - 1.0% C) 
according to Suzuki shovved that these steels vvere rheologically 
complex of the third class vvith the maxima on cr - e curves at ali 
strain rates and temperatures. That means that the propensity to 
deformation anomalies is inherent to these steels. The formation 
of the knurl is inevitable and the only way to diminish it remains 
the change of the rolling regimes or of the form of the ingots. 

Formation of the prenidus plastie zone 
Fig. 8 shovvs the results of several experiments performed 

vvith the aim to explore the development of deformation in the 
prenidus zone by modelling on the laboratory rolling mili. 
Samples-ingots 40x40x200 mm prepared vvith high accuracy 
from preliminarlv pressed and vvith stabilized properties (an-
nealing one hour at 100"C and ageing at 25°C during 60 days) 
lead (99.98% Pb) vvere rolled vvith 80 mm rolls vvith a deforma-
tion e = 25%. 

F i g u r e 8 : T h e s h a p e o f t h e d e f o r m a t i o n n i d u s d u r i n g t h e r o l l i n g o f 

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

S l i k a 8 : O b l i k a d e f o r m a c i j s k e g a p r o s t o r a m e d v a l j e n j e m j e k e l 

z r a z l i č n o r e o l o g i j o 

The extension of the prenidus plastie region vvas determined 
bv means of moire stripes and indicator devices operating vvith 
the error o f+0 .01 mm. Differences in rheology of the deformed 
material vvere achieved by change of strain rates in the range of 
e = 0.0005.. 0.01 and 1.5 s 1 . 

During the rolling in regime of simple unstrengthenable first 
class the prenidus deformation vvas maximal (see fig. 8, I, AB). 
During rolling in the regime of the second rheological class (vvith 
maximum strengthening) the extension of the prenidus plastie 
zone vvas maximal. Strain homogeneity of ihe first order pro-
motes the inclusion of layers of metal more distant from the rolls 
into ihe deformation. These materials are optimal from ihe 
rolling technology stand point. 

The processes of the development of the second order strain 
heterogeneity vvere observed during the rolling of the material of 
the third rheological class vvith a maximum on the o - e curve 
(see fig. 8, III, ACI. The extension of the zone of non-contact 
deformation in front of the rolls vvas smaller than in the previous 
čase and the displacement of "C" point-the beginning of contact 
of the metal vvith the rolls. tovvards the line of roll centres vvas 
observed constantly. This could produce a strain heterogeneity 
of the second order vvith elongation of the surface Iayers joining 
points "D" and "C" in an avalanehe and could lead to the de-
struetion of metal. especially vvhen concentrators of stresses in 
form of defects are present. 

3. Conclusions 

A nevv model for the formation of the plastie deformation 
nidus during the rolling vvas devcloped using a rheological clas-
sification of metals based on experimental data: 
1. It is shovvn. that the strained state of metal in the nidus of de-

formation is characterized by the presence of regions vvith 
maximum strain rates - H1Ilas nuclea and depends substantiallv 
on the rheologv of the metal. 

2. The mechanism of formation of the widely spread defect-knurl 
on the ends of the rolled pieces is explained. It vvas ascertained 
that the formation of the knurl depends on the rheology of the 
metal and the rolling speed. 

3. Regularities of the formation of the non-contact prenidus zone 
of plastie deformation vvere ascertained. 

4. Rheological (r - e data available in scientific literature should 
be used carefully because in many cases methods of mathe-
matical "smoothing" vvere used for processing the results of 
plastometric investigations and rheological anomalies fell-out 
of the researcher's field of vision. 

5. References 
1 G.G. Shlomchack: Deformation features of the rheologicallv 

complex materials. Deposited in UkrNlINTl 13.08.91 T. No." 
1 167-Uk91, Kiev. 1991. 11 pp. 

2 G.G. Shlomchack: Detection of regularities of deformation 
heterogeneities and anomalies of plasticity of rheologicallv 
complex and supercomplex materials. Deposited in 
UkrNlINTl 12.12.91.. No. 1589-Uk91. Kiev. 1991.21 pp. 

3 G.G. Shlomchack. G.A. Fen, V.G. Kutsav: Izv. Vuzov. 
ChM.No . 3. M. 1980, pp 79-82. 

4 G.G. Shlomchack, G.A. Fen, V.G. Kutsav: "Pressure 
shaping of metals", M. "Metallurgia", Dmetl, Research No. 
60, pp. 121-122. 

5 G.G. Shlomchack: Laboratory rolling mili, Russian patent 
29.08.91. on the claim No. 4930929/27/035063. 

6 G.G. Shlomchack: Izv. Ac. Sc. USSR. Metals No. 6, 1978. 
pp. 102-106. 

7 G.A. Fen, G.G. Shlomchack and coll.: Metallurgia and coke 
chemistry, issue 46, Technicka, 1975. pp. 109-113. 

8 H. Nicaido. T. Naoy, K. Sibata: Transi, from Jap. KI-73789, 
COONTI, Sosei to kako. v. 24. No. 268, 1983. pp. 486-492. 

9 I.Y. Tarnovsky and coll.: Mechanical properties of steel at 
hot pressure shaping. Metallurgizdat, Sverdlovsk, 1960. p. 
264. 

1,1 V.I. Zyzin, M.Y. Brovman, A.F. Melnikov: M., Metallurgia. 
1964. p. 270; 1964. p. 270. 

" H. Suzuki: Report of the Inst. of Industrial Science, the 
University of Tokyo, 1968, v. 18. No. 3. pp. 139-240. 



slovenske železarne*! 
ZELEZAPNA IESENICE 

( P Q P R O M 

O U R P R O D U C T I O N 
P R O G R A M I N C L U D E S : 

• MILD AND CARBON STEEL WIRES 

• STEEL BARS AND VVIRES 

• 
• 

WELDING CONSUMABLES 

NAILS 

Slovenske železarne Železarna Jesenice Fl PROM d.o.o. Cesta železarjev 8,64270 Jesenice, 
te l . cen t ra la : +38 64 861-441 , fax: uprava: 861-392, te lex: 37219 Z E L J S N SI 



Comparision of Graphite Furnace - and Hydride 
Generation AAS for Trace Analysis of Tin in Steels and 
Nickel Alloys 

Primerjava elektrotermične - in hidridne tehnike AAS 
za analizo sledov kositra v jeklih in nikljevih zlitinah 
A. Osojnik, T. Drglin, Inštitut za kovinske materiale in tehnologije, Ljubljana 

The determination of tiri in various types of steel and nickel superalloys at lovv 
concentration level using graphite furnace atomic absorption spectrometry (GF AAS) 
and batch system hydride generation atomic absorption spectrometry (HG AAS) is 
described. The analytical and instrumentaI parameters for both methods vvere 
optimized. The interferences of matrix elements and some metalloids vvere investigated. 
Certified standard reference materials of steels and nickel alloys vvere used to test the 
methods. Some performances and characteristic data (detection limit, characteristic 
mass, accurace and relative standard deviation) of the tvvo methods are established 
and compared. The critical estimate of the both methods is performed. 
Key words: graphite furnace AAS, hydride generation AAS, interferences, steel, nickel 
alloys, tin determination. 

Opisana je metoda ter optimizirani instrumentalni in analizni parametri za določanje 
sledov kositra v jeklih in nikljevih zlitinah z metodo elektrotermične atomizacije (GF AAS) 
in hidridne tehnike-AAS (HG AAS). Študirali smo interference elementov osnove in 
nekaterih metaloidov. Rezultati so bili preverjeni s certificiranimi referenčnimi materiali 
jekel in nikljevih zlitin. Podani so nekateri karakteristični podatki (meja zaznavnosti, 
karakteristična masa, točnost, relativni standardni odmik) ter primerjava in kritična 
ocena obeh uporabljenih metod. 
Ključne besede: elektrotermična AAS, hidridna tehnika AAS, interference, jeklo, nikljeve 
zlitine, določanje kositra. 

Introduction 

Mechanical, phvsical and technological properties of various 
types of steel, and especiallv vacuum čast nickel superalloys for 
high temperature application strongly depend on trace elements 
contents such as Bi. Sb. Sn. As. Se. Te. and others. Because of 
their harmful effect alreadv at the p,g g 1 levels and lovver, the 
permissible concentrations of these elements are strongly limit 
ed. depends upon the element, the alloy type and application pur-
pose. The traces of surface aetive elements such as Sb. Sn, Se, 
Te, and others influence the magnetic properties of nonoriented 
steel sheets. The knovvledge of their contents is one of the useful 
factors for studv of segregation phenomena. 

Therefore the determination of these elements is extremely 
important and the development of a suitable, sensitive analytical 
method is necessary. Graphite furnace - and hydride generation 
atomic absorption spectrometry scems to be the appropriate tech-
niqucs for this purpose, because of their sensitivity and relative 
simplicitv. 

The main problems in the determination of tin by GF AAS 
are the formation of volatile Sn compounds, interactions of tin 
vvith graphite during the atomization step (1 ,2 , 3, 4, 5) and ma-
ta interferences (9, 13). 

In order to overcome these problems, different chemical 
modifiers (5, 6. 7. 8). the oxidation of solution vvith nitric acid 
(1,5, 7. 9) and pretreatment of the graphite tubes vvith refraeto-

ry metals (1, 4, 6, 10, 11) and aluminium solution (9) have been 
suggested. In this way the losscs of tin are diminished and effi-
ciency of tin atomization is improved. The use of coated graphite 
tubes for tin determination has been proposed by many authors 
(1 ,4 , 6. 9, 10, 11). This treatment results in the enhancement of 
sensitivity (1,4, 6, 7, 9, 10) and reproducibility of signal (9. 10). 
a reduetion of interferences (6, 10), and in the increased life time 
of the graphite tubes (10). The knovvledge and explanation of 
chemical reactions vvhich occur in graphite furnace during tin de-
termination (1 ,2 , 12) contribute to better understanding of the 
actions and the rolc of metal coatings, matrix modifiers and in-
terfering elements. 

Determination of tin by HG AAS has been described by a 
number of authors (14-20), although many problems exist for 
this element. It is vvell knovvn that sensitivity of Sn signal de-
pends strongly on the pH of the sample solution (14. 15, 19). 
Therefore for tin determination saturated solution of boric acid 
vvith addition of lovv concentrations of nitric (15) or hydrochlo-
ric acid (19, 20) for standards, sample and carrier solutions is rec-
ommended. Different reagents (acid, sodium tetrahydroborate 
reduetant solution, sodium hydroxide) and their concentrations 
significantly influence not only sensitivity and peak shapes but 
also interferences in tin determination by HG AAS. Among the 
difficulties described in the literature are also high blank values 
(18. 20. 21). memory effects (20, 21), and interferences from 
transition metals ions such as Fc. Ni, Co. Cu vvhich cause very 



serious reduetion of the lin signal (17, 22). The interferences 
caused hy those elements can hc partly or completely eliminat-
ed. The most common way to eliminate the interferences is 
masking of interfering ions by different masking agents (17. 22. 
23). although the changes of acid and reduetant solution concen-
trations are also useful for this purpose (15. 20). An additional 
problem in tin determination by HG AAS reported by B. Welz et 
al. (20) is the appearance of pre-peaks originated from the silica 
of quartz tube atomizer which can be volatilized and atomized in 
the presence of hvdrogen. most probably via hydrogen radicals. 
These prepeaks are difficult to separate from the analvtical sig-
nal and mav cause errors in signal evaluation. 

The present work involved an extensive studv of optimal an-
alvtical and instrumental parameters for low level tin determina-
tion in steels and nickel alloys using GF AAS and HG AAS. The 
determination has been discussed regarding: 

GF AAS 
- influence of graphite tube coatings and modifier used on sen-

sitivity and reproducibility of signal 
- interferences of matrix elements 
- seleetion of optimal pyrolysis and atomization temperature 

with regard to volatilization of analyte, background, interfer-
ences, sensitivity of signal and lile time of graphite tube 

- evaluation of results 
HG AAS 
- influence of acid concentration on analyte signal 
- interferences of matrix elements and some metalloids 
- evaluation of results 

Experimental 

Aparatus 
The GBC 902 atomic absorption spectrometer, equipped 

with deuterium-arc background correction system. automated 
graphite furnace GF 2000, programmable auto-sampler PAL 
2000 and CL 2000 controller vvas used for the measurements of 
anafvte absorbances using GF AAS. The instrumental parame-
ters and operating conditions are given in Table 1. The furnace 
program is shovvn in Table 2. 

A Perkin-Elmer 2380 atomic absorption spectrometer. 
equipped vvith hvdride generator MHS-10 and printer PRS-10 
vvas used for hvdride generation and absorbances measurements 
using HG AAS. The instrumental parameters and operating con-
ditions are listed in Table 3. 

Table 1:Instrumental parameters and operating conditions 
for GF-AAS 

Table 2: Graphite furnace temperature program for the de-
termination of tin in steels and nickel allovs 

Spectrometer 
Wavelength 
Slit 
Light source 
Measurement mode 
Furnace 
Graphite tube 
Char temperature 
Atomization temp. 

Sampler 
Sample volume 

Standard preparation 
Stock solution 
Standard solutions 

Sample preparation 
Dissolved in 
Mass/volume 

GBC, double beam, 902 
286.3 nm 

1.0 nm 
HCL. 10 niA 
peak height 

coated vvith Na ,W0 4 

800°C 
2600 C 

20 n I 

1000 p,g/ml Sn in 1 M HCI 
serial dilutions vv ith 0.3 M HNO, 

20 ml aqua regia 
0.5 g/50 - I to 10/100 ml 

(diluted vvith 0.3 M HNO,) 

Step Temp. Ramp time Hold time Ar flovv 
number (°C) (s) (s) (1 min 1) 

1 90 1 9 1.3 
2 120 10 10 1.3 
3 80 10 10 1.3 
4 800 1 1 -
5 2600 1 3 -

6 2650 1 6 1.3 
7 20 1 5 1.3 

Table 3: Instrumental parameters and operating conditions 
for HG-AAS 

Spectrometer 
Wavelength 
Slit 
Light source 

Hvdride svstern 
Stock solution 
Standard solutions 
Carrier solution 
Calibration volume 
Reduetant 
Flame 

Sample 
Dissolved in 
Mass/volume 
Measuring volume 
Elimination of 
interferences 

Perkin-Elmer, 2380 
286.3 nm 

0.7 nm 
F.DL. 6 W 

Perkin-Elmer, MHS-10 
1000 p.g/ml Sn (in 1 M HCI) 

serial dilutions vvith 0.1 M HCI 
11 BO . sat./O.l M HNO, 

25 ml 
3 g NaBH4 + 0.5 g NaOH/lOO ml 

air/acetv lene: blue 

20 ml aqua regia 
0.5 g/50 mf 
0.1-1.0 ml 

3 g sodium oxalate/10() ml 

Reagents 
Ali reagents vvere of highest available puritv (p.a. or puriss. 

p.a.) obtained from Merck or Fluka. The solutions prepared 
vvere: 
G F AAS 
- aqua regia 
- nitric acid. 0.3 M 
- Pd/Mg nitrate modifier: 300 mg Pd (dissolved in nitric acid) 

+200 mg Mg(NOi), . 6H O in 100 ml of vvater 
- sodium tungstate dihvdrate. 5 g in 100 ml of vvater 

H G AAS 
- aqua regia 
- carrier solution: saturated boric acid containing 0.1 M nitric 

acid 
- reduetion solution: 3 g of sodium tetrahvdroborate (Fluka) in 

100 ml of vvater stabilised vvith 0.5 g of sodium hydroxide 
- sodium oxalate, 3 g in 100 ml of vvater 

Standard solutions 
Stock solution of 1000 p.g ml 1 Sn vvas prepared by dissolv-

ing of 1.000 g of tin metal in 100 ml hvdroehlorie acid (1.16) and 
diluting tii 1 1 vvith deionized vv ater. The other standard solutions 
vvere prepared from stock solution by serial dilution vvith 0.3 M 
nitric acid for GF AAS or vvith 0.1 M hvdroehlorie acid for HG 
AAS. Standard Sn solutions containing the interfering ions vvere 
prepared by adding the appropriate amounts of interfering ions 
to the standard solutions. 

Sample preparation 
0.5 g of sample vvas carefullv dissolved in 20 ml of aqua re-

gia (2 hours at 90"C). After eooling the digest vvas diluted to 50 
ml vvith deionized vvater. Further dilution of sample solution 
(10-10(1 times) vvith 0.3 M nitric acid vv as used for GF AAS mea-
surements. 
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Calibration 
The calibration curve made by standard addition method was 

applied using GF AAS. 
For HG AAS calibration was carried out vvith standard solu-

tions in the range from 10 to 100 ng Sn. matched vvith corre-
sponding amounts of matrix elements. 

Results and Discusion 

The results of the vvork carried out vvith the intention of op-
timizing instrumental and analvtical parameters for tin determi-
nation in steels and nickel allovs using GF AAS and HG AAS 
are shovvn in follovving figures. 

Effect of graphite tube coating and matrix modifier on sen-
s i t i v i t y of Sn signal at different pvrolvsis temperatures is demon-
strated in figure 1. The W-coated graphite tube shovvs the largest 
increase in sensitivitv among the coatings used (W-, Ta-. Zr-
coatings). It is evident that pvrolvsis can be done at temperatures 
up to 1000"C vvithout greater loss of Sn. The matri\ modifier pro-
posed by Schlemmer and Welzx (Pd/Mg nitrate modifier) has es-
sentially no influence on the absorbance signal of tin at this tem-
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Pretreatment of graphite tube '•" 
The graphite tube vvas soaked vvith sodium tungstate solution 

for S hours, than the tube vvas dried at 120°C and heated in the 
furnace tube under the conditions shovvn in Table 4. The vvhole 
procedure vvas repeated once more. 

Tabele 4: Furnace conditions for W carbide coating 

Step Temp. Ramp time Hold time Ar flovv 
number ("C) (s) (s) ( Imin 1 ) 

1 120 10 60 1.3 
2 2600 90 10 
3 2900 10 10 1.3 
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S l i k a 7: V p l i v k o n c e n t r a c i j e d u š i k o v e ( V ) k i s l i n e n a S n s i g n a l 
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pcraturc. The sensitivity increase due to matrix modifier action 
is observed only at pyrolysis temperatures above 1200"C. 

Effect of atomization temperature on S11 signal is shown in 
figure 2. The efficiency of tin atomization is improved at atomi-
zation temperature 2600"C. 

The absorbance signal of background in dependence of py-
rolysis temperature for Sn determination in steel samples is pre-
sented in Figure For sample amount of 20 p.g the background 
is reduced on acceptable value at pyrolysis temperature above 
500"C. 

The interfering effect of matrix elements on signal of Sn is 
shovvn on figure 4. As indicated the presence of Fe and Cr de-
press the Sn signal strongly. Since it vvas confirmed (13, 15) that 
the extent of the interferences by the transition metal ions does 
not depend on the analyte - interferent ratio, but on the interfer-
ent concentration in the sample solution, larger matrix dilution 
for high Sn contents can be used to reduce these interferences. 

I11 the čase that Sn concentration in the sample is very lovv a 
prior separation (MIBK extraction) of interfering iron must be 
done. The depressing effect of iron on Sn signal can be scen from 
figure 5, vvhere the comparison of peaks resulting from tin de-
termination vvith and vvithout the iron separation is shovvn. For 
tin determination in steels the dilution of sample is recommend-
ed. The absorbance signal for diluted steel sample is namely 
greater as for undiluted sample, although the tin amount for di-
luted sample is absolutely smaller. Therefore the evaluation of 
results has to be performed by the calibration curve made by the 
standard addition method vvhich is demonstrated in figure 6. 

The follovving figures present the results of our experiments 
made vvith intention of optimizing the analytical parameters for 
tin determination using HG AAS. The influence of nitric acid 
concentration in the carrier solution on sensitivity for tin is con-
firmed (figure 7). As reported (15, 19) the addition of lovv con-
centration of nitric acid to the saturated boric acid improves the 
sensitivity and reproducibility of Sn signal. 

The influence of interfering elements on Sn signal by HG 
AAS is shovvn in figure 8. The presence of Ni, Fe, Co, Cu, Mo 
and Se depress the signal for Sn strongly. 

The interfering effect of Ni, Fe, Co and Mo is eliminated by 
addition of sodium oxalate (figure 9). although a number of 
masking agents vvere examined. The interference of Se is stated 
only in concentrations much higher than in samples investigat-
ed. 

Certified reference standard materials of steels and nickel al-
loys vvere used to test the methods. Certified values for Sn con-
centrations in standards used are collected in table 5. The com-
parison results of Sn determination in stccl and nickel alloys are 
giveti in table 6. The results indicated a good agreement vvith 
certified values for both methods vvithin the reported standard 
deviation, although the reproducibility of results is better by GF 
AAS. 
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F i g u r e 9 : E l i m i n a t i o n o f i n t e r f e r e n c e s f o r S n vvith t h e a d d i t i o n o f 

s o d i u m o x a l a t e ( H G A A S ) 

S l i k a 9 : E l i m i n i r a n j e m o t e n j z a S n z d o d a t k o m n a t r i j e v e g a o k s a l a t a 

(HG A A S ) 

Table 5: Certified reference standard materials used for Sn 
determination 

S i g n M a t e r i a l A t e s t 

p,g g 1 S n 

B C S 2 3 9 / 3 0 . 3 % c a r b o n s t ee l 3 0 0 

B C S 4 3 3 p l a i n c a r b o n s t ee l 100 

B C S - C R M 4 5 1 / 1 c a r b o n s t ee l 2 0 

E U R O - C R M 2 8 1 - 1 h i g h l v a l l o v c d s t ee l 9 0 

H U R O N O R M / R M 2 8 5 - 1 h igh lv a l l o v c d s t e e l 3 0 

B C S - C R M 3 4 5 IN l O O a l l o v 6 

B C S - S R M 3 4 6 IN l O O a l l o v 91 

M B H 1 1982 B n i c k e l a l l o y IN 100 8 8 

M B 1 1 1 1 9 8 0 F n i c k e l a l l o v IN 100 18 



Table 6: Comparison of GF-AAS and HG-AAS results 
(|xgg 'Sn) with eertified values 

Certified Certified value GF-AAS HG-AAS 

samples found + RS D found + RSD 

BCS 345 h+1.6 43) + 15.2 <7, 4.9 + 18.0% 
BCS 345+10 ja.g g ' 16 15.8 
BCS 346 91 + 7 94.2 + 7.3 96.0 + 7.5% 
MBH 11980 18 15.1 + i 5 . i % 19.0 ±11.0% 
MBH 11482 88 76.3 ±8.7% 81.2 + 8.2 % 
BCS 239/3 300(280-330) 320 + 1 7 ' i 309 + 5.0% 
BCS 433 100( 80-110) 93 + 3.5 % 93 ± 8.3% 
BCS 451/1 20( 13- 23) 18 + 5 .9 ' ; 15 ±9 .2 ' , 
EURO-CRM 281-1 90+10 102 ±3 .3 ' ; 97 + 4.1% 
EURO-ZRM 285-1 30 + 8 33 + 6.8 % 26 + 84 % 

Some eharaeteristic data of bolh methods used are eollected 
in table 7. The calculated values are nearly in a good agreement 
with available reported data. The sensitivitv (characteristic 
mass) of GF AAS method is better as for HG AAS, which is 
compensated with greater measuring volume by HG AAS. 
Interesting is the difference in the characteristic mass calculated 
from analysis results of diluted and undiluted samples vvhich is 
the consequence of depressing effect of interfering elements. 

Table 7:Characteristic data for method evaluation (detection 
limit, characteristic mass) 

Method Sample Diluuon Measuring 
volume 

DL 
ng ml M-g g 

m„ 

PS 

7 

GF-AAS standard 
solution 

20 | i l 1.2 17.1 X 

GF-AAS BCS .145 1 g/100 ml 20 ( i ! 5.4 0.54 79.1 ' ) 

GF-AAS BCS 346 Ig/1004 0/50 ml 20 |o,l .1.7 1.84 27.0 1(1 
GF-AAS BCS : m 0.5g/50-10/l(K)ml 20 ( jc l 7.2 7.2 106 

GF-AAS BCS 2.19/1 0.5g/50- 1/50 ml 20 ix l I..1 1.7 17.1 
11 

GF-AAS BCS 281/1 0.5g/5()-l()/UK)ml 20 |jil 2.5 2.5 36 11 

GF-AAS BCS 281-1 (l.5g/50- 1/100 ml 20 (JL.I 0.7 7.3 10.7 12 

HG-AAS standard 
solution 

1 mi 2.7 1982 
1.5 

HG-AAS BCS .145 t g/100 ml 1 ml 3.3 0.3.3 2440 

HG-AAS BCS .146 Ig/lOO-IO/lOOml 1 ml 2.7 2.7 21110 
14 

HG-AAS BCS 239/1 O.5g/50 ml 0.05 ml 2.1 4.2 1941 
14 

HG-AAS BCS 451/1 Ig/100 ml 0.1 ml 2.7 2.7 2514 1S 

HG-AAS BCS 451/1 le/100 ml 0.5 ml 5.2 11.64 29.33 lh 

Conclusions 

The W-coated graphite tubes vvas chosen lo improve the sen-
sitivity and reproducibility of Sn signal by GF AAS. The strong-
ly interfering effect of iron and chromium vvas stated at analyses 
conditions used. Dilution of samples for high Sn contents or pri-
or iron separation for steel samples in lovv concentration levels 
«2(1 |xg g 1) is the onlv way lo overcome this problem. The eval-
uation of results has to be performed by the calibration curve 
made bv standard addition method. 

The interferences of Ni. Fe. Co, Cu and Mo, due lo prefer-
ential reduetion of interfering elements to elementary state and 
kmetic ehanges of hydride forming reactions vvere established 

using HG AAS. The interferences of hvdride forming elements 
(Se) vvere stated onlv in concentrations much higher than in sam-
ples investigated. The interfering effect of Ni. Fe. Co and Mo is 
eliminated bv addition of sodium oxalate. 

Certified reference standards of steels containing 
20-300 (xg 1 Sn and nickel allovs containing 6-91 p. g g Sn 
vvere used to test the methods. Characteristic mass is Iovver bv 
GF AAS. This can be compensated vvith greater measuring vol-
ume by HG AAS. Reproducibility of results is in the range of ±2 
to ±15% for GF AAS and +4 to ±18% for HG AAS. The accu-
racv of results are in agreement vvith certified values vvithin the 
reported standard deviation for the both methods. 
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The Susceptibility to Hydrogen Embrittlement of Lovv 
Alloy Cr-Mo Steel Tubing 

Občutljivost cevi iz nizkolegiranega Cr-Mo jekla na vodikovo 
krhkost 

M. Gojič, M. Balenovič, Željezara Sisak, Hrvatska 
L. Kosec, Fakulteta za naravoslovje in tehnologijo, Ljubljana 
L. Vehovar, Inštitut za kovinske materiale in tehnologije, Ljubljana 

In the paper the results of research in the susceptibility of as-rolled and heat treated lovv 
alloy Cr-Mo (microalloy by Nb) tubing to hydrogen embrittlement by method of cathodic 
polarization are shovvn. The results show that quenching at 870°C (both in vvater and oil) 
and tem pering at high temperature (720° C) attain excellent resistance to hydrogen 
embrittlement vvhich is indicated by a small embrittlement index (11.1-23.6%) by tough 
small-dimple fractures and relatively small content of absorbed hydrogen (3.2-3.4 ppm) 
at the cathodic polarization. 
Key vvords: lovv alloy steel, tubing, hydrogen embrittlement, heat treatment, cathodic 
polarization 

Raziskovali smo občutljivost valjanih in toplotno obdelanih cevi iz malolegiranega Cr-Mo 
jekla (mikrolegiranega z niobom) na vodikovo krhkost. Uporabili smo metodo katodne 
polarizacije. Rezultati kažejo, da s kaljenjem s temperature 870°C (v vodi ali olju) in 
z visokotemperaturnim popuščanjem (720°C), dosežemo odlično odpornost proti 
vodikovi krhkosti. Potrjuje jo majhen indeks krhkosti (11.1-23.2%), žilav, jamičasti izgled 
prelomne površine in relativno majhna vsebnost absorbiranega vodika (3.2-3.4 ppm) pri 
katodni polarizaciji. 
Ključne besede: malolegirana jekla, cevi, vodikova krhkost, toplotna obdelava, katodna 
polarizacija. 

1. Introduction 

Corrosion costs of oil countrv tubular goods (OCTG) in oil 
industrv are estimated to be some hundred millions dollars every 
year. At the begin of the fifties a lot of oil tubes in Canada, USA 
and France failured when API (American Petroleum Institute) 
pipes grade N-X0 and P-l 10 vvere used in sour vvells, vvith mini-
mum vield strenght of 552 MPa and 758MP, respectively. 
Novvdavs great efforts are being made to decrease or reduce the 
process of corrosion to minimum, expecialy the sulfide stress 
corrosion cracking (SSCC) i.c. hvdrogen embrittlement (HE). 
Most producers of oil country tublar goods adapt themselvs to 
difficult conditions of oil and natural gas exploatation by devel-
oping and producing pipes from lovv alloy to high allov steels and 
special allovs. Lovv alloyed steels mostlv used for OCTG are 
made from medium carbon Mn. Mn-Mo and Cr-Mo type steels. 
microalloyed vv ith vanadium, niobium, titan and bor1. The sul-
fide stress corrosion cracking or hydrogen embrittlement of 
steels is quite a complex phenomenon not being yet completely 
unambignous determined neither regarding the mechanism2 nor 
the dominant influence of individual factors (mechanical prop-
erties. microstructure etc.). Hovvever it is often used to charac-
terize the influences of hvdrogen in steel at room temperatures. 
These influences are mostly manifested through the loss of duc-
tililv (decrease of reduetion area and elongation). Therefore, in 
this paper is presented the analvse of lovv alloy Cr-Mo steel (mi-
croalloved vvith niobium) susceptibility to hvdrogen embrittle-
ment from the point of vievv of mechanical properties, heat treat-

ment and microstructure. At the same time, the content of ab-
sorpted hydrogen vvas determined and fractographic analvsis of 
fraetured surfaces' specimens after cathodic polarization vvas 
carried out. 

2. Experimental 

Material 
By procedure of laboratory electro slag remelting there vvere 

received lovv alloy Cr-Mo steel (microalloyed vvith niobium) in-
gots. (J) 169 x 380 mm, vvhich vvere after forged into billets 
Q 135 x 420 mm. The table 1 shovvs chemical composition of 
the investigated stccl. 

On the table 1 wc can see that the investigated steel appro-
priates to the first type API grade C-90 by addition of niobium 
as a micro alloy element3. Alloying vvith higher content of 
molvbdenum and microalloying vvith niobium AISI 4130 steel 
proved to be useful for inereasing of resistance to hydrogen 
cracking because of the refined austenite grain and the size of 

Steel C Mn P S Si V Mo Al Cr Nb 

Cr-Mo 0.30 0.72 0.022 0.007 0.37 0.01 0.63 11.07 1.12 0.035 

T a b l e I : T h e c h e m i c a l c o m p o s i t i o n o f s t e e l i n v e s t i g a t e d , 

T a b e l a I : K e m i j s k a s e s t a v a j e k l a , c/i 



carbide particles. In Iron Steel Works Sisak, billets • 135 x 420 
mm vvere hot rolled into seamless tubing <1> 60,3 x 4.83 mm for 
oil industrv. 

Heat treatment 
The temperatures of phase transformations needed for heat 

treatment vvere tested by dilatometer Lk.02 "Adamel 
Lhomargy". The specimens <|> 2 x 12 mm vvere heated and cooled 
by heating and cooling rate of 0,05"C/s. On registered diagram 
dilatation/temperature, the temperature values of particular 
phase transformation vvere read off. On Ihe basis of there results. 
the heat treatment of pipes vvhich is consisling of normalization 
and tempering as vvell as quenching (vvith cooling in vvater and 
oil) and tempering vvere carried out in the laboratorv electric re-
sistance chamber furnace. Before and after heat treatment me-
chanical properties of ASTM standardized specimens vvere test-
ed. The hardness lest vvas performed by BrinelFs method. In a 
vievv of obtaining phase composition a phase analysis by X-ray 
diffraction device and Philips numerical couting technique by 
tise CoKa radiation. 

Corrosion tests 
Since the hvdrogen embrittlement of the material presents in 

faet the loss of its ductil ity (due to absorbed hvdrogen) a decrease 
of ductility parameters is obvious, i.e. the reduetion area and 
elongation of specimens are always reduced2'4'6. Among many 
electrochemical methods the cathodic polarization is one of the 
most appropriate methods for the determination of relative ma-
terial susceptibilitv to hydrogen embrittlement. The specimens 
<|> 3.5 x 1 1(1 mm made from steel investigated in as-rolled and 
heat treated state vvere put into electrochemical celi (fullfilled 
vvith 0.5 M II,SO, + 10 mg As,(),/1 solutin) vvhich vvas put in 
Zvvick 50 kN tensile machine and subjeeted lo static load of 60 
and 8()'/f ils of yield strenght7. The cathodic polarization vvas car-
ried out by Wenging's potentiostat at current density of 1,6: 4,0: 
8,0 and 12.0 mA/cnr . After cathodic polarization (duration of 
tvvo hours) of stressed specimens testing to ihe fracture vvith de-
formation rate of 2.4 x 1 0 ' V vvas immidiately carried out. On 
the base of change of specimens' reduetion area embrittlement 
index vv as calculated according lo the follovving equation: 

vvhere are: 
RAji, - reduetion area prior cathodic to polarization (uneharged 
by hydrogen) 
R A h - reduetion area after cathodic polarization (charged b\ hv-
drogen ) 

After corrosion tests the content of absorbed hvdrogen in ca-
thodic polarized specimens is determined on the exalograph EA-
1 by the method of hot extraction. 

Metallographic and fractographie testing 
Microstructure of polished and etehed (in nital) specimens 

before and after heat treatment vvere carried out by the scanning 
electronic microscope (SEM) tvpe JOF.L JXA-50 A. voltage to 
50 kV. For determination series and manner fracture the analy-
sis fraetured surfaces of specimens vvere carried out. 

3. Results of investigation 

Investigation of mechanical properties vvere carried out b\ 
Instron 1196 tensile machine on tvvo samples in as-rolled and 
heat treated state. Energv impact testing vvas carried out bv 
Charpv clapper on three IŠO specimens vvith V-notch at temper-
ature 20"C. Average testing values of mechanical properties are 
shovved in table 2. 

On table 2 can be seen that the tubing vvithout heat treatment 
according to mechanical properties correspond to P-l 10 API 
grade vvhich does not belong to the corrosion resistant oil coun-
try tubular goods. By normalizing at 900"C and tempering at 
700°C vvas obtained corrosion resistance L-SO API grade. By the 
tubing heat treatment consisting of quenching at 870"C and tem-
pering at high temperature of 720"C (specimens 36 and 39) there 
vvere obtained OCTG vvith mechanical properties C-90 grade. 
The index embrittlement as per equation (1) taking into account 
the specimens reduetion area prior and after cathodic polariza-
tion. The average values of embrittlement index for as-rolled and 
heat treated tubes are shovvn in table 3. 

4. Diseussion of results 

The mechanical properties of Cr-Mo steel tubing in as-rolled 
state are high (API grade P-105, table 2) due to the chemical 
composition (modification vvith molybdenum and microallov ing 
vvith niobium) and the presence of bainite microstructure (figure 

Table 2: The mechanical properties of tubings Cr-Mo steel in as-rolled and heat treated state 

Tabela 2: Mehanske lastnosti cevi iz Cr-Mo jekla v valjanem in toplotno obdelanem stanju 

Specimen Heat treatment 
Yield 

strenght 
MPa 

Tensile 
strenght 

MPa 

Elongation 

ck 

Hardness 

HB 

Energv 
impact 

at+20°C 

Fracture 
toughnes 
MPa \ M 

? - 972 1145 8.9 400 4 50 

30 
Normalized 900 C/min, air + 

Tempered 700°C/60 min, air 
605 725 25.5 230 IS 84 

36 
Quenched 870°C/30 min. vvater + 

Tempered 720°C/60 min, vvater 
721 765 25.5 252 19 94 

39 
Ouenched 870 C/30 min, oil + 

Tempered 720°C/60 min, air 
703 759 22.1 250 22 100 



Table 3: The values of embrittlement index and content absorbed hydrogen Cr-Mo steel by cathodic polarization 
Tabela 3: Vrednost indeksa krhkosti in vsebina absorbiranega vodika Cr-Mo jekla pri katodni polarizaciji 

Yield lndex Current Content 
Specimen Heat treatment strenght embrittlement dcnsity hydrogen 

MPa F ( % ) M A/cm2 ppm 

3 - 6 - 972 87.6 1.6 2.7 

30 - 4 Normalized 900°C/30 min, air 27.2 4.0 
30 - 7 + 605 55.2 8.0 -

30 - 6 Tempered 700°C/60 min, air 88.5 12.8 

36 - 3 Quenched 870°C/30 min, vvater 11.1 4.0 3.2 
36 - 5 + 721 30.7 8.0 4.0 
3 6 - 4 Tempered 720°C/60 min, air 86.2 12.0 4.8 

39 - 3 Quenched 870°C/30 min. oil 23.6 4.0 3.4 
39 - 5 + 703 31.1 8.0 4.4 
3 9 - 4 Tempered 720°C/60 min, air 88.6 12.0 7.0 

vvhere are: KIC = ReH(0,646 CVN /R e H-0,00635)"2 ( 2 ) 
ReH - Uppcr yield strenght (MPa) 
CVN - Charpy energy impact (J) 

On the base of calculated K [ c - values (table 2) it is clear that 
the fracture toughness of quenched and tempered pipes has high 
values vvhich may be up to 100 MPam"2 . The figure 1, in the 
manner of histogram, shovvs the change of embrittlement index 
at the cathodic polarization both for different states of material 
and different current densities and it can be seen that pipes re-
sistance to hydrogen embrittlement increases through appliance 
of the heat treatment, specially quenching and tempering. 

Although pipe specimens in as-rolled state vvere at test 
stressed on the level of 60% yield strenght and polarized at cur-
rent density of 1,6 mA/cn r a small resistance to hydrogen em-
brittlement vvith embrittlement index of 87,6% vvas obtained. 
The microfractography (figure 2a) of a fractured specimen made 
after cathodic polarization shovvs the presence of mixed fracture 
in vvhich predominantes brittle cleavage type of fracture. The 
reason for such a small resistance to hydrogen embrittlement is 
in the presence of untempered bainite microstructure (figure 3) 
vvhich is by many investigators9'10 considered, after martenzite 
structure. to be the most unfavourable microstructure vvith regard 
to the resistance in corrosion environmetals, expecially in sulfide 
environmetals. 

By normalization and tempering at 700"C" the resistance to 
hydrogcn embrittlement vvas increased can be seen from the in-
dex value of embrittlement 27.2% and from the ductile fracture 
vvith a small energy fracture (figure 2a). The fracture began at 
the large inclusion particle being hovvever mighty traps fro hy-
drogen because their great intersurface encures the accummula-
tion of sufficient hydrogen quantites for the initation of crack-
ing"'12 . By quenching and tempering at 720"C the tube resistance 
to hydrogen embrittlement vvas increased vvhich vvas expressed 
by a smaller embrittlement index, particulary specimens 
quenched in vvater vvhere the embrittlement index is only 11.1 c/<. 
The fracture are ductile, vvith fine dimple appearence (figure 2c). 
The increase of embrittlement index vvas induced mosttly by 
presence of high tempered martenzite microstructure (figure 3b) 
in vvhich by means of X-ray diffraction the distribution of fine 
sphero carbides FeC, Fe,C, Cr,C2 and a M o , C vvas determined. 
Fine carbides microstructured is a main microstructural parame-
ter for improving of hydrogen embrittlement because in this čase 
a longertime is needed for the accummulation of critical amount 

3a) appearing at usual air cooling of tubes vvith finish rolling 
temperature. The hardness is homogenous through the vvhole 
cross seetion and amounts to 400 HB and 230-250 HB for the 
pipes in as-rolled and heat treated state as vvell. As OCTG are al-
so used in arctic fields they are supposed to be as tough as pos-
sible. expecially at lovv temperatures. Energy impact of heat 
treated pipes is high and amounts to 18-22 J at 20"C retaining to 
same values also at -40"C. The fracture toughness (KIC-value) is 
knovvn to be an important characteristic of material, hovvever, be-
cause of vv all-thinnes (4,83 mm) KIC vvas not defined by the way 
of Charpy's energv at 2()"C as per Rolf-Novak's equation8. 
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Figure 1: T h e i n f l u e n c e h e a t t r e a t m e n t o n e m b r i t t l e m e n t i n d e x o f lovv 
a l l o v C r - M o s t ee l 

Slika 1: V p l i v t o p l o t n e o b d e l a v e n a i n d e k s k r h k o s t i m a l o l e g i r a n e g a 
C r - M o j e k l a 



Figure 2: The microfractography of fractured surfaces of low alloy Cr -Mo steel after cathodic polarization 
a) as-rolled. current density 1.6 mA/cnv 

b) quenched and tempered. current density 4 ,0 mA/cm 
c) normalized and tempered, current density 4 .0 m A / c m ' 
d) quenched and tempered. current density 12.0 m A / c n r 

Slika 2: Mikrofraktograf i je prelomnih površin malolegiranega Cr-Mo jekla po katodni polarizaciji 
a) valjano, gostota toka 1,6 m A / c n r 

b) kaljeno in popuščeno, gostota toka 4,0 m A / c n r 
c) normalizirani in popuščeno, gostota toka 4.0 m A / c n r 

d) kal jeno in popuščeno, gostota toka 12.0 mA/cnr ' 



of hydrogen inducing the brittlc material decay. Since the mi-
crostructure influence is manifested mainly through the absorp-
tion and trapping of hydrogen on the interfaces carbide/matrix. 
the defined fine chrome carbides Cr,C, and «Mo,C inerease re-
sistance to hvdrogen embrittlement. 

5. Conclusion 

The tubing of investigated Cr-Mo steel in as-rolled state 
(without heat treatment) in regard to mechanical properties cor-
respond to API grade P-110 vvith bainite microstructure appeared 
in usual way by air cooling of pipes at finished rolling tempera-
ture. Their resistance to hydrogen embrittlement is small vvith 
high values of embrittlement index of 87,6 %. It proves also the 
presence of mixed fracture vvith mainlv brittle cleavage frac-
tures. By normalizing of tubing at 900"C and tempering at 700"C 
is obtained API grade L-80 vvith a great resistance to hvdrogen 
embrittlement (F = 27,8%) and ductile fracture vvith a small frac-
ture energv. I lovvever, by quenching and tempering at 720"C API 
grade vvas obtained C-95 vvith significant resistance to hydrogen 
vvilh ductile mainly fine dimple fraetures. The reason of there are 
carbides Cr,C2 and a M o . C in tempered martenzite microstruc-
ture. Hovvever, by inereasing of current densitv from 4,0 mA/cm2 

to 12.0 mA/cm2 at cathodic polarization some quintity of hydro-
gen (5-7 ppm) vvas absorbed vvhich remarkably decreased resis-
tance to hydrogen embrittlement (F = 86-89% ) in the presence of 
the brittle cleavage transgranular fracture. The results of the test 
shovv that for the obtaing of API grade C-95 vvith high resistance 
to hvdrogen embrittlement the heat treatment of tubing from in-
vestigated Cr-Mo steel needs to bc carried out by quenching in 
vvater after having reached the temperature at 870"C and air tem-
pering from 720"C. 

F i g u r e 3 : T h e m i c r o s t r u c t u r e s t u b i n g s f r o m lovv a l l o y C r - M o s t e e l in 

a s - r o l l e d ( a ) a n d q u e n c h e d a n d t e m p e r e d s t a t e ( h ) 

S l i k a 3 : M i k r o s t r u k t u r a c e v i iz m a l o l e g i r a n e g a C r - M o j e k l a v v a l j a n e m 

(a ) t e r k a l j e n e m in p o p u š č a n e m s t a n j u ( b ) 
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Predicting Oxide Activities in Ca0-Al 2 0 3 -S i0 2 System 
by Computer Model 

Napovedovanje aktivnosti oksidov v sistemu Ca0-Al203-Si02 
z računalniškim modelom 
B. Koroušič, Institut for Metals and Technology, Ljubljana 

The most important metallurgical effects of ladle treatment of aluminium - killed steels 
with calcium, are associated vvith the modification of alumina inclusions. For the 
development of the deoxidation - control model for inclusions, the thermodynamic slag 
model, based on the Gibbs energy minimization and modelling approaches postuiated 
from Hastie et al., vvas used to calculate component oxide activities in the system 
CaO-AI203 and part of the system 3Ca0.AI203-Si02, 12CaO. 7AIPOrSiOP and 
Ca0.AI203-Si02 a t 1500°C and 160CPC. 
Key vvords: Slag activities, model computations, Gibbs energy minimization 

Najpomembnejši metalurški učinki pri uporabi kalcija za obdelavo jekel pomirjenih 
z aluminijem so povezani z modifikacijo aluminatnih vključkov. Pri razvoju modela za 
kontrolo vključkov smo uporabili termodinamični model, ki sloni na Gibbsovem modelu 
minimizacije energije in postulatu, ki ga je postavil Hastie et a/. Izračunavanja aktivnosti 
oksidnih komponent smo izvršili za sistem 3Ca0.AI203-Si02, 12CaO 7AI?0~-Si09 in 
Ca0.AI203-Si02 pri temperaturi 150CPC in 160CPC. 
Ključne besede: aktivnosti žlinder, modelna izračunavanja, Gibbsova energija 
minimizacije. 

1. Introduction 

In last two decades calcium-based additions are made to 
molten steel not only for deoxidation and/or desulfurisation pro-
poses, but also for the control of inclusion composition and mor-
phologv. The ladle metallurgy offers today excellent possibili-
ties to control of the cleanness and quality of steels. The most 
important metallurgical effects of ladle treatment of aluminium-
killed steels vvith calcium, are associated vvith the modification 
of alumina inclusions preventing his precipitation during the 
continuousllv casting known as nozzle clogging process. Also 
the role of the syntetic slags C a 0 - A l , 0 r S i 0 2 for the secondarv 
refining of steel is growing dramatically because of it s excellent 
refining capabilities. In order to put inclusion engineering into 
practice. it is essential that the equilibrium relationship betvveen 
the liquid steel and the corresponding inclusion should be deter-
mined. With suitable seleetion of the deoxidation practice 
(changing ratio Ca/Al) is possible to avoid nozzle clogging, en-
suring inclusions vv ith melting points lovver than the steel melt 
temperature. 

In this paper are presented equilibrium thermodynamic ac-
tivitv of the A l / T , CaO. and SiO, in system CaO-Al ,O r SiO : . 
determined vvith new Gibbs Energy Minimization Model -
GEMM (The equilibrium calculation in the GEMM program is 
a minimization of the integral Gibbs free energy using a 
Langrangian multiplier method for the constraints) and dis-
cussed in relation to their use in deoxidation and calcium treat-
ment control. 

2. Thermodvnamic model of oxide phase equilibria 
- G E M M 

Many thermodvnamical models are developed in last tvvo 
decades for the investigation of multiphase equilibria and for 

thermodynamic predietions of multicomponent high-tempera-
ture oxide systems'"'". Calculations involving thermodynamic 
equilibria in multi-phasc oxide systems are extremely time con-
suming, even in the systems vvith relatively fevv components. In 
recent years, there has been rapid progress in the use of thermo-
dynamic models achieving better understanding of many metal-
lurgical, ceramical and chemical systems of commerical signifi-
cance. 

This progress has been made possible largely by develop-
ments in computer softvvare technology as vvell as the inereasing 
availability of reliable and comprehensive thermodynamic val-
ues compared vvith "hand" calculations vvhich have traditional-
ly been assigned to specialists. 

A new modelling approach for thermodvnamic predietions 
of multiphase high-temperature oxide systems developed by 
J.W. Hastie and D.W. Bonnell" has been extended and applied 
for the investigation of the binary and ternary systems CaO-
A1,0, and C a 0 - A l ; 0 , - S i 0 , . Well-known examples of solution 
models in current use include, ideal, regular, and the molecular-
level associated liquid or cluster models4"71. The basic approach 
used in the GEMM predietion model is a deseription of non-ide-
al mixture and the formation of complex liquids and solids as 
mixing componenets. This model has a thermodynamic basis 
and does not rely on assumed molecular or ionic entitics in the 
liquid phase. The liquid components are not independent mole-
cular species, but are essentially subphases that serve as models 
for the local associative order-an idea that Schenk himself great-
ly expanded some 50 years ago". 

Although the components are included individualy, it is as-
sumed that in most cases, the components form short range or-
der, and do not necessarily represent diserete molecular, ionic or 
other structural entities. The component and complex-compo-
nent oxides formed are assumed to mix idealy, in accordance 



with Raoult' law. Henee, thermodvnamie aetivities and apparent 
mole fractions (X ) are equivalent quantities for this model. 

In the GEMM-predietion model, the thermodynamie activi-
ty of oxides CaO, A1 : 0„ and SiO, can be calculated from the cor-
responding thermodynamic functions. The modelling approach 
has been validated by comparison with experimental activitv da-
la. obtained from Taylors l, Kav'", and recently published data 
from Fujisavva"", and Nagata"1. While the thermodvnamie data 
are incomplete they are stili sufficiently extensive to allovv their 
tise in the performance of common thermodynamical calcula-
lions for manv high-temperature slags and other systems. Good 
agreement between the model predictions and experimental ac-
tivitv data is obtained. The utility of even sparse experimental 
data can, in principle, be greatlv enhanced by GEMM optimiza-
tion techniques. 

3. Thermodynamic data bases 

Before actual calculations can begin. the necessarv thermo-
dynamic data must be collected. For most oxide svstems relevant 
lo industrial steelmaking practice, the experimental thermody-
namic data base are often a variety of somewhat obscure sources 
or are incomplete. 

The C a O - A f O , and C a 0 - A l , 0 , - S i 0 . svstems are an excep-
tion, in that there is an adequate thcrmodynamic data base which 
can be applied lo test the model computations. Such a thermo-
dynamical optimization technique offers the important benefit 
thal it can drastically reduce the need to conduct costlv experi-
ments. The Gibbs free energy data for the corresponding oxide 
phase at 1600"C are given in table I. 

Table 1: Compounds Gibbs energy of fonnation, negative 
(kJ/mol) (s)=solid, (l)=liquid 

Tabela 1: Prosta tvorbena energija nekaterih oksidov, minus 
(kJ/mol) 

C o m p o n e n t s 1 8 7 3 K ( s ) 1 8 7 3 K ( l ) 

A l , O , 1 0 8 9 . 8 1 1 0 6 5 . 7 0 

C a O 4 3 1 . 0 8 4 2 7 . 4 7 

S i O , 5 7 8 . 5 0 -

3 C a 0 A I , 0 , 2 4 5 4 . 7 7 -
1 2 C a 0 7 A I , 0 , 1 3 2 2 2 . 8 6 1 3 2 8 0 . 0 0 

C a O A l . O , 1 5 6 4 . 6 2 1 5 6 4 . 3 3 

C a 0 2 A I , 0 , 2 6 9 3 . 8 3 2 6 8 8 . 1 2 

C a 0 6 A I , 0 , 7 0 6 3 . 1 8 7 0 5 1 . 9 2 

The GEMM-computer program used for calculation of the 
equilibrium composition, and hence aetivities. utilizes a data 
base made up of Gibbs energies of formation A(Gf) as a funciton 
of temperature (T). The free energies of formation A (Gf) are ei-
ther known or can be estimated for these complex component 
liquids and solids. 

The data for most oxides vvere obtained mainly from data 
base made by J. Ilastie and Bonnell121. In a fevv instances, the co-
efficients lo lite A (Cif) equation have been re-evaluted using nevv 
thermodv namie data obtained in the literature. 

4. Results 

Cu0-Al203 Svstcm 
The CaO-AUO, system is one of the fundamental systems of 

the calcium-based slags and non-metallic inclusions, and there 
have been manv reports on the thermodynamics of this system. 

Much of the published information on lite thermodvnamie 
properties for some binarv aluminates has been based on vvork 

conducted and published in 1960's. Extrapolation of these data 
to steelmaking temperatures ntav introduce large errors. espe-
c i a 11 y for a particular composition range. 

The CaO and AKO, activitv data shovvn in figure 1 are con-
sistent vvith the bulk of literature experimental data at T=1600' C. 
Electromotive force (emf) and cell-activity data have recentlv 
been obtained by Fujisavva et al"" covering a vvide range of com-
positions. Our model activitv data at T = I500"C have been com-
pared vvith recently published data by Nagata et al"1 and as is 
shovvn in figure 2. Good agreement betvveen the model predic-
tion and experimental activitv data for a vv ide range of composi-
tion is demonstrated. 

SVSTEM Ca0-Al203 
T = ' 5 3 0 ° C 
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F i g u r e t : M o d e l d e p e n d a n c e o f c o m p u t e d a c t i v i t v d a t a 

in C a O - A I . O , at T = I 5 0 0 " C . 
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S l i k a 2 : M o d e l n a i z r a č u n a v a n j a a k t i v n o s t i o k s i d o v 

v s i s t e m u C a O - A l , Q , p r i T = 1 6 0 0 " C 



SVSTEM Ca0-Al203-Si02 (3Ca0-AI;03) 
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Ca0-AI203-Si02 System 
The control and prevention of multiphase in CaO-AKO,-

SiO, and a suitable deoxidation practice should be applied to 
avoid undesirable alumina inclusions, thcy are not deformable 
and. besides, provoke tundish no/zle blockage problems. In or-
der to determine oxygen und sulphur contents in molten steel and 
the conditions for aluminate and solid sulphide coprecipitation 
during casting, the knowledge of the activitv of CaO, AUO, and 
SiO, 111 molten slag and inclusions is important. One of the main 
advantages in the used model is the treatment as a high order sys-
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tem at high temperatures where extrapolation of thermodynam-
ic dala may introduce large errors. For CaO-Al ,O r SiO, system, 
several experimental studies of activity measurement and phase 
- diagram determination are reported in the literature*1. But. be-
cause of experimental difficulties, large discrepancies are ob-
served between different experimental works. Tha activitv of 
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and alumina were calculated in ali of liquidus domains. The com-
positions are expressed in mole fractions of CaO, A101 5 and 
SiO,. The reason for choosing A101 5 rather then A1,0, is because 
in the basic melts, A 1,0, give rise to tvvo foreign ions AlO2", 
vvheres SiO, gives rise onlv to one SiO4". Thermodynamic activ-
ities calculated using Gemm - computer program are shovvn in 
figures 3 - 5. Experimental activity data for the C a 0 - A l , 0 ; - S i 0 , 
system is particularly sparse and disparate8"3"41. Very good 
agreement betvveen the model and experiment data for the silica-

Figure 4: Model computed data of CaO, Al,O, and SiO, in CaO-
A l , O r S i O , system for 12Ca0 .7AI ,0 , composition and T=1600"C 

Slika 4: Modelna izračunavanja CaO, Al,O, in SiO, v sistemu CaO-
Al ,(),-SiO, za sestavo 12Ca0 .7Al ,0 , pri T=1600"C 

CaO, Al.O,. and SiO, in CaO-Al ,O r SiO , molten slag at 1500"C 
vvas measured by Rein and Chipman in 1963 and 1965131. The ac-
tivity data determined the activity of silica by cquilibrium vvith a 
metallic phase, of carbon - saturated iron vvith silicon in solution. 
By integration of the Gibbs - Duhem lavv. the activitics of lime 
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F i g u r e 5 : Model computed data o f C a O , AUO, and SiO, in CaO-
A K O r S i O , system for CaO.AbO, composition and T=1600"C 

S l i k a 5 : Modelna izračunavanja CaO, Al ,O, in SiO, v sistemu CaO-
A l , 0 , - S i 0 , za sestavo C a O . A f O , pri T=f600"C 

activities and computed thermodynamic activity data for A1 : 0, 
and CaO at 1600"C is demonstrated. 

5. Conclusion 

The Gibbs energy minimization model (GEMM) is used 
with the corresponding thermodynamical data base to calculate 
the predicted composition of solids, liquids (non-ideal solu-
tions), and the vapour phase. 

The calculated composition of the CaO, Al 2 0, , and SiO, are 
taken as the activity. Numerous comparisons between model and 
the experimental activities in the systems CaO-AkO, and CaO-
Al : 0 , -S i0 2 at different temperatures have confirmed the realia-
bility of this approximation. 

Considering the large number of the data base components, 
and the cumulative errors in the thermodynamic functions. the 
possihility exists that the present data base is not unique. 

However, as has been pointed out by J. Hastie and D. 
Bonnell", the author expects that some future modifications of 
the data base will be relatively ntinor. 
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PROGRAMSKA IZHODIŠČA 
Slovensko društvo za materiale je bilo ustanovljeno z namenom, da se v njem 
povežejo vsi strokovnjaki, ki se ukvarjajo z materiali (anorganski nekovinski, 
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za materiale so naslednja: 

• povezava strokovnjakov, ki se ukvarjajo z materiali (anorganski nekovinski, 
polimerni, kovinski) v strokovno združenje; 

• pričetek konstruktivnega sodelovanja na področju raziskovanja in izobraževanja; 
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materialov; 
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Sedež Slovenskega društva za materiale je na Inštitutu za kovinske materiale in 
tehnologije, Ljubljana, Lepi pot 11. 
V društvo se lahko včlanijo vsi strokovnjaki z visoko izobrazbo in študentje. 



Composite Mechanism of Scale Adhesiveness 

Kompozitni mehanizem oprijemljivosti škaje 
B. Kosec, L. Kosec, FNT, Odsek za metalurgijo in materiale, Ljubljana 

In the scale vvhich is formed on the surface of alloys during the annealing process, 
metallic and oxidic phases are mtervvoven in various ways, vvhich are characterized by 
the shape, portions, and size of both phases. Duetile scale component enables certain 
deformation of the scale, and it hinders propagation of cracks in the brittle oxidic phase. 
Key vvords: scale, composite material, crack, propagation, separation, adhesiveness. 

I/ škaji, ki nastane med žarjenjem na površini zlitin, se kovinska in oksidna faza 
prepletata na različne načine, kijih karakterizira oblika, delež in velikost obeh faz. 
Duktilna sestavina škaje omogoča določeno deformacijo škaje in preprečuje širjenje 
razpok, nastalih v krhki oksidni fazi. 
Ključne besede: škaja, kompozit, razpoka, napredovanje, ločitev, oprijemljivost. 

Scale is product of the high temperature oxidation of metals 
and allovs. Structure of scale depends on the chemical composi-
tion of allov. temperature atmosphere and on the time of anneal-
ing. The scale vvhich adheres to metal during working and ser-
vice reduces in most cases the quality of ihe surface of product. 
Therefore it should be rentoved in single stages of technological 
process. The most simple ways of scale removal are mechanical 
forces vvhich appear due to temperature changes or in vvorking. 

Scale and metal differ in their physical properties, among 
others, also in ali mechanical properties and in thermal expan-
sion. Great differencess in thermal expansion during the temper-
ature changes cause stresses vvhich practically separate both con-
stituents. or thev fraetured only oxide. Scale adhesiveness 
depends on the microstructure, geometry of constituents, and the 
boundarv vvith the metallic matrix. 

Due to properties and the way hovv scale constituents are in-
tervvoven. and depending on its properties, the scale can be treat-
ed as a composite material. 

Composite materials have different properties in comparison 
to the properties of constituents. One of essential characteristics 
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F i g . 4 : C o m p o s i t e s c a l e w i t h a g r e a t a m o u n t o f m e t a l p h a s e , vvhich is 

n o t a h l e t o s t o p t h e c r a c k p r o p a g a t i o n ( 1 0 0 x ) 
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of composite materials is crack arrest. In composite materials 
vvith ductile matrix (e.g. metallic or of polymers) cracks appear 
usually in rigid constituents of the armature (most frequently in 
fibres). vvhile in composite materials vvith ceramic matrix and 
ductile fibres the situation is reversed. 

In the scale the nonmetallic constituents are alvvavs more 
brittle than the metallic ones, and thev have also more defects 
vvhich appear alreadv during the grovvth. Portion, way of being 
intervvoven, and geometrv of both constituents determine the 
ahilitv for stopping crack propagation and thus the obstinacv 
vv ith vvhich the scale resists to separation from the metal. In the 
čase s. illustrated in Figs 2, 5 and 6. the microstructure has such 
portions of metallic constituent, and such combination of both 
phascs. that separation on the boundarv vvith pure metal cannot 
be expected, and scale can be removed onlv by additional ma-
chining of the surface. On pure metals the scale has usually a vvell 
defined boundarv vvith the metal. The oxide metal boundarv is 
the vveak point for ideal fracture and thus good separation of 
scale from metal (Fig. 1). In allovs the metallic and o.xidic con-
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stituents are most frequently intervvoven. the boundary betvveen 
scale and metal is not even vvhich highly renders the separation 
of both phases more difficult (Fig. 2). 

In steels composed of elements vv ith thermodynamic proper-
ties different from those of iron, the scale of heterogeneous com-
position is formed. In the lovver part of scale. metal and oxide 
particles are intervvoven. This part behaves under mechanical 
loading identically to composite materials. The stresses vvhich 
appear due to temperature variations or other loads can cause 
eracks in the oxide. Their propagation can be stopped by suitably 
distributed metal in the scale, and thus the fracture of scale is pre-

g e o m e t r v o f m e t a l l i c p h a s e 

S I . 1 0 : Š i r j e n j e r a z p o k v k o m p o z i t n i š k a j i / n e u g o d n o g e o m e t r i j o 
k o v i n s k e f a z e . 

vented. The vveak point in sueh scales is the surface betvveen the 
composite zone and the upper scale layer being vvithout metal 
(Fig. 3). 

Some heterogeneous lovver scale parts have infavourable 
shape of metallic phase to stop the crack propagation in oxide. In 
sueh a scale crack propagates betvveeen metallic grains, and it 
can even cut some thin grains (FTg. 4). 

In the oxide grains of parent metal there are also oxides of al-
loying elements, being either dispersed or predominantly pre-
cipitated in certain direetions or in form of a net vvhich corre-
sponds to metal grain boundaries before the oxidation. These 
direetions are mechanicallv vveak points in the scale and cracks 
can propagate along them to parent metali matrix (Figs. 5, 6). 

Some patterns hovv the boundary scale metal region is 
formed, are presented in Fig. 7. 

Intervvoven mineral and metal constituents give to scale ali 
the characteristics of composite materials vvith the usuallv pre-
dominant oxidic phase also in the respect of microstructure vvhile 
in the boundary vvith metal often metallic phase in the scale is 
prevailing (Figs. 7. 9 and 10). 

Rigid mineral components render rigidness and compression 
strength to oxide, bul they are very sensitive to various flavvs 
vvhich appear during the grovvth of sueh oxide. Metallic matrix 
of suitable geometry is able to stop cracks, and it inereases the 
adhesiveness of scale (Fig. 9). 

If a scale vvhich vvill easily separate from metal is to be ob-
tained. il must be composed mainly of mineral constituents. 

Metallic particles being intervvoven in the scale, especially if 
they are also connect vvith parent metali, can only increase the 
scale adherence. 
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Vacuum Brazing 
Universally accepted as the most versatile method of joining metals. Vacuum Brazing is a precision 
metal joining technique suitable for many component configurations in a wide range of materials. 

ADVANTAGES 
• Flux free proeess yields clean, high integrity joints 
• Reproducible quality 
• Components of dissimilar geometry or material type may be joined 
• Uniform heating & cooling rates minimise distortion 
• Fluxless brazing alloys ensure strong defect free joints 
• Bright surface that dispense with expensive post cleaning operations 
• Cost effective 

Over five years of Vacuum Brazing expertise at IMT has created an unrivalled reputation for 
excellence and quality. 
Our experience in value engineering will often lead to the use of Vacuum Brazing 
as a cost effective solution to modern technical problems in joining. 

INDUSTRIES 
• Aerospace 
• Mechanical 
• Electronics 

• Hydraulics 
• Pneumatics 
• Marine 

• Nuclear 
• Automotive 

QUALITY ASSURANCE 
Quality is fundamental to the IMT philosophy. The choice of proeess, ali processing operations and 
proeess control are continuously monitored by IMT Quality Control Department. 
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Embrittlement of Copper Wire Due to Oxygen 

Krhkost bakra zaradi kisika 
L. Kosec, V. Gontarev, B. Kosec, FNT, Odsek za metalurgijo in materiale, Ljubljana 
N. Mlakar, Kolektor, Idrija 

An example of the reversible oxygen embrittlement of copper is deseribed in the paper. 
This phenomenon is combined vvith the drastic reduetion of ductility and workability. It 
appeared at the lovv temperature annealing (500 C) of copper in the nitrogen 
atmosphere vvith a lovv oxygen concentration (5 ... 6ppm), when diffusion of oxygen in 
copper took plače preferentially on grain boundaries. During the eooling to the 
surroundings temperature oxygen precipitated from the saturated solution in the form of 
copper oxide (Cu20) on the grain boundaries, thus the conditions for the intergranular 
dimple fracture have been created. 
Key vvords: oxygen, grain boundary diffusion, supersaturation, precipitation, 
intergranular dimple rupture, reversible embrittlement due to oxygen. 

V prispevku je opisan primer reverzibilne krhkosti bakra zaradi kisika. Pojav je povezan 
z drastičnim zmanjšanjem duktilnosti in preoblikovalne sposobnosti bakra. Nastal je pri 
nizkotemperaturnem (500°C) žarenju bakra v dušiku z majhno koncentracijo kisika 
(5 ... 6 ppm), med katerimi je prišlo do prednostne difuzije kisika po kristalnih mejah 
bakra. Med ohlajanjem na temperaturo okolice je kisik iz nasičene raztopine precipitiral 
v obliki bakrovega oksida (Cu20) na kristalnih mejah in ustvaril pogoje za interkristalni 
prelom z jamicami. 
Ključne besede: kisik, difuzija po kristalnih mejah, prenasičenje, izločanje, 
intergranularni jamičasti lom, krhkost zaradi kisika. 

1. Introduction 

Copper and some its alloys represent of high duetile and well 
cold workable materials. These properties can be usually ob-
tained by annealing in the proteetive atmosphere. But there exist 
frequent exceptions. They are numerous since many products 
are made by advanced technology of the bulk shaping instead of 
machining. Limited ductility in the bulk shaping allowed only a 
certain amount of plastic deformation. Further plastic deforma-
tion initiated cracking till final fracture of material (Fig.l). 

These problems are often caused by oxygen vvhich concen-
tration could be detected by the metallographic analyse of oxide 
inclusions or chemical"'21. The copper oxide inclusions vvell fol-
low the deformation of metal if extreme degrees are not exceed-
ed. 

Oxygen in the solid solution vvhich simultaneously hardens 
copper and reduces its ductility is harmful. In some cases the 
chemically measured differences in the oxygen concentration 
betvveen duetile and brittle copper are very small, even vvithin the 
measuring error. In sueh cases oxygen is expected to be concen-
trated on certain sites in the microstructure, for instance on the 
grain boundaries, but it could be detected only by an analitical in 
situ method. 

Before rolling, the copper wire of 12.8 mm in diameter have 
been annealed for 1 hour at 500"C in the nitrogen atmosphere 
vvith 5 ... 6 ppm of oxygen. During the annealing proces the av-
erage concentration of oxygen in the copper inereased from ap-
proximately 0.001% to approximately 0.002%. 

Already after first or second pass through the grooved roll 
(round - square) the surface cracked. It vvas an obviously sign 
that further rolling vvas not possible any more. The cracks vvere 
approximately in the radial direetion vvith characteristic changes 
of direetions on the short sections. In single areas the surface 
damages vvere so intensive that even some small metalic parti-
cles split off. The vvire vvith the limited ductility had the same 
strength and the yield stress as that vvhich vvas be shaped into the 
demanding sections. The reduced ductility vvas explained by 
fracture surfaces and by the careful analysis of the microstruc-
ture. The contraction of the copper vvire before annealing vvas ap-
proximately 90%, and it vvas reduced to less than 30% after the 
annealing process. Essential difference betvveen the tvvo vvires 
vvas in the form of fracture. Not annealed copper vvire exhibited 
duetile transgranular dimpled fracture vvith characteristic deep 
unidireeted dimples (Fig. 6). On the fracture surface of the test 
bar broken in the air, the adsorbed carbon and oxygen have been 
measured (Fig. 9). After annealing the ductility vvas rapidly re-
duced vvhile the fracture vvas completely intercrystalline. 
Intergranular fracture surface consisted of many fine and shal-
low dimples vvith inclusions of copper oxyde (Fig. 2-5). 

High oxygen concentration on that fracture surface vvas 
proved by the AES analysis. Oxygen vvas distributed obviously 
deeper under the fracture surface when compared vvith the no-
tannealed copper (Fig. 10). 

The oxygen concentration on the surface corresponded to the 
composition C u ; 0 and vvas rapidly reduced away from the grain 
boundaries. The initiation of cracks in the annealed copper is 
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Figure 5: Small cracks on grain boundaries and copper 
oxyde precipitates; 20()x 

Slika 5: Kratke razpoke na kristalnih mejah s precipitati 
bakrovega oksida; 2()0x 

Figure 6: Copper oxyde precipitates on grain boundary: 6000x 

Slika 6: Precipitati bakrovega oksida na kristalni meji : 6000x 

connected vvith the inclusions of copper oxide on the grain 
boundaries (Fig. 3,5). As reference, also the surface of copper 
vvire vvhich has been covered vvith thin layer of corrosive prod-
ucts during storing has been analysed. The composition vvas not 
the same on the vvhole surface. On one section of the surface the 
chemical composition of the corrosive products corresponded to 
the CuO copper oxide (Fig. 13). The layer is thin and it adheres 
to the unchanged metal at a high oxygen concentration gradient. 
In the other surface area. there vvas found u layer vvith high car-
bon concentration and it vvas thicker than that rich in oxygen 
(Fig. 14). The oxygen embrittlement of copper exhibited re-
versibility. Annealing in the vacuum (5.10"6mbar. 85()"C, 10 
hours) essentialy increased (Z = 75%) the copper ductility. The 
fracture surface of that annealed copper vvas predominantly 
transgranular dimpled ductile fraetured vvith a very small amount 
of residual intergranular dimpled fracture (Fig. 8). The chosen 
annealing conditions in the vacuum vvere obviously not so 

Figure 7: Ductile fracture of copper vvire (Z = 90%); l()()()x 

Slika 7: Duktilni prelom bakrene žice (Z = 90%): l()()()x 

Figure 8: Fracture surface of copper vvire after vacuum annealing 
(Z = 90%); 200x 

Slika S: Prelomna površina žice po žarenju v vakuumu 
(Z = 75%): 200x 

favourable enough to remove ali the oxygen accumulated in the 
copper during the annealing in the nitrogen atmosphere. The not 
uniform removal of oxygen vvas proved also by the AES analy-
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Figure 9: Copper , oxygen and carbon concentration distribution on 
fracture surfaces of high ductility copper (Z = 90%) 

Slika 9: Profil koncentraci j bakra, kisika in oglj ika na prelomu bakra 
z veliko dukti lnost jo (Z = 90%) 
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Figure 11: Copper, oxygen and other e lements concentration 
distribution on fracture surface of copper after vacuum annealing 

(fracture af ter annealing) 
Slika 11: Profil koncentraci j bakra, kisika in drugih elementov na 

prelomu bakra z ma jhno dukti lnost jo po žar jenju v vakuumu 
(prelomljeno po žar jenju v vakuumu) 
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Figure 10: Copper and oxygen concentration distribution on fracture 
surface of copper after annealing in nitrogen (5 ... 6 ppm 0 2 ) 
Slika 10: Profil koncentraci j kisika in bakra na prelomu bakra 
z ma jhno dukti lnost jo po žarjenju v vakuumu (5 ... 6 ppm 0 2 ) 

na temperaturi 500"C 

100 

r t 80 

o O 

60 

40 

r — ,— A 

— — — 

. 
2 4 6 8 10 

S p u t t e r t ime [ m i n ] 

12 14 

Figure 12: Cooper . oxygen and other elements distribution on fracture 
surface after vacuum annealing (fracture before annealing) 

Slika 12: Profil koncentraci j bakra, kisika in drugih elementov na 
prelomu bakra z ma jhno dukti lnost jo po žarjenju v vakuumu: 

(prelomljeno pred žar jenjem v vakuumu) 

sis of oxygen and of other elements on the fracture surface. The 
effect of the oxygen removal by the annealing in vacuum has 
been estimated by the comparison of the oxygen concentration 
on the fracture of the vacuum annealed copper wire and those 
when the fracture surface of the brittle copper was annealed in 
vacuum (Fig. 12,13). During the vacuum annealing much more 
oxygen has been removed from the fracture surface than from the 
bulk vvire sample. 

2. The Mechanism of the Copper Embrittlement 

At 500°C, the grain boundary diffusion in the copper is pref-
erential to the diffusion inside grains'31. 

The solubility of oxygen in copper is about 10 ppm131 at 
500°C. At the annealing temperature of 500"C the grain bound-
ary diffusion rate of oxygen is higher for fevv orders of magni-
tude to the bulk diffusion rate inside grains. Thus mainly grain 
boundaries become enriched vvith oxygen. After completed an-
nealing the temperature of copper droped to the surroundings 
temperature. Major amount of oxygen vvas precipitated in form 
of the copper oxide C u 2 0 on the grain boundaries. The precipi-

tation from solid solution is characterized by the formation of 
many fine particles distributed on the grain boundaries. At suit-
able stresses or deformation, pores appear on the boundary be-
tvveen the precipitates of the copper oxide and the metal matrix 
along the grain boundaries. Since precipitates are numerous the 
dimples are small and shallovv. The oxygen embrittlement is a re-
versible phenomenon if oxygen enriched copper is annealed un-
der the conditions vvhich enables the oxygen removal belovv the 
solubility limit at the surroundings temperature. 

3. Conclusions 

In annealing copper in the atmosphere vvith a very lovv par-
tial pressure of oxygen at a temperature favourable for the grain 
boundary diffusion, higher oxygen concentrations has been de-
tected only on grain boundaries. During the cooling to the sur-
roundings temperature oxygen precipitated from the metal in the 
form of the copper oxide (Cu,0) . Such a formation of the copper 
oxide favours the formation of a great number of fine precipi-
tates. On the boundary betvveen the precipitates and the metal 
matrix pores appear at a suitable high deformation. and they 
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Figure 13: Copper and oxygen distribution on wire surface before 
annealing in nitrogen 

Slika 13: Profil koncentracij kisika in bakra na površini bakrene žice 
pred žarjenjem v dušiku 
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Figure 14: Oxygen. copper and other elements concentration 
distribution on wire surface before annealing in nitrogen 

Slika 14: Profil koncentracij kisika, bakra in drugih elementov na 
površini bakrene žice pred žarjenjem v dušiku 

propagate into a intergranular fraeture with the small micro-
scopic and macroscopic degree of deformation. The phenome-
non of the oxygen embrittlement of copper is reversible. If the 
oxygen is removed from the metal belovv the solubility limit at 
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Figure 15: Mechanism sequences of copper vvire embrittlement 

Slika 15: Mehanizem krhkosti bakrene žice 

the surroundings temperature, there exist conditions for the for-
mation of the intergranular dimpled fraeture. In the analvzed 
čase the oxygen vvas found to be distributed unevenlv in the met-
al and predominantly on the grain boundaries. Thus it is essen-
tial the reduced oxygen concentration on the grain boundaries 
and not the average oxygen concentration in the bulk metal. 
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INŠT ITUT Z A K O V I N S K E M A T E R I A L E 
IN T E H N O L O G I J E p.o . 

INST ITUTE O F M E T A L S 
A N D T E C H N O L O G I E S p.o . 

6 1 0 0 0 L J U B L J A N A . LEPI POT 11. P O B 431 
S L O V E N I J A 

Te le fon : 0 6 1 / 1 2 5 1 - 1 6 1 , Te le fax : 061 2 1 3 - 7 3 0 

NOVO NA IMT! 

Rezonantni pulzator CRACKTRONIC, 
naprava za raziskave v mehaniki loma ter 
merjenja kinetike propagacije utrujenostnih 
razpok. 

Naprava je računalniško vodena, omogoča 
pa merjenja na preiskušancih, ki niso večji 
od charpyjevih preiskušancev za merjenje 
udarne žilavosti. 
S to napravo prihranite čas in denar. 
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Računalniška obdelava rezultatov dosledno 
upošteva zahteve ASTM standardov. 
Na osnovi meritev z rezonantnim 
pulzatorjem CRACKTRONIC lahko uspešno 
napovedujemo preostalo življenjsko dobo 
dinamično obremenjenih konstrukcij. 
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slovenske železarne mJt 

A C R O N I 
SŽ ACRONI d.o.o. Cesta žetezarjev 8 , 6 4 2 7 0 Jesenice 
tel. centrala: +386 64 861-441 
tel. direktor: +386 64 861-443 
tel. komerciala: +386 64 861-474 
Fax: +386 64 861-379 
Teiex: 3 7 2 1 9 Z E U S N S I 

OUR PRODUCTION PROGRAM 
INCLUDES: 

* general structural steels 
* finegrained and HSLA 

structural steels 
* carbon and alloyed steels 

- for quenchig 
and tempering 

- čase herdening 

* silicon steels for electrical 
sheets 

* stainless steels 

* hot rolled plates, wide and 
slit strips and bars 

£ » U P F T S * c ^ d r o l l e c l sheets, wide and 
. c r T R l C A L S n C t - s | j t s t r j p s 

E L E C « , p c * cold rolled sections 
A M D S T B ' ' 3 * metal door posts 

* blanks 

STAINLESS WE ALSO OFFER: 
C T E E L S * hot and cold rolling 
0 1 * blankig 

A . i flYED *torchcuttingbydrawing 

M l C R 0 A L * straightening | V H W f * * hoat troatinn 

STEELS 

S S S S S f S S - - « 

heat treating of plates, strips 
and sheets 



LADLES 

RADEX Austria 
Aktiengeself schaft 
f Ur feuerfeste Erzeugnisse 
A-9545 Radenthein/Austria 
Phone O 42 46 /21 00-0 A 
Telex 45655 rad a 
Telefax 04246/2100/555 oder 556 

RADEX Deutschland 
Aktiengesellschaft 
f tir feuerfeste Erzeugnisse ' 
D-5401 Urmitz/Germany 
Phone O 26 30/89-0 / 
Telex 867715-0 ur d 
Telefax 02630/89360 


