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Primerjali smo lomno žilavost treh različnih zvarnih spojev, katerih meja plastičnosti je presegala mejo plastičnosti osnovnega 
materiala. Dva zvara smo v korenskem delu zavarili z mehkejšim dodajnim materialom, da smo lahko opustili predgrevanje. Mehki 
koren vpliva na znižanje lomne žilavosti spoja. Rezultati merjenja lomne žilavosti so na zvaru, kjer je bil koren izdelan dvovarkovno, 
višji od štirivarkovnega. 

Ključne besede: zvarni spoj, koren zvara, dodajni material, lomna žilavost, krhki lom 

A comparison of fracture toughness results on three different yield stress over-matched weld joints was performed. Two welds were 
made with the soft root to avoid preheating. Soft root lowers fracture toughness of the joint. Results of fracture toughness 
measurement on weld with two pass soft root are higher than those on four pass one. 
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1 Uvod 

F a k t o r M z v a r n e g a s p o j a j e r a z m e r j e m e d m e j o 

p l a s t i č n o s t i m a t e r i a l a z v a r a ( M Z ) i n o s n o v n e g a m a t e r i a l a 

( O M ) . P r i M > 1 s o m a n j š e n a p a k e v z v a r u z a š č i t e n e p r e d 

v e l i k i m i d e f o r m a c i j a m i , s a j s e O M p r e j p l a s t i č n o d e f o r -

m i r a 1 . K e r j e v s p l o š n e m t e ž k o z a g o t o v i t i v i s o k o ž i l a v o s t 

M Z , j e t a k o v e r j e t n o s t p o j a v a k r h k e g a l o m a m a n j š a . P r i 

z v a r n i h s p o j i h z M > 1 , n a j e k l i h v i s o k e t r d n o s t i , j e t r e b a 

p r i v a r j e n j u r a č u n a t i t u d i s h l a d n o r a z p o k l j i v o s t j o M Z , 

p o s e b n o v k o r e n u d e b e l i h z v a r o v . T a k š n e z v a r e z a t o 

p r e d g r e v a m o , š e p o s e b n o p r i i z d e l a v i k o r e n a . S t r o š k i 

p r e d g r e v a n j a s o v e l i k d e l c e l o t n i h s t r o š k o v i z d e l a v e v a r -

j e n i h k o n s t r u k c i j . V a r j e n j e k o r e n a z v a r a z d o d a j n i m m a -

t e r i a l o m , k i z a g o t o v i l o k a l n o M < 1 v t a k š n e m o b s e g u , d a 

s e n o s i l n o s t c e l o t n e g a z v a r n e g a s p o j a n e z n i ž a , z m a n j š a 

n e v a r n o s t n a s t a n k a h l a d n i h r a z p o k , z a t o p r e d g r e v a n j e n i 

v e č p o t r e b n o . P r i č a k o v a t i p a j e , d a b o d o m e h k e j š a p o -

d r o č j a v z v a r u b i s t v e n o v p l i v a l a n a v e d e n j e z v a r n i h s p o -

j e v p r i l o m u . 

2 Material in eksperimentalno delo 

N a k o n s t r u k c i j s k e m j e k l u v i s o k e t r d n o s t i n i o n o c r a l 

7 0 d e b e l i n e 4 0 m m ( O M v tabeli 1) s m o z a v a r i l i t r i 

s p o j e z M > 1 . P r v i ( h o m o g e n i z v a r ) j e b i l v c e l o t i i z d e l a n 

z e n i m s a m i m d o d a j n i m m a t e r i a l o m ( M Z i v tabeli 1), k i 

j e t r d n o s t n o e n a k o v r e d e n O M . D r u g a d v a ( h e t e r o g e n a 

z v a r a ) s t a b i l a i z d e l a n a z d v e m a r a z l i č n i m a d o d a j n i m a 

m a t e r i a l o m a . K o r e n z v a r a j e b i l v a r j e n z d o d a j n i m m a t e -

r i a l o m , k i j e m e h k e j š i o d O M (MZ2 v tabeli 1), o s t a l i d e l 

z v a r a p a z i s t i m d o d a j n i m m a t e r i a l o m k o t h o m o g e n i z v a r 

( M Z i ) . M e h k i k o r e n j e b i l v a r j e n d v o - i n š t i r i v a r k o v n o . 

H i t r o s t o h l a j a n j a m e d 8 0 0 ° i n 5 0 0 ° C ( A t g / s ) j e b i l a ~ 9 s . 
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Z a r a z l i k o o d h o m o g e n e g a z v a r a p r i i z d e l a v i m e h k i h 

k o r e n o v z v a r o v n i s m o p r e d g r e v a l i . M e h a n s k e l a s t n o s t i i n 

k e m i č n a s e s t a v a O M , M Z i i n M Z 2 s o n a v e d e n i v tabeli 
1 . P a r a m e t e r P c m , k i g a i z r a č u n a m o p o f o r m u l i : P C m = C 

+ S i / 3 0 + ( M n + C u + C r ) / 2 0 -h N i / 6 0 + M o / 1 5 + V / 1 0 + 

5 B , j e m e r i l o o b č u t l j i v o s t i m a t e r i a l a n a h l a d n o r a z p o k -

l j i v o s t 2 . V r e d n o s t f a k t o r j a M s e t u n e t i č e d e j a n s k e g a 

z v a r n e g a s p o j a i n j e l e t e o r e t i č n a o c e n a , k a k o v e l i k M 

l a h k o v z v a r n i h s p o j i h p r i č a k u j e m o . 

U d a r n o ž i l a v o s t i n m e h a n s k e l a s t n o s t i p o s a m e z n i h 

d e l o v M Z s m o u g o t o v i l i n a p r e i z k u š a n c i h , o d v z e t i h i z 

d e j a n s k i h z v a r o v . P r e i z k u š a n c i z a u d a r n o ž i l a v o s t p r e -

s e k a 1 0 x 1 0 m m s o b i l i p r e č n i n a o s z v a r a , o k r o g l i 

t r g a l n i p r e i z k u š a n c i p r e m e r a 5 m m p a v z d o l ž n i . I z s k o r a j 

c e l o t n e d e b e l i n e s p o j e v s m o i z d e l a l i u p o g i b n e C T O D 

p r e i z k u š a n c e z r a z p o k o p o d e b e l i n i i n z r a z m e r j e m 

r a z p o k e i n v i š i n e p r e i z k u š a n c a a / W - 0 , 5 . V s e r a z p o k e 

n a p r e i z k u š a n c i h n i s o b i l e t a k o r a v n e , k o t t o z a h t e v a 

s t a n d a r d 3 . V z r o k s o z a o s t a l e n a p e t o s t i , k i s o p o s l e d i c a 

v a r j e n j a . V s e e n o p a s m o z l o m i l i t u d i t e p r e i z k u š a n c e . N a 

o s n o v i m e r i t e v t r d o t e M Z s m o p o f o r m u l i : R P M Z = 3 , 1 5 

H V - 1 6 8 4 , i z r a č u n a l i v r e d n o s t f a k t o r j a M p o c e l o t n i d e b e -

l i n i o b r a v n a v a n i h z v a r o v . 

Tabela 1: Mehanske lastnosti in kemična sestava osnovnega materiala 
(OM) in obeh materialov čistih zvarov (MZi, MZ2) 
Table 1: Mechanical properties and chemical composition of base 
metal (OM) and two all-vveld metals (MZi, MZ2) 

material Rpo.2 R m § 5 E - 4 0 ° C M 

M P a MPA % J 
O M 711 838 20 54 -

M Z , 770 845 16 58 (1,08) 
MZ2 403 466 32 153 (0,57) 

% C Si Mn P S Cr Ni M o P c m 

O M .09 .27 .25 .015 .004 1.12 2.63 .25 .228 
M Z , .06 .35 1.43 .011 .008 .86 3.01 .56 ( .274) 
M Z 2 .05 .25 .61 .011 .008 .06 .07 .03 ( .095) 



3 Rezultati in razprava 

M e h a n s k e l a s t n o s t i i n k e m i č n a s e s t a v a M Z h o m o -

g e n e g a z v a r a v k o r e n u i n t e m e n u ( M Z h o m - k , M Z h o m - t ) t e r 

o b e h n e h o m o g e n i h z v a r o v v k o r e n u ( M Z 2 var, M Z 4 var) s o 

n a v e d e n e v tabeli 2 . T u s o t u d i v r e d n o s t i P c m i n M d e j a n -

s k i h z v a r o v . U d a r n a ž i l a v o s t M Z 2 var n i b i l a i z m e r j e n a , 

s a j d e b e l i n a d v o v a r k o v n e g a k o r e n a t e g a n i o m o g o č i l a . 

Tabela 2: Mehanske lastnosti in kemična sestava delov dejanskih 
zvarov 
Table 2: Mechanical properties and chemical composition of regions 
of actual welds 

m a t e r i a l Rpo.2 R m 85 E - u c c M 

M P a M P a % J 

MZhom-t 8 6 1 9 5 1 12 5 6 1.21 

MZhom-k 8 0 7 9 0 5 15 61 1.14 

M Z 2 var 6 2 3 6 7 7 16 - 0 . 8 8 

M Z 4 var 6 3 2 6 7 4 16 2 3 0 . 8 9 

% C Si M n P S C r N i M o P c m 

MZhom-l .07 .36 1 .27 . 0 0 8 . 0 1 5 .86 2 .21 .47 .257 

MZhom-k . 08 .32 .78 . 0 1 2 .013 .99 2 . 5 0 .35 . 2 4 4 

M Z 2 var . 08 .26 .32 . 0 1 2 .007 .38 . 82 .16 . 1 4 8 

M Z 4 var . 08 . 26 .43 .011 . 0 0 8 . 2 0 1 .32 .12 . 1 5 0 

N a sliki 1 j e f a k t o r M p r i k a z a n p o d e b e l i n i z v a r o v , n a 

sliki 2 p a v r e d n o s t i CTOD t e h z v a r o v , s k u p a j z n e v p l i -

v a n i m OM. I z m e r j e n e s o b i l e p r i -10°C. I z s l i k e j e r a z -

v i d n o , d a j e b i l k a r a k t e r z l o m o v r a z l i č e n . P r i O M 

k r h k e g a z l o m a n i s m o u g o t o v i l i . P r i h o m o g e n e m z v a r u s e 

j e p r i p o l o v i c i p r e i z k u š a n c e v p o j a v i l k r h e k l o m ( p o p - i n ) , 

p r i d r u g i p o l o v i c i p a n e . P r i h e t e r o g e n e m z v a r u z 

d v o v a r k o v n i m m e h k i m k o r e n o m j e b i l l e e n p r e i z k u š a -

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

v a r k o v n i m p a n o b e n e g a . 

N e u j e m a n j e m e d " t e o r e t i č n i m i " i n d e j a n s k i m i f a k -

t o r j i M v tabelah 1 in 2 j e p o s l e d i c a n a m e š a n j a MZ r e -

a l n i h z v a r o v , č e s a r p r i č i s t e m z v a r u n i b i l o , t e r d r u g a č -

0 10 20 30 
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Slika 1: Porazdelitev faktorjev M po debelini zvara za tri zvarne spoje 
z M>1 (Vrednosti M=1 so na y-osi za vsak spoj prikazane ločeno) 
Figure 1: Factor M distribution over the weld for three over-matched 
vveld jo in ts (value M=1 on the y-axis for each jo in t is shown 
separately) 

n e g a v n o s a t o p l o t e p r i v a r j e n j u č i s t e g a z v a r a , k i j e r a b i l 

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

s t e m d r u g a č n e h i t r o s t i o h l a j a n j a . N a m e š a n j e j e v e č j e v 

k o r e n s k i h v a r k i h , k a r j e r a z v i d n o i z k e m i č n e s e s t a v e . 

R a z e n t e g a p r i d e t u d i d o r a z l i k v t r d n o s t i z a r a d i k a l j e n j a 

i n p o p u š č a n j a , k a r j e p o s l e d i c a t e r m i č n e g a d e l o v a n j a 

k a s n e j š i h v a r k o v . T o j e v z r o k z a d o d a t n o l o k a l n o p o -

r a z d e l i t e v f a k t o r j a M p o d e b e l i n i z v a r o v (slika 1). 
G l e d e n a v r e d n o s t i u d a r n e ž i l a v o s t i (tabela 2 ) n i b i l o 

p r i č a k o v a t i , d a s e b o p r i h o m o g e n e m z v a r u k r h k i l o m 

p r i č e l v k o r e n u . V z r o k , d a s e j e , j e v i š j i f a k t o r M v t e -

m e n s k e m d e l u z v a r a , k i j e z a š č i t i l r a z p o k o p r i p r e i z k u s u 

C T O D b o l j k o t v k o r e n s k e m d e l u . V p o s a m e z n i h d e l i h 

z v a r a v r e d n o s t f a k t o r j a M n i k o n s t a n t n a , z a t o j e d e f o r -

m a c i j s k a s i t u a c i j a v o k o l i c i n a j n i ž j i h v r e d n o s t i M n a j b o l j 

a k u t n a . P o l e g t e g a p a j e t u d i r a z m e r j e 2 H ( W - a ) v k o r e n u 

z v a r a X n a j m a n j š e ( 2 H j e š i r i n a z v a r a v d o l o č e n i p o z i -

c i j i ) , k a r d o d a t n o z m a n j š u j e z a š č i t n i v p l i v v i š j e t r d n o s t -

n e g a M Z . V p r i m e r u h o m o g e n e g a z v a r a j e t a k o k o r e n 

z v a r a l o k a l n o k r h k o p o d r o č j e 5 . 

P r i h e t e r o g e n i h z v a r i h j e b i l o z a r a d i b i s t v e n o n i ž j e 

u d a r n e ž i l a v o s t i M Z i n M < 1 v k o r e n u p r i č a k o v a t i 

z a č e t e k k r k e g a l o m a . P o m e m b n o j e , k a k o t a k š n e r a z m e r e 

v k o r e n u z v a r a v p l i v a j o n a v e d e n j e p r i l o m u o z i r o m a 

k o l i k o z n i ž a j o l o m n o ž i l a v o s t z v a r n e g a s p o j a k o t c e l o t e . 

S p r i m e r j a v o i z m e r j e n i h v r e d n o s t i C T O D (s l ika 2 ) z 

v r e d n o s t m i , i z m e r j e n i m i n a h o m o g e n e m z v a r u , i n k a r a k -

t e r j e v l o m a ( t r i j e r e p r e z e n t a t i v n i p r i m e r i s o n a sliki 3 ) , s e 

d a s k l e n i t i , d a j e d v o v a r k o v n o v a r j e n j e k o r e n a p r i -

m e r n e j š e , s a j j e g l e d e n a h o m o g e n i z v a r ž i l a v o s t k o m a j 

k a j m a n j š a . P r i z v a r u s š t i r i v a r k o v n i m m e h k i m k o r e n o m 

s o v r e d n o s t i C T O D o p a z n o n i ž j e . 

OM homogeni zvar heterogena zvara 

mehki koren — b r e z dvo štirivarkovni 

Slika 2: Karakter loma in vrednosti C T O D izmerjene na preizkušancih 
v celotni debelini zvarnega spoja (Homogeni zvar nima, heterogena pa 
imata mehki koren, in to dvo- oziroma štirivarkovnega) 
Figure 2: Fracture character and weld joint ful l thickness C T O D 
values (homogeneous vveld has not, but heterogeneous ones have soft 
root - two and four pass soft root) 
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Slika 3: Vedenje zvarnih spojev pri CTOD-preizkusu 
Figure 3: Weld joint fracture behaviour by CTOD testing 

4 Sklep 

P r i r e a l n i h v e č v a r k o v n i h z v a r i h f a k t o r M v z v a r u n i 

k o n s t a n t e n z a r a d i n a m e š a n j a i n t e r m i č n i h v p l i v o v k a s -

n e j š i h v a r k o v . L o k a l n o o d s t o p a n j e v m e j i p l a s t i č n o s t i 

M Z v k o r e n u z v a r a z M > 1 n a j e k l i h v i s o k e t r d n o s t i j e 

l a h k o n a m e r n o , s a j t a k o n i p o t r e b n o p r e d g r e v a n j e . M e -

h a k i n ž i l a v d o d a j n i m a t e r i a l p a š e n e z a g o t a v l j a ž i l a v e g a 

k o r e n a z v a r a . T o j e v n a j v e č j i m e r i o d v i s n o o d v a r i l n e g a 

p o s t o p k a i n p a r a m e t r o v v a r j e n j a . V r e d n o s t i C T O D o b e h 

h e t e r o g e n i h z v a r o v z m e h k i m k o r e n o m s o b i l e n i ž j e o d 

h o m o g e n e g a z v a r a , v e n d a r j e d v o v a r k o v n i k o r e n u g o d -

n e j š i o d š t i r i v a r k o v n e g a . K e r k l j u b o p u s t i t v i p r e d g r e -

v a n j a p r i o b e h z v a r i h z m e h k i m k o r e n o m n i s m o r e g i s t r i -

r a l i h l a d n i h r a z p o k , j e b o l j p r i p o r o č l j i v a t e h n o l o g i j a 

i z d e l a v e z v a r o v z M > 1 n a v i s o k o t r d n i h j e k l i h t i s t a z 

d v o v a r k o v n i m m e h k i m k o r e n o m , v k a t e r e m j e l o k a l n o 

M < 1 . 
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