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The high temperature vacuum brazing process, at the HSS austenitization temperature makes it possible to carry out 
simultaneousiy the brazing of HSS on structural carbon steel and heat treatment. The advantages of this process are: increased 
strength of brazed joints and toughness of the part, optimum hardness and cutting edge strength for a given combination vvorking 
part/cutting tool. The process is economical when used in modern mass production methods, irrespective of the number of metals 
to be joined and heat treated. The adaptability makes the process so economical. 

Key vvords: high temperature vacuum brazing, hardness, microstructure, shear strength, tensile strength, vacuum heat treatment 

Postopek visoko temperaturnega vakuumskega spajkanja v enokomorni vakuumski peči s homogenim plinskim ohlajanjem pod 
visokim tlakom vodimo v območju avstenitizacije hitroreznih jekel. Prednost tako izdelanih rezilnih orodij je predvsem v doseganju 
želene žilavosti nosilnega dela iz konstrukcijskega jekla, v doseganju optimalne trdote rezila izdelanega iz hitroreznega jekla ter 
njegove odpornosti proti otopitvi pri dani kombinaciji del/orodje. Trdnostne lastnosti vezne plasti so odvisne od dodajnega 
materiala, tehnologije izdelave in pogojev vakuumske toplotne obdelave. Uporaba tega postopka je ekonomična, če moramo spojiti 
in vakuumsko toplotno obdelati le nekaj ali pa večje število orodij. 

Ključne besede: visoko temperaturno vakuumsko spajkanje, trdota, mikrostukture, strižna trdnost, natezna trdnost, vakuumska 
toplotna obdelava 

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

H i g h t e m p e r a t u r e v a c u u m b r a z i n g is a m e t h o d o f 

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

v a c u u m at t e m p e r a t u r e s a b o v e 9 0 0 ° C , y e t b e l o w t h e 

m e l t i n g p o i n t o f t h e j o i n e d m e t a l s , a n d vvith n o u s e o f 

f l u x e s . T h e p r o d u c t s a r e d e f e c t - f r e e j o i n t s vvith v e r y h i g h 

b o n d i n g s t r e n g t h t ha t c a n e v e n r e a c h t he s t r e n g t h o f t h e 

j o i n e d m e t a l in m a n y c a s e s ( e . g . s t ee l , n i c k e l o r c o b a l t 

a l l o y s ) . 

T h e h i g h t e m p e r a t u r e v a c u u m b r a z i n g o f H S S o n 

s t r u c t u r a l c a r b o n s t ee l vvith s i m u l t a n e o u s h e a t t r e a t m e n t 

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

u n i f o r m h i g h - p r e s s u r e g a s q u e n c h i n g at t he a u s t e n i t i z a -

t i on t e m p e r a t u r e o f H S S . In th i s vvork h i g h t e m p e r a t u r e 

b r a z e d j o i n t s o f H S S a n d s t r u c t u r a l c a r b o n s t ee l vvith si-

m u l t a n e o u s h e a t t r e a t m e n t vvere i n v e s t i g a t e d . Tvvo b r a z -

i ng a l l o y s b a s e d o n N i - C r - S i a n d c o p p e r vvere a p p l i e d as 

filler m e t a l s . T h e s h e a r s t r e n g t h o f an o v e r l a p j o i n t a n d 

t h e t e n s i l e s t r e n g t h o f a b u t j o i n t a s vvell as , t h e m i c r o -

s t r u c t u r e a n d f r a c t u r e s u r f a c e vvere i n v e s t i g a t e d . 

T h e a d v a n t a g e s o f t h e p r o c e s s a r e , t h e r e q u e s t e d 

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

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

o f H S S f o r t h e g i v e n c o m b i n a t i o n o f vvork ing p a r t / c u t -

t i n g t o o l . S u c h m e c h a n i c a l p r o p e r t i e s o f c u t t i n g t o o l s 
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m a n u f a c t u r e d in t h e c o n v e n t i o n a l w a y f r o m H S S c a n 
o n ! y b e o b t a i n e d b y an a d d i t i o n a l t e m p e r i n g o p e r a t i o n . 

O t h e r a d v a n t a g e s o f t h e h i g h t e m p e r a t u r e v a c u u m 
p r o c e s s a r e e n e r g y s a v i n g s , t h e o m i t t a n c e o f e x p e n s i v e 
tool s t e e l s a n d t h e i r c l e a n i n g , as vvell as , fevv p a r t s a r e t o 
b e j o i n e d or h u n d r e d s o f t h o u s a n d s vvhen it is e c o n o m i -
ca l t o u s e v a c u u m b r a z i n g vvith m o d e r n m a s s p r o d u c t i o n 
m e t h o d s . T h e a d a p t a b i l i t y m a k e s v a c u u m b r a z i n g o f i n -
c r e a s i n g u s e in t h e m e t a l - j o i n i n g p r o c e s s e s . 

2 B a s i c f a c t o r s a f f e c t i n g t h e m e c h a n i c a l p r o p e r t i e s 

o f t h e b r a z e d j o i n t 

T h e s t r e n g t h o f t h e filler m e t a l is o n e o f t h e m a i n f a c -
t o r s i n f l u e n c i n g t h e s t r e n g t h p r o p e r t i e s o f t h e b r a z i n g 
j o i n t , s i n c e it is a d i r e c t m e a s u r e f o r t h e s t r e n g t h p r o p e r -
t i es o f t he j o i n t s . T h e r e f o r e , j o i n t s b r a z e d vvith n i c k e l -
b a s e filler m e t a l a r e s t r o n g e r t h a n t h o s e b r a z e d vvith c o p -
p e r - b a s e filler m e t a l . 

T h e narrovv j o i n t c l e a r a n c e c a u s e s a h i g h c a p i l l a r y 
filling p r e s s u r e ; t h e r e f o r e , t h e g a p s h o u l d b e p a r a l l e l o v e r 
t h e vvhole l e n g t h o f t h e j o i n t . O n l y in t h i s w a y b y in -
c r e a s e d c a p i l l a r y filling p r e s s u r e t h e f i l l e r m e t a l c a n b e 
a s p i r e d i n t o t h e g a p . T h e m o s t f a v o u r a b l e j o i n t c l e a r a n c e 
f o r h i g h v a c u u m t e m p e r a t u r e b r a z i n g is a p p r o x i m a t e l y 0 
- 1 0 0 p m , vvhen m e a s u r e d a t the b r a z i n g t e m p e r a t u r e . 
F i g u r e 1 shovvs s c h e m a t i c a l l y t h e r e l a t i o n be tvveen j o i n t 
c l e a r a n c e a n d t h e t e n s i l e s t r e n g t h o f t h e j o i n t f o r f l u x 
b r a z i n g a n d h i g h t e m p e r a t u r e b r a z i n g 1 . 
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Figure 2: Tensile strength of the brazing joint as 
tensile strength of the base metal1 

Slika 2: Natezna trdnost spajkanega spoja v odvisnosti od natezne 
trdnosti osnovne kovine 
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Figure 1: Relation between the joint clearance and the tensile strength 
of the joint1 

Slika 1: Odvisnost med širino špranje in natezno trdnostjo spoja 

T h e t e n s i l e s t r e n g t h o f a b r a z i n g j o i n t i n c r e a s e s w i t h 
t h e i n c r e a s i n g t e n s i l e s t r e n g t h o f t h e b a s e m e t a l , if ali 
o t h e r c o n d i t i o n s s u c h as f i l l e r m e t a l a n d j o i n t c l e a r a n c e 
a r e t h e s a m e , ( F i g u r e 2) . T h e t e n s i l e s t r e n g t h o f t h e b a s e 
m e t a l h a s n o i n f l u e n c e o n t h e s h e a r s t r e n g t h o f t he b r a z -
i ng j o i n t , ( F i g u r e 3) . I n t h i s č a s e , o n l y t h e p r o p e r t i e s o f 
t h e f i l l e r m e t a l a r e d o m i n a n t . T h e t e n s i l e s t r e n g t h o f t h e 
b r a z i n g j o i n t d e c r e a s e s w i t h t h e i n c r e a s e o f t h e b r a z i n g 
c o n t a c t a r e a , ( F i g u r e 4) . T h i s c a n b e e x p l a i n e d b y t h e 
f a c t t ha t t h e c h a n c e f o r t h e f o r m a t i o n o f b l o w h o l e s in-
c r e a s e s vvith t h e c o n t a c t a r e a , e s p e c i a l l y if t he flovv p a t h 
f o r t h e f i l l e r m e t a l a l s o i n c r e a s e s . Hovvever , t h e l o a d a b i l -
i ty of t h e p i e c e is i n c r e a s e d by i n c r e a s i n g t h e c o n t a c t s u r -
f a c e o f b r a z i n g . 

T o a c h i e v e t h e d e s i r e d s t r e n g t h p r o p e r t i e s f o r t h e 
b r a z i n g j o i n t , t h e e x a c t b r a z i n g t e m p e r a t u r e h a s t o b e 
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Figure 3: Shear strength of the brazing joints as a function of the 
tensile strength of the base metal1 

Slika 3: Strižna trdnost spajkanega spoja v odvisnosti od natezne 
trdnosti osnovne kovine 
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Figure 4: Relationship between the tensile strength of the brazing joint 
and the brazing contact area1 

Slika 4: Odvisnost med natezno trdnostjo spajkanega spoja in stično 
površino spajkanja 

c h o s e n 2 . If it is t o o lovv, t h e f i l l e r m e t a l vvill n o t flovv, a n d 

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

b o n d t h e b a s e m e t a l . O n t h e o t h e r s i d e , t h e b r a z i n g t e m -

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

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

c h a n g e s o f t h e b a s e m e t a l c o u l d t a k e p l a č e . 

I n s o m e c a s e s l o n g e r s o a k t i m e a t t h e b r a z i n g t e m -

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

u t e s t o i n c r e a s e t h e s t r e n g t h p r o p e r t i e s . In t h i s č a s e , t h e 

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

p r o p e r t i e s of t h e j o i n t a s l o n g as n o b r i t t l e i n t e r m e t a l l i c 

p h a s e s a r e f o r m e d 2 . I n v e s t i g a t i o n s h a v e shovvn t h a t e v e n 

vvith s m a l l q u a n t i t i e s of i m p u r i t i e s 1 in t h e f i l l e r m e t a l s , 

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

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

t ion o f b r i t t l e l a y e r s be tvveen t h e f i l l e r m e t a l a n d t h e b a s e 

m e t a l . 



3 E x p e r i m e n t a l p r o c e d u r e 

E x p e r i m e n t s w e r e p e r f o r m e d o n h i g h t e m p e r a t u r e 
v a c u u m b r a z e d j o i n t s o f t h e H S S W . N o . 1 . 3 3 4 3 a n d 
M 1 5 ( A I S I ) a n d t h e s t r u c t u r a l c a r b o n s t e e l W . N o . 
1 . 1 1 4 1 ( D I N ) vvith s i m u l t a n e o u s h e a t t r e a t m e n t . T h e 
f i l l e r m e t a l s u s e d in t h i s p r o c e s s vvere tvvo b r a z i n g a l l o y s 
m a n u f a c t u r e d b y t h e N i c r o b r a z W a l l C o l m o n o y f i r m 
( L M , 3 0 ) b a s e d o n N i - C r - S i a n d v v a t e r - a t o m i s e d c o p p e r 
povvde r w i t h t h e r e q u i r e d b r a z i n g p r o p e r t i e s , ( T a b l e 1). 
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Figure 5: Shear specimens with single and four-fold overlap 
Slika 5: Strižna preizkušanca z enkratnim in štirikratnim prekritjem 

Table 1: Chemical composition of base metals and filler metals (in 
wt%) 
Tabela 1: Kemijska sestava jekel in dodajnih materialov (v ut.%) 

Material Si Mn Cr W Mo Co 
1.3343 0,89 0,35 0,29 0,018 0,018 4,2 6,3 4,9 1,8 -
1.1141 0,14 0,27 0,32 0,007 0,012 0,1 -
M15(AISI) 1,5 - - - - 4,5 6,5 3,5 5,0 5,0 
LM 7% Cr: 4,5% Si; 3;0% Fe; 2,1% B; max.0,( 
30 19% Cr; 10,2% Si; inax.0,10% C: bal. Ni 
Cu 99,8% Cu 

M 15 (AISI) W.No. 1.1H1 (DIN) 
>153 (152.87) 

>40 

jL 
60 >40 

> C; bal. Ni 
Figure 6: Tensile test specimen vvith but joint 
Slika 6: Natezni preizkušanec s čelnim spojem 

To g e t a h i g h e r s t r e n g t h o f t h e j o i n t o r to m a k e t h e 
f i x t u r i n g o f p a r t s t o b e b r a z e d e a s i e r , a l a p j o i n t s h o u l d 
b e s e l e c t e d . T h i s j o i n t s h o u l d b e d e s i g n e d to o b t a i n t h e 
s a m e s t a b i l i t y u n d e r l o a d o f t h e j o i n t a n d of t h e b a s e 
m e t a l . T h e l a p l e n g t h is t h e n f u n c t i o n o f t h e t e n s i l e 
s t r e n g t h o f t h e b a s e m e t a l a n d t h e s h e a r i n g s t r e n g t h o f 
t h e j o i n t : 

U = ̂  (1) 
T 

vvhere U = l e n g t h o f t h e l a p in m m , 

R m = t e n s i l e s t r e n g t h o f b a s e m e t a l in N m m " 2 , 

t = s h e a r i n g s t r e n g t h o f t h e j o i n t in N m m " 2 , 

t = t h i c k n e s s o f b a s e m e t a l in m m . 

I f , in a d d i t i o n , a s a f e t y f a c t o r a n d an i m p a i r m e n t of 

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

c o u n t , t h e n t h e l e n g t h o f t h e l a p s h o u l d b e 3 to 6 t i m e s 

t h e t h i c k n e s s o f t h e b a s e m e t a l . G e n e r a l l y , t h r e e t i m e s 

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

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

s i l e s t r e n g t h 1 . 

T h e b u t j o i n t is u s e d f o r t h i c k e r p a r t s (t > 2 m m ) i f a 

l a p j o i n t is n o t p o s s i b l e 1 . I n c o n t r a s t to s o l d e r i n g , t h e s ta -

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

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

E x p e r i m e n t s 3 vvere p e r f o r m e d o n s h e a r s p e c i m e n s 

vvith s i n g l e a n d f o u r f o l d o v e r l a p , ( F i g u r e 5 ) . T h e l a m e l -

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

g r o u n d a f t e r r o u g h m a c h i n i n g . M e a s u r e m e n t s s h o v v e d 

t h a t t h e s u r f a c e r o u g h n e s s R a = 0 . 4 4 ^im in t h e l o n g i t u d i -

na l d i r e e t i o n vvas e q u a l f o r b o t h s u r f a c e s . 

T h e t e s t s p e c i m e n vvith b u t j o i n t shovvn in F i g u r e 6 
vvas u s e d f o r t h e t e n s i l e t e s t . 

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

m e n s vvith t h e b u t j o i n t t h e c l e a r a n c e o f 8 0 |4m vvas c h o -

s e n . T h e b r a z i n g t e m p e r a t u r e vvas 1 1 2 0 ° C f o r s p e c i m e n s 

b r a z e d vvith t h e filler m e t a l s L M a n d C u , a n d 1 1 6 0 ° C f o r 
t h o s e b r a z e d vvith t h e filler m e t a l 3 0 . A f t e r d i f f u s i o n h e a t 
t r e a t m e n t , t h e s p e c i m e n s vvere c o o l e d in n i t r o g e n flovv at 
t h e p r e s s u r e u n d e r 5 b a r a b s , a n d t h a n d o u b l e t e m p e r e d 
a t 5 5 0 ° C , ( F i g u r e 7 ) . T h e b r a z i n g vvas p e r f o r m e d in a 
v a c u u m 5 x 10~2 m b a r . S h e a r a n d t e n s i l e s p e c i m e n s vvith 
b u t j o i n t s vvere u s e d f o r m e t a l o g r a p h i c a l a n d m e c h a n i c a l 
r e s e a r c h . 

F o r t h e i n v e s t i g a t i o n o f e n d u r a n c e o f b r a z i n g j o i n t , 
tvvo p a p e r k n i v e s vvith t h e d i m e n s i o n s o f 4 2 5 x 1 1 7 x 1 0 
m m a n d o n e k n i f e vvith t h e d i m e n s i o n 5 6 0 x 1 1 7 x 1 0 m m , 
vvere m a n u f a c t u r e d f r o m H S S W . N o . 1 . 3 3 4 3 s t e e l a n d 
t h e i r b e a r i n g p a r t s f r o m t h e s t e e l W . N o . 1 . 7 1 3 1 ( D I N ) 
s t ee l , ( F i g u r e 8 ) . T h e filler m e t a l m a r k e d L M vvas u s e d 
f o r t h e s e k n i v e s a n d c o n s i d e r i n g t h e k n i v e s ' s h a p e , a l a p 
j o i n t vvith 8 0 p m c l e a r a n c e vvas c h o s e n . T h e b r a z i n g t e m -
p e r a t u r e vvas 1 1 9 0 ° C . A f t e r d i f f u s i o n h e a t t r e a t m e n t , t h e 
k n i v e s vvere c o o l e d in a n i t r o g e n flovv a t a p r e s s u r e u n d e r 
5 b a r a b s , f o l l o v v e d b y d o u b l e t e m p e r i n g a t 5 4 0 ° C , ( F i g -
u r e 7 ) . T h e b r a z i n g vvas p e r f o r m e d in a v a c u u m , 5 x 10"2 

m b a r . 

4 R e s u l t s a n d d i s c u s s i o n 

4.1 Mechanical tests 

N e x t to t h e r e q u i r e d p r o p e r t i e s o f s t r u c t u r a l c a r b o n 
s t ee l a n d H S S , t h e m o s t i m p o r t a n t p r o p e r t y is t h e b o n d 
s t r e n g t h be tvveen t h e m . M e c h a n i c a l t e s t s vvere p e r f o r m e d 
o n f o u r t e e n s h e a r s p e c i m e n s vvith a s i n g l e a n d f o u r - f o l d 
o v e r l a p a n d l e n g t h o f t h e l a p o f 2 t o 6 t i m e s t h e t h i c k n e s s 
o f t h e b a s e m e t a l a n d t h r e e t e n s i l e t e s t s p e c i m e n s b r a z e d 
vvith L M a n d C u f i l l e r m e t a l . 

T h e j o i n t c l e a r a n c e f o r h i g h t e m p e r a t u r e v a c u u m 

b r a z i n g vvas a m o n g 5 0 - 7 0 | i m f o r t h e s p e c i m e n s b r a z e d 

vvith fillers L M a n d 3 0 , a n d 2 0 - 5 0 u m f o r t h e s p e c i m e n s 



Breazing temperature 

Figure 7: High temperature brazing with simultaneous heat treatment 
process model 
Slika 7: Model visoko temperaturnega vakuumskega spajkanja z 
istočasno toplotno obdelavo 

Figure 8: Paper knives manufactured by high temperature vacuum 
brazing vvith simultaneous heat treatment process to achieve a hardness 
of 64 Hrc 
Slika 8: Noža za rezanje papirja izdelana po postopku visoko 
temperaturnega vakuumskega spajkanja in istočasno toplotno obdelana 
na 64 HRc 

b r a z e d w i t h t h e c o p p e r filler. D a t a r e g a r d i n g s p e c i m e n s 

c h a r a c t e r i s t i c s a n d t h e s h e a r s t r e n g t h o b t a i n e d b y t h e I n -

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

Table 2: Specimens characteristics and the shear strength 
Tabela 2: Karakteristike preizkušancev in strižne trdnostip rekrovnih 
spojev 

S a m p l e Fi l ler meta l O v e r l a p Leng th of 
the lap 

Shear 
s t rength 
N m n r 2 

A / l L M fou r - fo ld 3 x t > 30 
A / 2 * L M fou r - fo ld 3 x t 27 
A / 3 L M four - fo ld 6 x t > 30 

A / 4 * L M four - fo ld 6 x t 18 
A / 5 L M s ing le - fo ld 3 x t > 71 
A / 6 L M s ing le - fo ld 2 x t > 210 
B / l 30 fou r - fo ld 3 x t > 30 

B/2* 30 fou r - fo ld 3 x t 27 
B/3 3 0 fou r - fo ld 6 x t > 20 
B / 4 3 0 s ing le - fo ld 3 x t > 60 
C / l C u fou r - fo ld 3 x t > 32 
C / 2 C u fou r - fo ld 6 x t > 62 
C / 3 C u s ing le - fo ld 3 x t > 66 
C /4 C u s ing le - fo ld 2 x t > 205 

* S a m p l e s f r ac tu r ed in b o n d layer; C / l - the midd le lamel lae 
m a d e f r o m W. N o . 1.1141, end lamel lae m a d e f r o m W.No. 
1.3343; C / 2 aH lamel lae m a d e f r o m W.No. 1.3343, because 
of g l id ing in the c h u c k s , the re w a s no des t ruc t ion of the sam-
ple; C/3- ali l amel lae m a d e f r o m W. No. 1 .1141. 

R e s u l t s in table 2, s h o w t h a t r u p t u r e o f s a m p l e s , in 

g e n e r a l , a p p e a r e d in t h e s t r u c t u r a l c a r b o n s t e e l a n d n o t in 

t h e b o n d l a y e r , ( F i g u r e 9 ) , s i n c e t h e s h e a r s t r e n g t h o f 

b r a z e d j o i n t s w a s g r e a t e r t h a n t h e t e n s i l e s t r e n g t h o f t h e 

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

m e l l a e w e r e f r o m t h e s t e e l W . N o . 1 . 1 1 4 1 , w a s a n e x c e p -

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

m i d d l e l a m e l l a e . 

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

s h a p e a n d t h e l a p l e n g t h . T h e m a x i m a l s h e a r s t r e n g t h 

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

w i t h t h e l a p l e n g t h 2 t i m e s t h e t h i c k n e s s o f t h e b a s e m e t -

M 
i* j ^ M f ^ t f r """ 

! j r J < .1 .1 J " 4 

Figure 9: Shear specimens B/l and C / l vvith a four-fold overlap after 
the tensile test 
Slika 9: Strižna preizkušanca B/l in C/l s štirikratnim prekritjem po 
trgalnem preizkusu 

a l . O n s a m p l e s b r a z e d vvith f i l l e r m e t a l L M s l i g h t l y 

h i g h e r v a l u e s vvere o b t a i n e d . 

A f t e r v a c u u m h e a t t r e a t m e n t t h a t c o r r e s p o n d e d t o 

a u s t e n i t i z i g a n d t e m p e r i n g t e m p e r a t u r e s f o r H S S M 1 5 

( A I S I ) , t h e s t r e n g t h o f t h e t e n s i l e t e s t s p e c i m e n vvith b u t 

j o i n t vvas a l i t t l e lovver t h a n t h a t f o r s t r u c t u r a l c a r b o n 

s t e e l . T h e f r a c t u r e s p r o p a g a t e d m o s t l y vvi thin t h e b o n d 

l a y e r a n d p a r t l y a l s o in s t r u c t u r a l c a r b o n s t e e l a n d H S S . 

B y t e n s i l e t e s t s , t h e s t r e n g t h o f s p e c i m e n s vvith b u t j o i n t 

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

( s a m p l e C / 8 * ) . D u r i n g t e n s i l e t e s t s vve d i d n o t n o t i c e a n y 

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

o f t e n s i l e t e s t s a r e p r e s e n t e d in table 3. 

Table 3: Strength of the tensile test specimen with but joints 
Tabela 3: Natezne trdnosti čelno spajkanih preizkušancev 

S a m p l e Filler metal R c ( N m n r 2 ) R m (Nmm" 2 ) 
A/8 L M 3 3 0 4 4 5 
C/7 Cu 3 4 0 4 7 5 

C /8* Cu 3 2 5 345 
* de fec t s in the bond layer 

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

t i o n vvas p e r f o r m e d . O n t h e s i n g l e o r f o u r - f o l d o v e r l a p 



Figure 10: Initial microcrack area propagating through the eutectic phase is in the microporous regions, sample A/2 
Slika 10: Inicial za nastanek mikrorazpok, ki potekajo po eutektični fazi, so mikroporozna mesta, preizkušanec A/2 

after hardening 
after hardening and 
tempering 

W. No. 17131 
" ( D I N ) 

Figure 11: Microstructure of the bond layer in specimen C/7 
Slika 11: Mikrostruktura vezne plasti na preizkušancu C/7 

s p e c i m e n s , w h e r e f r a c t u r e s a p p e a r e d in t h e s t r u c t u r a l 

c a r b o n s t e e l , o n l y s p o r a d i c m i c r o c r a c k s w e r e f o u n d in 

t he b o n d l aye r . O n s p e c i m e n s w i t h f r a c t u r e in t he b o n d 

l aye r , a r e a s w i t h m i c r o p o r o s i t y w e r e n o t i c e d , vvi thout e x -

c e p t i o n , vvhe re m i c r o c r a c k s i n i t i a t e d . O n s p e c i m e n s 

b r a z e d vvith t h e f i l l e r s L M a n d 3 0 , t h e f r a c t u r e c r a c k s 

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

(Figure 10). 
A s m e n t i o n e d a b o v e , t h e d i f f u s i o n o f c a r b o n f r o m 

H S S t o s t r u c t u r a l c a r b o n s t e e l t o o k p l a č e ; a n d c o n s e -

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

tu ra l c a r b o n s t ee l c o n s i s t e d o f p e a r l i t e a n d b a i n i t e . O n 

s p e c i m e n s b r a z e d vvith c o p p e r , c r a c k s a p p e a r e d a t t h e 

b o n d l a y e r / s t r u c t u r a l c a r b o n s t ee l , r e s p e c t i v e l y , ( F i g u r e 

11) . T e n s i l e t e s t s p e c i m e n s f r a c t u r e d in th i s r e g i o n , as 

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

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

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

- i = 

M 2 ( A I S I ) 

2 1.5 1 0.5 0 0 0.5 1 2 

D is t ance in mm 

Figure 12: Vickers microhardness on transition from the bond layer to 
HSS and structural carbon steel 
Slika 12: Potek mikrotrdote HV na prehodu iz vezne plasti v 
hitrorezno in konstrukcijsko jeklo 



Figure 13: Fracture through an area of eutectic and austenite phase. 
sample A/8 
Slika 13: Prelom preko eutektika in avstenitne faze, preizkušanec A/8 

c r o s t r u c t u r e a l o n g t h e b o n d l a y e r / s t r u c t u r a l c a r b o n s t e e l 

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

O n t h e p a p e r k n i f e , t h e m i c r o h a r d n e s s vvas m e a s u r e d 

a c r o s s t h e b o n d l a y e r t o H S S a n d t h e s t r u c t u r a l c a r b o n 

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

a i m to a f f e c t h a r d n e s s a t i ts t r a n s i t i o n a c r o s s t h e b o n d 

l a y e r a n d F i g u r e 1 2 s h o w s t h e m i c r o h a r d n e s s p r o f i l e o b -

t a i n e d . I t s h o w s t h a t t h e H S S h a r d n e s s is d e c r e a s e d , 

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

T h e m o r p h o l o g y o f f r a c t u r e s u r f a c e s is v e r y h e t e r o -

g e n e o u s . O n t h e s p e c i m e n s b r a z e d vvith t h e f i l l e r s L M 

a n d 3 0 , it vvas p o s s i b l e t o i d e n t i f y f r a c t u r e s u r f a c e s t h a t 

p r o p a g a t e d in d e n d r i t ' s a r e a f r o m t h o s e p r o p a g a t e d in t h e 

e u t e c t i c p h a s e a n d in a u s t e n i t e , ( F i g s 1 3 a n d 14) . 

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

p r o p a g a t e d m o s t l y vvi th in b o n d l aye r , ( F i g u r e 1 5 ) . I n c l u -

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

4.2 Microstructural characterisation 

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

H S S vvere e x a m i n e d b y o p t i c a l a n d s c a n n i n g e l e c t r o n 

m i c r o s c o p y . T h e m i c r o s t r u c t u r e o f t h e W . N o . 1 . 1 1 4 1 

( D I N ) s t r u c t u r a l c a r b o n s t e e l c o n s i s t e d o f f e r i t e - p e a r l i t e 

a n d b a i n i t e vvith a h a r d n e s s o f 1 4 5 H V 1 0 . T h e m i c r o -

s t r u c t u r e o f t h e W . N o . 1 . 3 3 4 3 H S S c o n s i s t e d o f a m a t r i x 

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

t a t e s . T h e s i z e o f a u s t e n i t e g r a i n s vvas a m o n g 17 a n d 13 

S G d e p e n d i n g o n t h e a u s t e n i t i z a t i o n t e m p e r a t u r e a n d t h e 

h a r d n e s s 6 4 H R c . 

F i g u r e 1 6 shovvs t h e m i c r o s t r u c t u r e o f t h e b o n d l a y e r 

b e t v v e e n t h e H S S a n d t h e s t r u c t u r a l c a r b o n s t ee l o n h a r d -

Figure 14: Fracture surface of the specimen B/2 
Slika 14: Prelomna površina preizkušanca B/2 

Figure 15: Fracture surface of the specimen C/7 brazed vvith Cu 
Slika 15: Prelomna površina preizkušanca C/7 spajkanega s Cu - v 
jamicah so vključki bakrovega oksida 

e n e d a n d t e m p e r e d s p e c i m e n s A / l a n d B / 2 . T h e s p e c i -

m e n s vvere b r a z e d vvith t h e f i l l e r s L M a n d 3 0 . 

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

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

H S S / b o n d l a y e r b o r d e r s e a m s t o b e q u i c k e r ; t h e r e f o r e , 

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

H S S . A l o n g t h e s t r u c t u r a l c a r b o n s t e e l / b o n d l a y e r , t h e 

b o n d l a y e r vvas h o m o g e n o u s . T h e s p e c i m e n B / 2 vvas e x -

a m i n e d b y S E M , ( F i g u r e 1 7 ) . 



Figure 16: Microstructure of the high temperature brazed and 
simultaneously heat treated joints of HSS and structural carbon steel, 
samples A/l and B/2 
Slika 16: Mikrostruktura vezne plasti na preizkušancih A/l in B/2 

A d e t a i l e d i n v e s t i g a t i o n i n E P M A s h o w e d t h a t t h e 

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

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

C r , c o n t a i n i n g a l s o N i a n d Si w i t h t r a c e s o f W , M o a n d 

V. T h e s m a l l e r g r a i n s w e r e c a r b i d e s , ( F i g u r e 18 ) . T h e i n -

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

w a s 5 0 0 - 6 0 0 H V . T h e a v e r a g e m a t r i x m i c r o h a r d n e s s w a s 

1 9 5 H V. 

In t h e m i c r o s t r u c t u r e a t t h e H S S / b o n d l a y e r b o r d e r , 

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

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

w e r e n o t i c e d , m a r t e n z i t e m a t r i x w a s t r a n s f o r m e d b e -

Figure 17: SEM micrograph of high temperature brazed joint, 
specimen B/2 
Slika 17: Mikrostuktura vezne plasti preizkušanca B/2 posneta s SEM 

Figure 18: Distribution elements in the bond layer, sample B/2 
Slika 18: Porazdelitev elementov v vezni plasti na preizkušancu B/2 

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

v e r y s i m i l a r t o t h a t in t h e b o n d l a y e r , ( F i g u r e 1 7 ) . 

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

f u s i o n o f C r , N i a n d Si t o s t r u c t u r a l c a r b o n s t e e l o c -



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

f i l l e r m e t a l L M a n d 3 0 s h o w e d a l o n g t h i s b o r d e r a t h i n 

l a y e r r i c h i n c a r b o n , ( F i g u r e 1 6 ) vvi th m i c r o s t r u c t u r e 

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

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

b r a z e d vvith t h e filler L M . 

T h e m i c r o s t r u c t u r e o f W . N o . 1 . 7 1 3 1 ( D I N ) s t r u e t u r a l 

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

s i s t e d o f t e m p e r e d m a r t e n s i t e a n d b a i n i t e . A u s t e n i t e 

g r a i n s vvere c o a r s e , d u e t o t h e h i g h a u s t e n i t i z a t i o n t e m -

p e r a t u r e . T h e m i c r o s t r u c t u r e o f t h e W . N o . 1 . 3 3 4 3 H S S 

c o n s i s t e d o f a m a t r i x o f t e m p e r e d m a r t e n s i t e c o n t a i n i n g 

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

o f 14 S G . T h e m i c r o s t r u c t u r e o f t h e b o n d l a y e r vvas i d e n -

t i c a l a s in h a r d e n e d a n d t e m p e r e d s a m p l e s b r a z e d vvith 

f i l l e r m e t a l L M . 

5 Conc lus ion 

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

vvere c a r r i e d o n h i g h t e m p e r a t u r e v a c u u m b r a z e d a n d s i -

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

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

j o i n t . Tvvo N i - C r - S i b r a z e d m e t a l s a s vvell a s c o p p e r 

s e r v e d as filler m e t a l . D u r i n g t h e h e a t t r e a t m e n t , r a p i d 

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

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

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

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

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

n e t a l o n g t h e b o n d l a y e r / H S S b o r d e r , vvere o b s e r v e d . 

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

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

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

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

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

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

w h i c h a r e v e r y h i g h o n t h e H S S h e a t t r e a t m e n t t e m p e r a -

t u r e . 
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