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ABSTRACT

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

a l l o y s  w as  d o n e  i n  t w o  e x p e r i m e n t a l  s t u d i e s .  I n  t h e  f i r s t ,  

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

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

v a r i a b l e s  o n  m i c r o s t r u c t u r e  and l o w - s t r e s s  a b r a s i o n  

r e s i s t a n c e . I n  t h e  s e c o n d  s t u d y ,  a l l o y  c o m p o s i t i o n  was  

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

o n  l o w - s t r e s s  a b r a s i o n  r e s i s t a n c e .  I t  w as  f o u n d  t h a t  

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

t i t a n i u m  c a r b i d e s  i n  t h e  d e p o s i t ,  and t h u s  s i m i l a r  w ear  

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

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

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

m a t r i c e s  t e s t e d .  An a u s t e n i t i c / m a r t e n s i t i c  m a t r i x  y i e l d e d  a 

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

a b r a s i v e  on  t h e  c a r b i d e s . A f e r r i t i c  m a t r i x  y i e l d e d  a 

h i g h e r  w e a r  r a t e ,  w h i c h  was  e x p l a i n e d  by t h e  c a r b i d e s  b e i n g  

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

p r o c e s s .  W ith  a c o n s t a n t  m a t r i x  m a t e r i a l ,  t h e  d r y  

s a n d / r u b b e r  w h e e l  t e s t  u s e d  was  n o t  a b l e  t o  sh ow  a n y  

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

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

i i i
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d ue  t o  t h e  v e r y  f i n e  s c a l e  o f  t h e  c a r b i d e  d i s t r i b u t i o n .
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s o m e t h i n g  I c o u l d n ' t  q u i t e  do by  m y s e l f .

J . C . L •

x i
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1 INTRODUCTION

M a t e r i a l  l o s s  c a u s e d  by w e a r  i s  r e s p o n s i b l e  f o r  a l a r g e  

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

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

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

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

a b r a d e d ,  and i t  a c c o u n t s  f o r  a b o u t  50 p e r c e n t  o f  w e a r  

l o s s e s .  H a r d f a c i n g  by  a r c  w e l d i n g  or  o t h e r  p r o c e s s e s  

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

l a y e r  o v e r  a u s u a l l y  s o f t e r  m e t a l  p a r t ,  and i t  o f f e r s  an  

e f f e c t i v e  m e a n s  o f  r e d u c i n g  a b r a s i v e  w e a r  ( 1 - 1 0 ) .

1 . 1  HARDFACING PROCESSES AND ALLOY SYSTEMS.-

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

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

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

d e p o s i t i o n  r a t e  and e a s e  o f  a p p l i c a t i o n .  A r e l a t i v e l y  

s m o o th  b e a d  c o n t o u r  may be  d e s i r a b l e  u n d e r  c e r t a i n  

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

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

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

a p p l i c a t i o n .  T a b l e  1 i s  a summary o f  t h e  p r o c e s s e s  

a v a i l a b l e .

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

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

b e i n g  s o u g h t . I n  t h e  c a s e  o f  a b r a s i v e  w e a r , t h e  c o r r e c t  

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

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

m a t e r i a l ,  t h e  a b r a s i v e  a g e n t ,  and t h e  e n v i r o n m e n t .  I n  f a c t , 

when d e a l i n g  w i t h  w e a r  c o n t r o l ,  e a c h  s i t u a t i o n  i s  u n i q u e  and  

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

e l e m e n t s  a r e  c o n s i d e r e d .  T a b l e  2 p r o v i d e s  i n f o r m a t i o n  on  

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

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

c o m p o s i t e s  and  t h e  h i g h - c h r o m i u m  w h i t e  i r o n s  o f f e r  t h e  

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

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

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

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

d i s p e r s e d  i n  a r e l a t i v e l y  s o f t e r  m a t r i x .  E x p e r i e n c e  and  

r e s e a r c h  ( 1 1 , 1 2 )  h a v e  shown t h a t  t h e  op t im u m  m i c r o s t r u c t u r e  

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

o f  a c o m p o s i t e  s t r u c t u r e  i n  w h i c h  t h e  h a r d  p h a s e  i s  h a r d e r
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T a b l e  1

Summary o f  A v a i l a b l e  H a r d f a c i n g  M e t h o d s  (3)

A r c  W e l d i n g

S h i e l d e d  M e t a l  Arc  
F l u x  C o r e d  A rc  
S u b m e r g e d  A rc  
Gas T u n g s t e n  A r c  
P l a s m a  A rc  
E l e c t r o s l a g  W e l d i n g

O x y f u e l  Gas

O x y a c e t y l e n e  W e l d i n g

T h e r m a l  S p r a y i n g

F la m e  S p r a y i n g  
P l a s m a  S p r a y i n g  
E l e c t r i c  A r c  S p r a y i n g  
D e t o n a t i o n  Gun P r o c e s s
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T a b l e  2

P r o p e r t i e s  and  A p p l i c a t i o n s  o f  t h e  M o s t  I m p o r t a n t  
T y p e s  o f  H a r d f a c i n g  A l l o y s  ( 3 ) .

General Alloy 
Type

Typical D eposit 
Chemistry

Identification Characteristics A pplications

Low Carbon
Steel
Buildup

0.1% C, 1% Mn. 
0.5% Si. 0.8% Cr 
0.5% Ni, bal. Fe

AWS— none 
Trade Names: 
Buildup, BU, 
Multipass, etc.

Ferritic, 20 -3 5  HRC. 
m achinable, m agnetic , 
tougn, som e strength, 
ductile, buildup to 
unlimited thickness

Rebuild mild stee l 
parts, mine car 
w heels, shafts, 
gears, rolls, cam s, 
trunnions

M an gan ese
Steel
Buildup

1.1% C, 14% Mn. 
1% Ni, 0.5%  Mo, 
2% Cr, 0.5%  Si, 
bat. Fe— also  
high Cr 
m odifications

AWS—A5.13 
FeMn— A + B 
Trade Names: 
Mangjet. NiMn, 
Nicromang, 
Ranmang, etc.

Austenitic. 90R B. 
workharden to 45  RB, 
tough, ductile, non
magnetic exceptional 
impact resistance, 
fair abrasion 
resistance

Rebuild Mn Steel 
castings, crusher 
rolls, railway 
switchgear. breaker 
bars, hammermill 
hammers

Martensitic
Steel
Hardfacing

0.5% C, 1% Mn, 
0.5% Si. 5% Cr. 
1.5% Mo, bal. Fe

AWS— none 
Trade N ames: 
Self Hardening. 
Hardalloy 58. 
Methard 4, etc.

Martensitic. 45 to 
6 0  HRC. strong to 5 00  C 
(900 F), resist gal
ling, fair abrasion 
resistance, m oderate 
impact toughness and 
ductility

Nonlubncated  
undercarriage parts 
of tractors, ca b le  
sh eaves , crane  
w heels, p ipe form
ing rolls

Chromium-
Iron
Hardfacing

4% C, 20% Cr, 
2% Mn. 1%Si. 
1% Mo. 0.5% Ni, 
bal. Fe

AW S—A5.13 
FeCr— Al 
Trade Names: 
Stoody 100 HC,
S.A. Superchrome, 
D e!crom e91, etc.

C rC  in Martensite- 
retamed austenite.
45  to 60  HRC. usually 
cracked a s  deposited , 
limit 2-4 layers, 
excellent abrasion  
resistance up to 
500 C (900 F)

Dipper teeth, 
pulverizers, s co o p  
tram buckets, drag  
chains, pusner 
sh oes, hammermill 
hammers, siusher  
e d g e s

C opper-
B a se
Hardfacing

10% Al, 1.5% Fe. 
0.3% Sn, bal. Cu

AWS—A5.13 
CuAI-A to E. 
etc.
Trade Names: 
Am pcotrode 10. 
S ooel 36. etc.

Low friction with 
steel, resist metal-to- 
metal wear and 
seizure, corrosion 
resistant, m achinable, 
unlimited thickness

G ears, bearings, 
shafts, d ie  m olds, 
hydraulic pistons, 
buildup of cop p er-  
b a se  castin gs

Tungsten
Carbide
Hardfacing

60% WC 
bal. mild steel

AWS— A5.13 
WC—20/30. etc. 
Trade Names: 
Borium, Tungsite, 
Rantung, etc.

Undissolved WC in 
tool steel matrix, 
usually cracks a s  
d eposited , excellent 
abrasion resistance, 
oxid izes. >4 0 0 C  (750F), 
limited to on e layer

Rock drills, 
earth augers, cut
ter teeth, drill 
collars, im plem ents 
to cut silica

Cobalt-and
N ickel-B ase
Hardfacing

28% Cr, 5% W. 
1% C, bal. Co—  
also  n ickel-base  
alternatives

AWS—A5 13 
CoCr— A to C 
Trade Names: 
Stellite, C obend  
Hardface # 6 . etc.

C arbides in alloy 
matrix, 40-55  HRC. 
g ood  hot hardness to 
8 00  C (1500 F), 
polish in service, 
resist heat, corro
sion, hot metal-to- 
metal wear, erosion, 
cavitation & impact

Knives, roasting 
oven flows, tongs  
for handling hot 
castings, hot 
forming and 
extrusion dies
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t h a n  t h e  a b r a s i v e  p a r t i c l e s ,  and i n  w h i c h  t h e  m a t r i x  p h a s e  

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

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

1 . 2  ABRASION AND ABRASION RESISTANCE

1 . 2 . 1  D e f i n i t i o n

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

d e f i n i t i o n  i s  t h a t  g i v e n  by t h e  A u s t r a l i a n  W e l d i n g  R e s e a r c h  

A s s o c i a t i o n  ( 6 ) :  " A b r a s i o n  i n v o l v e s  t h e  f o r c e d  i n d e n t a t i o n  

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

s c r a t c h e s  or g r o o v e s .  Removal o f  t h e  m a t e r i a l  d e p e n d s  on  

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

t h e  s u r f a c e ". The p a r t i c l e s  may b e  a n y w h e r e  f rom  s o i l  t o  

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

s i t u a t i o n .

1 . 2 . 2  T y p e s  o f  A b r a s i v e  Wear

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

w a y s  t o  c l a s s i f y  a b r a s i v e  w e a r .  "Two-body  a b r a s i o n "  r e f e r s  

t o  w e a r  c a u s e d  by a b r a s i v e  s l i d i n g  on  a m a t e r i a l ,  and  

" t h r e e - b o d y  a b r a s i o n "  r e f e r s  t o  w e a r  c a u s e d  by a b r a s i v e s
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t r a p p e d  b e t w e e n  t w o  m o v i n g  s u r f a c e s . On t h e  o t h e r  h a n d ,  

R i c h a r d s o n  ( 1 3 , 1 4 )  d i f f e r e n t i a t e d  b e t w e e n  w e a r  c a u s e d  by an  

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

s u r f a c e  (a " s o f t  a b r a s i v e " )  and t h a t  c a u s e d  by an a b r a s i v e  

h a r d e r  t h a n  t h e  w orn  s u r f a c e  (a " hard  a b r a s i v e " ) .

The m o s t  common c l a s s i f i c a t i o n  i n  t h e  U n i t e d  S t a t e s  i s  

b a s e d  o n  t h e  o b s e r v e d  w e a r  damage  ( 1 5 ) :

G o u g i n g  A b r a s i o n . -  R e s u l t s  i n  t h e  r e m o v a l  o f  l a r g e  

p a r t i c l e s  f r o m  a m e t a l  s u r f a c e .  Worn s u r f a c e s  sh ow  h e a v y  

g o u g e s .

H i g h - S t r e s s  G r i n d i n g  A b r a s i o n . -  O c c u r s  d u r i n g  t h e  

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

w as i n i t i a l l y  o f  s m a l l  s i z e  and t a k e s  p l a c e  on  t h e  s u r f a c e s  

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

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

a b r a s i v e  c o n t a c t  and t o  r e s u l t  f ro m  p l a s t i c  f l o w i n g  and  

f a t i g u i n g  o f  d u c t i l e  c o n s t i t u e n t s  and c r a c k i n g  o f  h a r d  

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

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

t h a t  t h e  c r u s h i n g  s t r e n g t h  o f  t h e  a b r a s i v e  i s  e x c e e d e d .  An 

e x a m p l e  o f  h i g h - s t r e s s  g r i n d i n g  a b r a s i o n  i s  t h e  w e a r
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e x p e r i e n c e d  by t h e  s t e e l  b a l l s  i n  a b a l l  m i l l .

L o w - S t r e s s  S c r a t c h i n g  A b r a s i o n  or  E r o s i o n . -  The r e s u l t  o f  

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

s u r f a c e ,  and t h e  s c r a t c h e s  a r e  u s u a l l y  m i n u t e .  The s t r e s s  

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

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

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

e q u i p m e n t ,  or d i g g e r  t e e t h .

1 . 2 . 3  M e c h a n i sm  o f  M a t e r i a l  R em oval  i n  L o w - S t r e s s  A b r a s i o n

Many g r o s s  s i m p l i f i c a t i o n s  a r e  n e c e s s a r y  i f  one  

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

more t h a n  o n e  m e c h a n i s m  i s  p r e s e n t  i n  a n y  on e  s i t u a t i o n  due  

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

a b r a s i v e  p a r t i c l e s  w i l l  p r o b a b l y  d i f f e r  i n  s i z e ,  s h a p e , and  

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

r e m o v a l  w i l l  a c t  s i m u l t a n e o u s l y .  H o w e v e r ,  t h e r e  a r e  tw o  

e x t r e m e  m e c h a n i s m s  o f  m a t e r i a l  r e m o v a l  t h a t  ca n  b e  

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

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

d e s c r i b e d  c o m p r e h e n s i v e l y  by Moore  (1 1 )  •
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Where p l a s t i c  d e f o r m a t i o n  i s  t h e  r a t e  c o n t r o l l i n g  

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

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

U l t i m a t e l y ,  t h e  s i d e s  o f  t h e  g r o o v e s  b ecom e d e t a c h e d  by  

f r a c t u r e  and b ecom e p a r t  o f  t h e  w e a r  d e b r i s .  A s i m p l i f i e d  

t r e a t m e n t  o f  t h i s  m e c h a n i s m  y i e l d s  a w e a r  r a t e  o f  t h e  fo rm  :

W= K1K2K3 (a /H )  ; (1)

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

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

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

w e a r  d e b r i s  f o r m a t i o n ,  K2 i s  t h e  mean p r o p o r t i o n  o f  g r o o v e  

v o l u m e  r e m o v e d  when d e b r i s  f o r m a t i o n  o c c u r s ,  and K3 i s  

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

o b t a i n i n g  v a l u e s  f o r  K^, K^, and i s  n o n - t r i v i a l , and e v e n  

t h e n  t h e  e q u a t i o n  i s  an o v e r s i m p l i f i c a t i o n  o f  w h a t  r e a l l y  

g o e s  o n .  For e x a m p l e ,  i t  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  

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

i m p o r t a n t  i n  d e t e r m i n i n g  t h e  t h e  w e a r  r a t e  (16)  • A v e r y  

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

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

i r o n s  i n  a b r a s i v e  m e d i a .
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For m a t e r i a l s  w i t h  l o w e r  f r a c t u r e  t o u g h n e s s ,  t h e  

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

c a u s e  c r a c k s  t o  form  n o r m a l  t o  t h e  s u r f a c e  and l a t e r a l l y  

e x t e n d i n g  from  b e n e a t h  t h e  i n d e n t i o n  t o w a r d s  t h e  s u r f a c e .  

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

r e m o v a l , and w o u l d  b e  e x p e c t e d  t o  b e  a f u n c t i o n  o f  f r a c t u r e  

t o u g h n e s s  a s  w e l l  a s  t h e  l o a d  and t h e  h a r d n e s s .  The w ear  

r a t e  c a n  b e  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n  ( 1 1 ) :

a  5/4 ,1 /2
W= k .  - — —  ; (2 )

5 K ^ 'V 2

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

t o u g h n e s s  o f  t h e  m a t e r i a l  and k 5 i s  a c o n s t a n t  d e p e n d e n t  on  

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

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

h i g h e r  t h a n  t h a t  from  t h e  p l a s t i c  f l o w  m e c h a n i s m ;  h o w e v e r , 

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

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

1 . 2 . 4  F a c t o r s  A f f e c t i n g  A b r a s i o n  R e s i s t a n c e

F i g u r e  1 i s  a s c h e m a t i c  o f  t h e  m a jo r  v a r i a b l e s  w h i c h  

c o n t r o l  a b r a s i o n  r e s i s t a n c e  o f  an a l l o y .  As s h o w n ,  t h e
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v a r i a b l e s  may b e  b r o k e n  down i n t o  t h r e e  m a jo r  g r o u p s ,  a l l  o f  

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

i n  a g i v e n  s i t u a t i o n .  The n u m e r o u s  v a r i a b l e s  i n v o l v e d  make  

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

r e l a t i o n s h i p s  b e t w e e n  t h e  v a r i a b l e s  t h e m s e l v e s . T h u s , t h e  

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

s c i e n c e , e v e n  t h o u g h  i t  h a s  b e e n  a m a jo r  c o n c e r n  f o r  many

d e c a d e s . M ost  o f  t h e  k n o w l e d g e  on  how t o  r e d u c e  a b r a s i v e  

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

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

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

As d i s c u s s e d  by A v e r y  ( 1 7 ) ,  t h e  r e q u i r e m e n t s  f o r  a g o o d  

l a b o r a t o r y  t e s t  w o u l d  b e :  (1)  r e p r o d u c i b i l i t y  or  

r e l i a b i l i t y ,  (2 )  r a n k i n g  a b i l i t y  a n d , (3)  v a l i d a t i o n  by  

c o r r e l a t i o n  w i t h  s e r v i c e .  W h i l e  (1)  and (2 )  may b e  m e t  by  

v a r i o u s  m e t h o d s ,  t h e  t h i r d  r e q u i r e m e n t  i s  t h e  h a r d e s t  t o  

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

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

P r e s e n t l y , o n l y  o n e  a b r a s i o n  t e s t  e x i s t s  a s  an A m e r i c a n  

S o c i e t y  o f  T e s t i n g  M a t e r i a l s  (ASTM) s t a n d a r d ,  w h i c h  i s  t h e  

G - 6 5 - 8 0  d r y  s a n d / r u b b e r  w h e e l  t e s t  ( 1 8 )  , g o o d  o n l y  f o r  

l o w - s t r e s s  s c r a t c h i n g  a b r a s i o n .  I t s  c o r r e l a t i o n  w i t h  a c t u a l  

s e r v i c e  c o n d i t i o n s  h a s  b e e n  d e s c r i b e d  a s  g o o d  (1 9 )  a l t h o u g h
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i t s  r e s u l t s  s h o u l d  b e  u s e d  c a r e f u l l y  and n o t  f r e e l y  

e x t r a p o l a t e d  t o  l a r g e  s c a l e  s i t u a t i o n s .

1 . 3  METALLURGICAL CONSIDERATIONS

As e x p l a i n e d  i n  F i g u r e  1 ,  a b r a s i o n  r e s i s t a n c e  i s  

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

c h a r a c t e r i s t i c s ,  and t h e  n a t u r e  o f  t h e  a b r a s i o n  p r o c e s s .  I n  

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

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

o t h e r  tw o  m a in  f a c t o r s  a r e  u s u a l l y  f i x e d  and d e t e r m i n e d  by  

t h e  k i n d  o f  e n v i r o n m e n t  p r e s e n t  and t h e  s e r v i c e  r e q u i r e d  by  

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

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

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

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

1 . 3 . 1  M i c r o s t r u c t u r a l  E f f e c t s

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

e v e r y  a b r a s i v e  c o n d i t i o n .  A c c o r d i n g  t o  Zum-Gahr ( 1 2 )  , t h e  

f o l l o w i n g  p a r a m e t e r s  a r e  a l l  i m p o r t a n t  t o  w e a r  r a t e  :

-  I n c l u s i o n s

-  S e c o n d  p h a s e s
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-  G r a i n  b o u n d a r i e s

-  M a t r i x  s t r u c t u r e

-  I n t e r n a l  n o t c h e s

-  A n i s o t r o p y

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

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

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

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

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

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

w h i c h  w o u l d  make t h e  w e l d  d e p o s i t  s p a l l  o f f  e a s i l y .  Thus  

t h e  b e s t  way t o  t a k e  a d v a n t a g e  o f  a h i g h - h a r d n e s s  p h a s e  f o r  

a b r a s i o n  r e s i s t a n c e  i s  by  u s i n g  an a p p r o p r i a t e  d i s t r i b u t i o n  

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

p h a s e . The m a t r i x  w i l l  t h e n  c o n t r o l  t h e  b u l k  p r o p e r t i e s  

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

w e a r  r a t e .

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

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

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

t h e  h a r d e s t  p h a s e s  i n  m e t a l l i c  s y s t e m s  a r e  c a r b i d e s . For  

e x a m p l e ,  ( F e , C r ) c a r b i d e s  a r e  r e s p o n s i b l e  f o r  m o s t  o f  t h e  

a b r a s i o n  r e s i s t a n c e  o f  h i g h  ch rom iu m  w h i t e  i r o n s .  The
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i n f l u e n c e  o f  c a r b i d e s  o n  a b r a s i o n  r e s i s t a n c e  d e p e n d s  on  

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

and t h e  a b r a s i v e .  N a t u r a l l y ,  t h e  c a r b i d e s  h a v e  t o  b e  h a r d e r  

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

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

I f  h a r d  c a r b i d e s  a r e  em b edd ed  i n  a s o f t  m a t r i x ,  w ea r  

r e s i s t a n c e  s h o u l d  i n c r e a s e  w i t h  d e c r e a s i n g  mean f r e e  p a t h  (X) 

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

m ore  d i f f i c u l t .  M o r e o v e r ,  c a r b i d e  p u l l o u t  i s  r e l a t i v e l y  

e a s y  w i t h  a s o f t  m a t r i x ,  s o  t h e  o n l y  way t o  r e d u c e  t h i s  

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

S t u d i e s  h a v e  sh ow n  t h a t ,  f o r  a g i v e n  v o l u m e  f r a c t i o n  o f
1 / 2

c a r b i d e s , t h e  w e a r  r a t e  i n c r e a s e s  a s  X ( 1 1 , 1 2 ) .

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

m a t r i x ,  t h e  c a r b i d e s  may a c t  a s  i n t e r n a l  n o t c h e s  and  

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

c l o s e  t o  t h e  s u r f a c e , w h e r e  t h e  s t r e s s  i s  t h e  h i g h e s t .  For  

e x a m p l e  t h i s  may h a p p e n  w i t h  M3 C c a r b i d e s  e m b ed d ed  i n  a 

m a r t e n s i t i c  m a t r i x  i n  t o o l  s t e e l s .
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1 . 3 . 2  H a r d f a c i n g  A l l o y s

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

p h a s e  may b e  i n t r o d u c e d  i n  t h e  f i n a l  w e l d  d e p o s i t  by tw o  

m e t h o d s  :

( i )  t h e  a l l o y  c h e m i s t r y  c a n  be  a d j u s t e d  s o  t h a t  t h e  

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

some m e t a l l u r g i c a l  r e a c t i o n  ( e u t e c t i c ,  p e r i t e c t i c ,  e t c . ) .

( i i ) C a r b i d e s  can  b e  i n t r o d u c e d  i n  t h e  s o l i d  s t a t e  i n t o  

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

c a r b i d e s .

A common e x a m p l e  o f  t y p e  ( i )  i s  g i v e n  by t h e  f a m i l y  o f  

ch rom iu m  w h i t e  i r o n  h a r d f a c i n g  a l l o y s .  T h e s e  owe t h e i r  

a b r a s i o n  r e s i s t a n c e  t o  ( F e , C r ) 7 C3 c a r b i d e s  d i s t r i b u t e d  i n  

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

or a s  p a r t  o f  a ( F e , C r ) 7 C ^/y  e u t e c t i c  s t r u c t u r e .  The 

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

t h e  y /M^ C3 e u t e c t i c  v a l l e y  i n  t h e  F e - C r - C  t e r n a r y  s y s t e m  a s  

show n  i n  F i g u r e  2 .  P r i m a r y  c a r b i d e s  a r e  p r o d u c e d  i n

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

l o w e r  c a r b o n  and ch rom iu m  c o n t e n t s  w i l l  s o l i d i f y  on t h e  

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

and a l l  o f  t h e  c a r b i d e s  w i l l  b e  f ro m  t h e  M^C^/y e u t e c t i c
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After (21).
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t h a t  f o r m s  b e t w e e n  t h e  Y d e n d r i t e s .

A l l o y s  o f  t y p e  ( i i )  a r e  r e s t r i c t e d  t o  c a r b i d e s  w h i c h  

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

d i s s o l v e  i n  t h e  m o l t e n  w e l d  p o o l .  Common e x a m p l e s  a r e  

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

a f e r r o u s  m a t r i x .  T h e r e  a r e  s e v e r a l  m e t h o d s  by w h i c h  t h e  

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

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

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

m e t h o d s  i n c l u d e  : (a )  p o w d e r  s p r a y i n g ;  (b) o p e n - a r c  s u r f a c i n g  

u s i n g  a t u b u l a r  e l e c t r o d e ;  and  (c )  o x y a c e t y l e n e  w e l d i n g  

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

r a t e s  a r e  o b t a i n e d  by t h e  f i r s t  tw o  m e t h o d s ,  o x y a c e t y l e n e  

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

d i l u t i o n  and h e a t  i n p u t  ( 2 2 ) .  More r e c e n t l y ,  a p l a s m a - a r c  

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

p o w d e r e d  m i x t u r e s  c o n t a i n i n g  t h e  c a r b i d e s  o f  T i , V, Z r , Nb 

and W ( 2 3 ) .  T h e s e  o v e r l a y s  h a v e  b e e n  sh ow n t o  p r o v i d e  

e x c e l l e n t  w e a r  r e s i s t a n c e  ( 2 3 , 2 4 ) .

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

( i )  and ( i i )  i n v o l v e s  c o n t r o l  o f  t h e  s i z e ,  v o l u m e  f r a c t i o n  

and d i s t r i b u t i o n  o f  t h e  h a r d  p h a s e . F o r m a t i o n  o f  t h e  h a r d
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p h a s e  i n  t y p e  ( i )  a l l o y s  d e p e n d s  on  t h e  c h e m i c a l  c o m p o s i t i o n  

and c o o l i n g  r a t e  o f  t h e  w e l d  p o o l , w h i c h  w i l l  d i c t a t e  t h e  

s o l i d i f i c a t i o n  c o n d i t i o n s .  I n  t y p e  ( i i )  a l l o y s ,  t h e  

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

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

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

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

t h e r e  i s  l i t t l e  or no  d i s s o l u t i o n  o f  t h e  c a r b i d e s  i n t o  t h e  

m a t r i x  d u r i n g  t h e  w e l d i n g  t h e r m a l  c y c l e .

1 . 4  ABRASION-RESISTANT ALLOYS BASED ON TITANIUM CARBIDE

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

T a b l e  3 s h o w s  t h a t  i t s  h a r d n e s s  e x c e e d s  t h a t  o f  S i 0 2 , WC, or  

t h e  ( F e , C r ) 7 C3 c a r b i d e s  p r e s e n t  i n  t h e  h i g h - c h r o m i u m  w h i t e  

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

t h e r m o d y n a m i c a l l y  s t a b l e  c a r b i d e s  a s  sh ow n  by t h e  c a r b i d e  

f r e e  e n e r g y  d i a g r a m  i n  F i g u r e  3 ( 2 5 ) .  T i t a n i u m  c a r b i d e  

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

t h e  m e l t i n g  p o i n t s  o f  i r o n  and s t e e l  a l l o y s .  T h u s ,  t h e y  can  

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

do n o t  d i s s o l v e  i n  t h e  w e l d  p o o l .

The o r i g i n a l  p a t e n t  f o r  u s i n g  T iC  i n  h a r d f a c i n g
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o v e r l a y s  i n  1 9 6 6  ( 2 5 )  c a l l e d  f o r  f l u x - c o r e d  t u b u l a r  

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

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

am ou n t  o f  g r a p h i t e  p o w d e r  was  a l s o  i n c l u d e d  w i t h  t h e  

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

t i t a n i u m ,  and t h e n  T iC  p a r t i c l e s  w o u l d  p r e c i p i t a t e  f ro m  t h e  

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

h o w e v e r , t i t a n i u m  l o s s e s  a s  h i g h  a s  50% w e r e  e x p e r i e n c e d ,  

and t h e s e  l o s s e s  made t h e  p r o c e s s  e c o n o m i c a l l y  u n a t t r a c t i v e .

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

p r o d u c e d  u s i n g  t h e  o p e n - a r c  p r o c e s s  w h i c h  u t i l i z e s  T iC  

p a r t i c l e s  i n  a f l u x - c o r e d  w i r e  e l e c t r o d e .  W e l d i n g  

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

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

b e e n  l i m i t e d  b e c a u s e  o f  d i f f i c u l t y  i n  a p p l i c a t i o n .  H o w e v e r , 

a s  S e r e d a  e t .  a l .  p o i n t  o u t  ( 2 7 ) ,  t i t a n i u m  c a r b i d e  a p p e a r s  

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

c a r b i d e  i n  " hard"  a l l o y s .  I t s  m e l t i n g  p o i n t ,  h a r d n e s s  and  

o x i d a t i o n  r e s i s t a n c e  a r e  h i g h e r  t h a n  t h o s e  o f  WC, a l t h o u g h  

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

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

Even  t h o u g h  t i t a n i u m  c a r b i d e s  a r e  f r e q u e n t l y  u s e d  i n
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p o w d er  m e t a l l u r g y  ( 2 8 )  , t o o l  c o a t i n g s  ( 2 9 , 3  0) and s p r a y  

p o w d e r s  (23  , 2 4 )  , t h e y  a r e  n o t  common i n  c a s t i n g s  or  

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

t i t a n i u m  c a r b i d e s  a r e  s o  l i g h t  ( s . g . = 4 . 9 3 )  t h a t  t h e y  t e n d  t o  

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

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

c a r b i d e s  m an age  t o  s t a y  i n  t h e  w e l d .

T h e r e  i s  v e r y  l i t t l e  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  on  

T i C - c o n t a i n i n g  o v e r l a y s ,  and m o s t  o f  i t  r e l a t e s  t o  

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

e q u i p m e n t .  The r e l a t i v e  a b u n d a n c e  o f  t i t a n i u m  ( e s p e c i a l l y  

i n  t h e  form  o f  o x i d e )  c o m p a r e d  t o  t h a t  o f  t u n g s t e n  or 

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

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

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

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

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

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

c o n s u m a b l e s .

1 . 5  PURPOSE OF THIS INVESTIGATION

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

t h e  m e c h a n i s m s  by w h i c h  t h e y  r e s i s t  a b r a s i v e  w e a r , and  

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

The i n v e s t i g a t i o n  w as  d i v i d e d  i n t o  tw o  p a r t s :  i n  t h e  f i r s t  

p a r t  a c o m m e r c i a l  T i C - b a s e d  a l l o y  ( a l l o y  A) was w e l d e d  o n t o  

10 20 s t e e l  p l a t e  a t  s y s t e m a t i c a l l y  v a r i e d  w e l d i n g  p r o c e s s  

p a r a m e t e r s  u s i n g  t h e  o p e n - a r c  p r o c e s s .  The o b j e c t  h e r e  was  

t o  o b s e r v e  how t h e  p r o c e s s  p a r a m e t e r s  a f f e c t e d  t h e  

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

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

i n v e s t i g a t i o n ,  t h e  p r o c e s s  p a r a m e t e r s  w e r e  h e l d  f i x e d  and  

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

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

1 . 5 . 1  S t u d y  on  E f f e c t  o f  P r o c e s s  V a r i a b l e s

F i g u r e  4 i s  a b l o c k  d i a g r a m  s h o w i n g  how t h e  d i f f e r e n t  

v a r i a b l e s  i n t e r a c t  i n  w e l d i n g  a h a r d f a c i n g  a l l o y .  By f i x i n g  

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

a l l o y ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  d e p o s i t  may be  a l t e r e d ,  

w i t h i n  c e r t a i n  l i m i t s ,  by a l t e r i n g  v a r i a b l e s  s u c h  a s  

v o l t a g e ,  c u r r e n t  and t r a v e l  s p e e d .  The e x t e n t  t o  w h i c h  t h i s  

c a n  b e  a c c o m p l i s h e d  d e p e n d s  o n  t h e  a l l o y  s y s t e m .  For  

e x a m p l e ,  i n  d o i n g  a p r o c è s s - p a ra m et e r  s t u d y  on  a chrom ium
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w h i t e  i r o n  h a r d f a c i n g  a l l o y ,  Ren se  (31 )  f o u n d  t h a t  t h e  

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

a m ou n t  o f  d i l u t i o n  w i t h  t h e  b a s e  p l a t e ,  w h i c h  was  a s t r o n g  

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

p a r a m e t e r  he  d e f i n e d  a s  " D e p o s i t i o n  R a t i o " w h i c h  i s  

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

f o l l o w s  f r o m  t h e  l o c a t i o n  o f  chrom iu m  i r o n s  i n  t h e  F e - C r - C

t e r n a r y  s y s t e m .  R e l a t i v e l y  lo w  l e v e l s  o f  d i l u t i o n  a r e  

e n o u g h  t o  s h i f t  a h y p e r e u t e c t i c  a l l o y  ( s e e  F i g u r e  2)  t o  t u r n  

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

and d i s t r i b u t i o n  o f  MyC^ c a r b i d e s .

I n  T i C - b a s e d  a l l o y s  t h e  s i t u a t i o n  d i f f e r s  b e c a u s e  t h e  

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

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

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

e x p e c t e d ,  and t h i s  was  t h e  m a t t e r  o f  t h i s  p a r t  o f  t h e  

i n v e s t i g a t i o n .

1 . 5 . 2  S t u d y  o n  E f f e c t s  o f  M i c r o s t r u c t u r e

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

o f  t h e  i n v e s t i g a t i o n  w e r e  t h e  s i z e ,  v o lu m e  f r a c t i o n  and  

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

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

a v a i l a b l e  a s  a f l u x - c o r e d  c o n s u m a b l e ,  and t h r e e  o f  w h i c h  

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

t e c h n i q u e .
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2 EXPERIMENTAL PROCEDURE

2 . 1  HARDFACING CONSUMABLES USED

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

s i n g l e  a l l o y ,  a c o m m e r c i a l l y  a v a i l a b l e  f l u x - c o r e d  w i r e  was  

u s e d  (McKay 2 4 0  T i C - O ) ,  and was  l a b e l l e d  a l l o y  A. I t s  

d i a m e t e r  was  2 . 8  mm ( 7 / 6 4  i n )  and was  w e l d e d  o n t o  h a l f - i n c h  

t h i c k  1 0 2 0  s t e e l  p l a t e .  The c h e m i c a l  c o m p o s i t i o n s  o f  t h e  

w i r e  and t h e  b a s e  p l a t e  a r e  sh ow n  i n  T a b l e  4 .

For t h e  s t u d y  on  t h e  e f f e c t s  o f  m i c r o s t r u c t u r e ,  f o u r  

a l l o y s  w e r e  i n v e s t i g a t e d ,  l a b e l l e d  1 t h r o u g h  4 .  A l l o y s  1 ,  2 

and 3 w e r e  m a n u f a c t u r e d  i n  t h e  l a b o r a t o r y  w i t h  a t e c h n i q u e  

d e s c r i b e d  b e l o w ,  w h i l e  a l l o y  4 was a n o t h e r  c o m m e r c i a l  w i r e  

(CONARCO T u b u l a r c  2 5 8  T i C - O ) ,  2 . 4  mm ( 3 / 3 2  i n )  i n  d i a m e t e r . 

T a b l e  5 g i v e s  t h e  n o m i n a l  c h e m i c a l  c o m p o s i t i o n  o f  t h e s e  

w i r e s .

2 . 1 . 1  Making o f  W i r e s  i n  t h e  L a b o r a t o r y

The t h r e e  e x p e r i m e n t a l  a l l o y  w i r e s  w e r e  made by a 

p r o c e s s  c u r r e n t l y  b e i n g  s t u d i e d  by Jar  am i l l o  ( 3 2 ) ,  w h i c h  

w i l l  b e  c o n c i s e l y  d e s c r i b e d .  For e a c h  a l l o y ,  a c a p s u l e  was
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T a b l e  5

N o m in a l  C h e m i c a l  C o m p o s i t i o n  o f  H a r d f a c i n g  A l l o y s
1 . 2 . 3  a nd  4

A l l o y %Cr %C %Mn %TiC %Mo %Fe

1 4 . 0 7 3 . 3 3 1 . 7 1 4 . 5 8 — B a l a n c e

2 3 . 4 2 2 . 7 9 1 . 4 3 1 9 . 9 7 — B a l a n c e

3 — 0 . 0 8 0 . 4 9 . 4 2 — B a l a n c e

4* 7 . 5 1 . 7 — 6 . 9 1 . 7 B a l a n c e

* From w e l d  c o m p o s i t i o n ,  s u p p l i e d  by m a n u f a c t u r e r
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m a c h i n e d  fro m  1 0 0 8  s t e e l  1 - i n  rod  t o  t h e  d i m e n s i o n s  sh ow n i n  

F i g u r e  5 .  T h e n ,  d e p e n d i n g  o n  t h e  o v e r a l l  c h e m i c a l  

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

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

o f  1 0 0 8  s t e e l  was  w e l d e d  o n  t o p  u s i n g  t h e  GTAW p r o c e s s  ( s e e  

F i g u r e  5 ) ,  The p ow d er  c o m p o s i t i o n s  w e r e  b a c k - c a l c u l a t e d  

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

h a r d f a c i n g  d e p o s i t s , a s s u m i n g  a 30% d i l u t i o n  l e v e l  w i t h  t h e  

1 0 2 0  s t e e l  b a s e  p l a t e .  D e t a i l s  o f  t h e s e  c a l c u l a t i o n s  a p p e a r  

i n  A p p e n d i x  1 .  T a b l e  6 s h o w s  d e t a i l s  o f  t h e  d e s i r e d  

m i c r o s t r u c t u r e  o f  t h e  e x p e r i m e n t a l  a l l o y s .  A l l o y s  1 and 2 

w e r e  a im e d  t o w a r d s  a s i m i l a r  a u s t e n i t e / m a r t e n s i t e  m a t r i x ,  

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

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

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

1 0 0 8  s t e e l  c a p s u l e .  N o t e  f r o m  T a b l e  5 t h a t  t h e  d e s i r e d  

ch rom iu m  c o n t e n t  i n  a l l o y s  1 and 2 was much l e a n e r  t h a n  

a l l o y s  A and 4 .  T h i s  was  d o n e  f o r  c o m p a r i s o n  r e a s o n s .

The pow d er  m i x t u r e s  w e r e  made f r o m  r e a g e n t - g r a d e  

m e t a l l i c  p o w d e r s  a t  a b o u t  10 0 m e s h ,  e x c e p t  f o r  t h e  T iC  

p o w d e r  w h i c h  was  - 1 6 5  m e s h .  They  w e r e  c o m p a c t e d  i n t o  t h e  

c a p s u l e s  u s i n g  a s p e c i a l l y - m a d e  p u n c h  ( s e e  F i g u r e  6) w i t h  a 

c o m p a c t i n g  p r e s s u r e  o f  10 , 0 0 0  p s i .
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■

Figure 5 .- 1008 steel capsule before being mechanically
formed into wire.
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PRESS RAM

LOAD

PACKING PISTON

POWDER
PACKING DIE

C A P S U L E - ^ .

PRESS
T A B L E X k

Figure 6.- Piston-and-die system used to compact powders 
into 100 8 steel capsules.
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T h r e e  f o r m i n g  s t a g e s  w e r e  u s e d  t o  make w i r e  f ro m  t h e  

c a p s u l e s :  h o t  r o l l i n g ,  c o l d  r o l l i n g  and s w a g i n g .  The f i n a l  

w i r e  d i a m e t e r  a f t e r  s w a g i n g  was  2 . 4  mm ( 3 / 3 2  i n ) .  B e f o r e  

h o t  r o l l i n g ,  t h e  c a p s u l e s  w e r e  p r e h e a t e d  t o  a b o u t  7 5 0  C; t w o  

i n t e r m e d i a t e  a n n e a l s  a t  t h e  same t e m p e r a t u r e  w e r e  u s e d  

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

1 0 - 1 2  f o o t - l o n g  w i r e .  A l l  t h e  w i r e s  w e r e  t h o r o u g h l y  c l e a n e d  

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

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

2 . 2  WELDING EQUIPMENT USED

For t h e  p r o c e s s - p a r a m e t e r  p a r t  o f  t h i s  i n v e s t i g a t i o n ,  

a u t o m a t i c  o p e n - a r c  f l u x - c o r e d  w e l d i n g  (FCAW) was u s e d .  

H o w e v e r ,  t h e  e x p e r i m e n t a l  a l l o y s  w e r e  w e l d e d  w i t h  t h e  

a u t o m a t i c  s u b m e r g e d - a r c  p r o c e s s  (SAW). I n  b o t h  c a s e s ,

H o b a r t  g a s - m e t a l - a r c  a u t o m a t i c  w e l d i n g  e q u i p m e n t  w as  u s e d ,  

i n c l u d i n g  a Model  A I - 2 2  w i r e  f e e d e r  and t o r c h ,  and a m o d e l  

RC500 c o n s t a n t  p o t e n t i a l  DC p o w e r  s u p p l y .  V o l t a g e  and  

c u r r e n t  w e r e  m e a s u r e d  by c o n n e c t i n g  a H e w l e t t - P a c k a r d  HP 

7100BM s t r i p  c h a r t  r e c o r d e r  t o  t h e  p ow er  s u p p l y .



T - 2 8 2 6 35

2 . 3  EXPERIMENTAL MATRICES

2 . 3 . 1  M a t r i x  1

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

on  a l l o y  A, v a r i a t i o n s  o f  c u r r e n t ,  v o l t a g e  and t r a v e l  s p e e d  

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

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

f o l l o w s  o n  t h e  way t h e  e x p e r i m e n t a l  p a r a m e t e r s  w e r e  c h o s e n .

A rc  w e l d i n g  i n v o l v e s  many d i f f e r e n t  p r o c e s s  v a r i a b l e s , 

some i n d e p e n d e n t  and some d e p e n d e n t .  The i m p o r t a n t  

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

w e r e :

V = v o l t a g e  s e t t i n g  i n  t h e  m a c h i n e

w = w i r e  s p e e d

S = t r a v e l  s p e e d

The i m p o r t a n t  d e p e n d e n t  v a r i a b l e s  a r e :

I = c u r r e n t

V = v o l t a g e

1 = e l e c t r o d e  s t i c k o u t

S i n c e  t h e  common v a r i a b l e s  o n e  d e a l s  w i t h  a r e  V and I , 

t h e  o b j e c t  w as  t o  w e l d  a t  d i f f e r e n t  c o n d i t i o n s  by m o v in g  i n
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V - I  p r o c e s s  s p a c e . To e l i m i n a t e  a l l  t h e  e x t r a  v a r i a b l e s  

i n v o l v e d ,  some c o n s t r a i n t s  h a d  t o  b e  t a k e n .  The f i r s t  was  

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

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

by s e t t i n g :

w = d = c o n s t a n t  f o r  a l l  w e l d s  (3)
S

A n o t h e r  d e g r e e  o f  f r e e d o m  was e l i m i n a t e d  by c h o o s i n g  3 

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

VI = H (4 )
S

T h e s e  tw o  e q u a t i o n s  d e f i n e d  t h e  e x p e r i m e n t a l  m a t r i x  

s h ow n  i n  F i g u r e  7 .  I n  t h i s  F i g u r e ,  e a c h  p o i n t  c o r r e s p o n d s  

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

c o n s t a n t  h e a t  i n p u t .  The v a l u e s  1 ,  1 . 5  and 2 . 0  Mj/m w e r e  

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

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

w e l d i n g  e q u i p m e n t  u s e d .  The v a l u e  o f  D=6 was  c h o s e n  

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

c o n d i t i o n s  w e r e  w i t h i n  m a c h i n e  l i m i t a t i o n s ,  and s o  t h a t  t h e  

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

h a r d f a c i n g  a p p l i c a t i o n s .
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2 . 3 . 2  M a t r i x  2

The s e c o n d  e x p e r i m e n t a l  m a t r i x  was  b a s e d  on  

m i c r o s t r u c t u r a l  c h a n g e s . Four m i c r o s t r u c t u r e s  w e r e  s t u d i e d ,  

t h o s e  o f  a l l o y s  1 , 2 , 3  and 4 ,  w h o s e  d e s i r e d  c h a r a c t e r i s t i c s  

a r e  show n i n  T a b l e  6 .  A l l o y s  1 ,  2 and 3 w e r e  made i n  t h e  

l a b o r a t o r y  a s  d e s c r i b e d  a b o v e ,  and a l l o y  4 was a c o m m e r c i a l  

w i r e .

2 . 4  WELDING PROCEDURE

2 . 4 . 1  M a t r i x  1

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

t h i c k  A I S I  1 0 2 0  s t e e l  p l a t e ,  u s i n g  t h e  a u t o m a t i c  f l u x - c o r e d  

a r c  w e l d i n g  p r o c e s s  (FCAW) w i t h  DC r e v e r s e  p o l a r i t y ;  t h e  

w i r e  d i a m e t e r  was  2 . 8  mm ( 7 / 6 4  i n )  and t h e  p l a t e  d i m e n s i o n s  

w e r e  30 5 by 10 2 by  13 mm ( 1 2  by 4 by  0 . 5  i n ) .

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

i n  F i g u r e  7 .  E ach  b a s e  p l a t e  was  p r e h e a t e d  t o  2 0 0  C b e f o r e  

t h e  f i r s t  p a s s ,  and a l l o w e d  t o  c o o l  t o  2 0 0  C b e t w e e n  p a s s e s ,  

i n  an a t t e m p t  t o  m a i n t a i n  s i m i l a r  h e a t - s i n k  c o n d i t i o n s  e v e r y
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t i m e . B e a d s  w e r e  l a i d  p a r a l l e l  w i t h  a p p r o x i m a t e l y  a f i f t y  

p e r c e n t  o v e r l a p  ; e n o u g h  b e a d s  w e r e  l a i d  down t o  c o v e r  t h e  

w i d t h  o f  t h e  p l a t e  ( s e e  F i g u r e  8 ) .  I t  was  f o u n d  t h a t  

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

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

Each  s p e c i m e n  w as  s e c t i o n e d  a s  show n  i n  F i g u r e  9 and

s u b j e c t e d  t o  m a c r o s t r u c t u r a l , m i c r o s t r u c t u r a l  and c h e m i c a l  

a n a l y s e s , and l o w - s t r e s s  a b r a s i v e  w e a r  t e s t i n g .

2 . 4 . 2  M a t r i x  2

W e l d i n g  o f  a l l o y s  1 t h r o u g h  4 was a l s o  d o n e  on  10 20 

s t e e l , t h i s  t i m e  5 / 8  i n  t h i c k .  The a u t o m a t i c  s u b m e r g e d - a r c  

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

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

by s p a t t e r  and a r c  o x i d a t i o n .  A c o m m e r c i a l  f l u x  was  u s e d  

( O e r l i k o n  OP 121TT) ; i t  was  c h o s e n  b e c a u s e  i t  s h o w e d  b e t t e r  

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

e v e n  t h o u g h  t h e  d e t a c h a b i l i t y  was by n o  m e a n s  g o o d .  A l l  

s a m p l e s  w e r e  w e l d e d  a t  a b o u t  30 v o l t s  and 350  am p s.

One s a m p l e  was  made fro m  e a c h  a l l o y ,  w i t h  a s i m i l a r  

p r o c e d u r e  a s  f o r  m a t r i x  1 .  S p e c i m e n s  w e r e  s e c t i o n e d
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2.8 mm

current

31.7 mm

13mm

102 mm

Figure 8.- Welding procedure for samples from matrix 
1. 1020 steel plate was used, and welding
was done with the automatic flux-cored arc 
welding process.
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t r a n s v e r s e l y  o n l y  f o r  a b r a s i o n  t e s t i n g  and o p t i c a l  

m e t a l l o g r a p h y .

2 . 5  SPECIMEN ANALYSES

2 . 5 . 1  M a c r o s t r u c t u r a l  E x a m i n a t i o n

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

g r o u n d  and p o l i s h e d  t o  1 m a l u m i n a  pow d er  i n  t h e  t r a n s v e r s e  

d i r e c t i o n ,  and m a c r o e t c h e d  u s i n g  V i l e l l a ' s  r e a g e n t ,  w h o s e  

c o m p o s i t i o n  i s  sh ow n  i n  T a b l e  7 :

C o n s t i t u e n t  Q u a n t i t y

HC1 (aq)  5 cm3
P i c r i c  a c i d  1 g
CH30H 1 0 0  cm3

T a b l e  7 . -  C o m p o s i t i o n  o f  V i l e l l a ' s  r e a g e n t ,  u s e d  f o r  
m a c r o e t c h i n g  ( 3 3 ) .

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

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

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

a r e a  :

% D i l u t i o n  = ^  x 100T (5)
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w h e r e  B = c r o s s - s e c t i o n a l  a r e a  o f  f u s i o n  z o n e  b e l o w  

l e v e l  o f  b a s e  p l a t e  

T = t o t a l  c r o s s - s e c t i o n a l  a r e a  o f  f u s i o n  z o n e

2 . 5 . 2  C h e m i c a l  A n a l y s i s

T h r e e - q u a r t e r - i n c h  s e c t i o n s  w e r e  c u t  and  g r o u n d  down t o  

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

w as  d o n e  ( ~3 mm fro m  t h e  t o p  o f  t h e  b e a d s ) .  A n a l y s e s  w e r e  

d o n e  u s i n g  a B a i r d - A t o m i c  S p e c t r o m e t  e m i s s i o n  s p e c t r o m e t e r ,  

w h i c h  g a v e  d a t a  f o r  8 e l e m e n t s .

2 . 5 . 3  O p t i c a l  M e t a l l o g r a p h y

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

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

w o u l d  b e  e a s i e r . P o l i s h i n g  was  d o n e  down t o  0 . 0 5  urn a l u m i n a  

p o w d er  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  The p o l i s h e d  s e c t i o n s  

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

T a b l e  7 ) ,  a f t e r  w h i c h  r e p r e s e n t a t i v e  p h o t o m i c r o g r a p h s  w e r e  

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

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

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



T - 2 8 2 6 44

p o i n t - c o u n t i n g  t e c h n i q u e s  ( 34 )  . O t h e r  m i c r o s t r u c t u r a l  

p a r a m e t e r s  l i k e  a v e r a g e  c a r b i d e  r a d i u s  and mean f r e e  p a t h  

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

q u a n t i t i e s  ( 35)  :

NA = # o f  p a r t i c l e s / u n i t  a r e a

= # o f  p a r t i c l e s / u n i t  l e n g t h  o f  l i n e

The e q u a t i o n s  u s e d  w e r e :

2 Ny
A v e r a g e  p a r t i c l e  r a d i u s  r =--------- (6)

TT Na 

N 2
Volume f r a c t i o n  f  -  — —  (7)

Mean f r e e  p a t h   ̂ = I z É  ( 8 )
n l

2 . 5 . 4  A b r a s i o n  T e s t i n g

For m a t r i x  1 ,  f o u r  p i e c e s  w e r e  c u t  f rom  e a c h  t e s t  p l a t e  

f o r  a b r a s i o n  t e s t i n g ,  a s  sh ow n  i n  F i g u r e  9 .  For m a t r i x  2 ,  

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

r e l a t i v e l y  s m a l l  d e p o s i t s  w e r e  m a d e . T hey  w e r e  a l l  g r o u n d  

down t o  60 0 g r i t  t o  p r o v i d e  t h e  sm o o th  s u r f a c e  r e q u i r e d  f o r  

a b r a s i o n  t e s t i n g .  O n ly  p o r o s i t y - f r e e  s u r f a c e s  w e r e  u s e d .
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and i n  c a s e s  w h e r e  t h e r e  was  e x t e n s i v e  p o r o s i t y ,  some o f  t h e  

p i e c e s  w e r e  r e j e c t e d .  T e s t i n g  was  d o n e  a c c o r d i n g  t o  ASTM 

S t a n d a r d  G - 6 5 - 8 0 , " C o n d u c t i n g  D ry  S a n d / R u b b e r  W h ee l  A b r a s i o n  

T e s t s "  ( 1 8 ) .  F i g u r e  10 i s  a s c h e m a t i c  o f  t h e  t e s t i n g  

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

o f  13 0 N on e a c h  s a m p l e  and  6 0 0 0  r e v o l u t i o n s  p e r  t e s t .

F i g u r e  11 s h o w s  t h e  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  r u b b e r

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

s a m p l e s .

2 . 5 . 5  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

The s u r f a c e  o f  t h e  w e a r  s a m p l e s  o f  a l l  a l l o y s  was

e x a m i n e d  a f t e r  a b r a s i o n  t e s t i n g .  An AMR 1 2 0 0  S c a n n i n g

E l e c t r o n  M i c r o s c o p e  was  u s e d .
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HOPPER

OTTAWA SAND

WEIGHTS

SPECIMEN

RUBBER LINED WHEEL

Figure 10.-* Schematic of the Dry Sand/Rubber Wheel 
Abrasion Test (ASTM G-65-80).
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î î
T ransverse  Longitudinal

Test Test

Figure 11.- Direction of rotation of rubber wheel 
with respect to both longitudinal and 
transverse samples in the Dry Sand/ 
Rubber Wheel Abrasion Test.
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3 RESULTS AND DISCUSSION

The r e s u l t s  o b t a i n e d  fro m  t h e  p r o c e s s - p a  ra m et e r  s t u d y  

on a s i n g l e  T i C - t y p e  h a r d f a c i n g  a l l o y  ( m a t r i x  1) w i l l  f i r s t  

b e  p r e s e n t e d  and d i s c u s s e d .  As e x p l a i n e d  i n  d e t a i l  i n  t h e  

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

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

s y s t e m a t i c  w a y ,  s o  t h a t  v a r i a t i o n s  i n  m a c r o s t r u c t u r e ,  

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

d e p o s i t s  c o u l d  b e  e x a m i n e d .  M a t r i x  2 and i t s  r e s u l t s  w i l l  

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

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

f r a c t i o n  and t h e  m a t r i x  c o m p o s i t i o n .

3 . 1  EFFECTS OF PROCESS PARAMETERS ON THE CHARACTERISTICS OF 

A COMMERCIAL TiC-BASED HARDFACING ALLOY (MATRIX 1)

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

i n v e s t i g a t i o n  c a n  b e  b r o k e n  down i n t o  m a c r o s t r u c t u r a l  

v a r i a t i o n s ,  c h e m i c a l  v a r i a t i o n s ,  m i c r o s t r u c t u r a l  v a r i a t i o n s  

and a b r a s i o n  r e s i s t a n c e . The c o m m e r c i a l  a l l o y  u s e d  w i l l  b e  

r e f e r r e d  t o  a s  a l l o y  A.
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3 . 1 . 1  Macr e s t r u c t u r a i  V a r i a t i o n s

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

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

p a r a m e t e r s .  F i g u r e  12 s h o w s  t o p - v i e w  p h o t o g r a p h s  o f  

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

d i f f e r e n c e s .  The m o s t  o b v i o u s  i n f l u e n c e  was  t h a t  f ro m  h e a t

i n p u t :  a t  a l o w  h e a t  i n p u t  (1 M J/m ) ,  t h e  i n d i v i d u a l  b e a d s  

w e r e  n a r r o w ,  b u l k y  and c o n v e x  i n  s h a p e ;  w h i l e  a t  2 MJ/m t h e y  

w e r e  r e l a t i v e l y  s m o o th  and c o v e r e d  a l a r g e r  a r e a  o f  t h e  b a s e  

p l a t e .

P e n e t r a t i o n  and d i l u t i o n  c h a n g e s  c a n  b e  o b s e r v e d  i n  

F i g u r e  1 3 ,  w h i c h  s h o w s  t h e  c r o s s - s e c t i o n s  o f  t h e  d e p o s i t s  

f r o m  F i g u r e  1 2 .  The i n c r e a s e  o f  d i l u t i o n  w i t h  i n c r e a s i n g  

h e a t  i n p u t  i s  sh ow n  q u a n t i t a t i v e l y  i n  F i g u r e  1 4 .  Even  

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

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

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

i n  F i g u r e  14 i n d i c a t e s  t h a t  o t h e r  f a c t o r s  m u s t  b e  i n v o l v e d .  

F i g u r e  15 s h o w s  a map o f  t h e  m e t a l  t r a n s f e r  m odes  w h i c h  w e r e  

o b s e r v e d  a s  a f u n c t i o n  o f  l o c a t i o n  i n  V - I  p r o c e s s  s p a c e . 

T h e s e  m odes  a r e  sh ow n  s c h e m a t i c a l l y  i n  F i g u r e  1 6 .  N o t e  t h a t  

a l l  o f  t h e  l o w  h e a t - i n p u t  d e p o s i t s  w e r e  p r o d u c e d  u n d e r
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Figure 14.- Influence of heat input on dilution.
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c o n d i t i o n s  c l o s e  t o  t h e  s h o r t - c i r c u i t  t r a n s f e r  m o d e ,  i n  

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

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

1 . 5  MJ/m m e a n t  i n c r e a s i n g  t h e  v o l t a g e  t o  t h e  p o i n t  w h e r e  

t h e r e  was  c o n t i n u o u s  a r c i n g  and t r a n s f e r  was  i n  t h e  

m e s o - s p r a y  m o d e . A t  t h e  l a r g e r  v o l t a g e s  t h e  m e t a l  was  

o b s e r v e d  t o  be  t r a n s f e r r e d  i n  t i n y  d r o p l e t s  b l o w n  aw ay  by  

t h e  a r c ,  w h i c h  a p p r o a c h e s  a s p r a y  t y p e  o f  t r a n s f e r . Th u s  i t  

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

i s  t h e  v o l t a g e  t h a t  c o n t r o l s  t h e  t r a n s f e r  mode and t h u s  t h e  

b e a d  m o r p h o l o g y .

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

i n c r e a s i n g  c u r r e n t s ,  a s  i l l u s t r a t e d  i n  F i g u r e  1 7 .  T h i s  

e f f e c t  may b e  v i s u a l i z e d  a s  f o l l o w s .  C o n s i d e r  tw o  w e l d s  

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

and o n e  a t  h i g h  c u r r e n t  ( p l a t e s  C and F i n  F i g u r e  1 3 ) •  

S p e c i m e n  C was  d e p o s i t e d  a t  l o w  p ow e r  i n p u t  (VI)  and a t  a 

r e l a t i v e l y  l o w  t r a v e l  s p e e d  ( S) ? e v e n  t h o u g h  t h e r e  i s  a 

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

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

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

p l a t e .  S p e c i m e n  F was  p r o d u c e d  u s i n g  a h i g h e r  p ow er  i n p u t ,  

b u t  t h e  w e l d  t r a v e l  s p e e d  was  i n c r e a s e d  t o  i n s u r e  t h e  same
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n o m i n a l  v a l u e  o f  h e a t  i n p u t  (H) a s  g i v e n  by e q u a t i o n  4 .  I n  

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

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

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

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

w e l d  p e n e t r a t i o n .  I n  a d d i t i o n ,  t h e  h i g h  r a d i a t i o n  h e a t  

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

t o  r e d u c e  p e n e t r a t i o n  e v e n  f u r t h e r .

F i g u r e  12 s h o w s  p o r o s i t y  t o  b e  a p r o b l e m  i n  t h e  r e g i o n  

w h e r e  c u r r e n t  and v o l t a g e  a r e  h i g h .  H e r e  t h e  m e t a l  t r a n s f e r  

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

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

d r o p l e t s . B e c a u s e  o f  t h e i r  l a r g e  s u r f a c e - a r e a / v o l u m e  r a t i o ,  

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

f r o m  t h e  a r c  p l a s m a  ( e s p e c i a l l y  0 2 ) .  T h i s  g a s  c o n t e n t  i s  

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

A s s u m i n g  n o  m e t a l  l o s s e s  d u r i n g  w e l d i n g ,  a c o n s t a n t  

d e p o s i t i o n  r a t i o  w o u l d  mean t h e  same a v e r a g e  c r o s s - s e c t i o n a l  

a r e a  p e r  b e a d ,  m e a s u r e d  a b o v e  t h e  l e v e l  o f  t h e  b a s e  p l a t e .  

T a b l e  8 s h o w s  t h a t  t h e r e  w e r e  v a r i a t i o n s  i n  t h i s  a r e a ,  w h i c h  

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

sh ow n  i n  F i g u r e  1 8 ,  m ore  m a t e r i a l  was  l o s t  ( f r o m  s p a t t e r  and
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T a b l e  8

M e a s u r e d  C r o s s - s e c t i o n a l  A r e a  p e r  B e a d  A b o v e  t h e  Top S u r f a c e
o f  t h e  B a s e  P l a t e

S a m p le  H e a t  I n p u t  
________  (MJ/m)

1 1
2 1
3 1
4 1

5 1 . 5
6 1 . 5
7 1 . 5
8 1 . 5
9 1 . 5

10 2
11 2
12 2
13 2

or a l l  H a r d f a c i n g

C u r r e n t  V o l t a g e  
(amps)  ( v o l t s )

2 2 1 2 2 . 0
26 6 2 3 . 0
2 9 8 2 4 . 1
327 2 4 . 6

2 0 5 2 6 . 3
2 6 9 2 8 . 4
315 3 0 . 7
3 7 1 3 4 . 9
4 0 2 3 4 . 9

219 3 3 . 5
265 3 6 . 2
3 3 3 4 1 . 4
396 4 5 . 2

D e p o s i t s  From A l l o y  A

C r o s s - s e c t i o n a l  
A r e a  A bove  B a s e  

P l a t e / B e a d  
(cm2 )_________

0 . 2 5 8
0 . 2 8 4
0 . 2 6 8
0 . 2 8 7

0 . 2 2 9
0 . 2 5 9
0 . 2 5 0
0 . 2 7 3
0 . 2 5 1

0 . 2 2 1
0 . 2 2 0
0 . 2 2 1
0 . 2 5 4
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a r c  v o l a t i l i z a t i o n )  a s  t h e  I / V  r a t i o  d e c r e a s e d .  I n d e e d ,  i t  

was o b s e r v e d  t h a t  t h e  a r c  g a p  i n c r e a s e d  a s  t h e  I / V  r a t i o  

d e c r e a s e d .

3 . 1 . 2  C h e m i s t r y  V a r i a t i o n s

The r e s u l t s  o f  c h e m i c a l  a n a l y s e s  a p p e a r  i n  T a b l e  9 .  

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

ch rom iu m  and c a r b o n .  F i g u r e  19 s h o w s  t h a t  t h e  ch rom iu m  

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

e x p e c t e d ,  s i n c e  t h e  s t e e l  b a s e - p l a t e  c o n t a i n e d  a l m o s t  no  

c h r o m iu m .  F i g u r e  20 s h o w s  a s i m i l a r  b e h a v i o r  f o r  t h e  t o t a l  

c a r b o n  c o n t e n t .  W h i l e  o t h e r  m in or  a l l o y i n g  e l e m e n t s  a l s o  

show s i m i l a r  t r e n d s , t h e  c a r b o n  and ch rom iu m  v a r i a t i o n s  w i l l  

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

r e p r e s e n t  t h e  m a jo r  c o n s t i t u e n t s .

3 . 1 . 3  M i c r o  s t r u c t u r a l  V a r i a t i o n s

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

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

t i t a n i u m  c a r b i d e  (T iC )  m ore  or l e s s  e v e n l y  d i s t r i b u t e d  

t h r o u g h o u t  t h e  m i c r o s t r u c t u r e .  F i g u r e  21 s h o w s  a t y p i c a l  

m i c r o s t r u c t u r e  o f  on e  o f  t h e  w e l d  o v e r l a y s  f ro m  t h i s  s t u d y .
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•  I MJ/m 
a 1.5 MJ/m 
■ 2 MJ/m7.0
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Figure 19.- Variation of chromium content with dilution 
for alloy A.
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Figure 20.- Variation of carbon content with dilution 
for alloy A.
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The u n e t c h e d  m i c r o g r a p h  ( 2 1 - a )  r e v e a l s  t h e  t i t a n i u m  c a r b i d e s  

o n l y . N o t e  t h a t  t h e y  a r e  i r r e g u l a r  i n  b o t h  s i z e  and s h a p e  

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

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

a r c .  I n  F i g u r e  2 1 - b ,  t h e  p o l i s h e d  s u r f a c e  was  e t c h e d  t o  

r e v e a l  t h e  m a t r i x  s o l i d i f i c a t i o n  s t r u c t u r e .  The d a r k  p h a s e  

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

f i r s t  i n  t h e  w e l d  p o o l .  The c a r b o n  c o n t e n t  o f  a b o u t  3% and  

ch rom iu m  c o n t e n t  o f  a b o u t  7.5% p l a c e  t h e  a l l o y  i n  t h e  Y + 

l i q u i d  r e g i o n  o f  t h e  F e - C - C r  t e r n a r y  l i q u i d u s  d i a g r a m .  W ith  

c o o l i n g  b e l o w  t h e  l i q u i d u s ,  t h e  a u s t e n i t e  d e n d r i t e s  r e j e c t  

ch rom iu m  and c a r b o n  t o  t h e  r e m a i n i n g  l i q u i d  u n t i l  a 

p s e u d o - e u t e c t i c  r e a c t i o n  L -*■ ( F e , C r ) 3 C + Y o c c u r s  ( 2 1 ) .

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

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

e u t e c t i c  s t r u c t u r e  c o m p r i s e d  o f  ( F e , C r ) 3 C + Y , known a s  

l e d e b u r i t e ,  s h o w s  up i n  F i g u r e  2 1 - b  a s  a l i g h t  p h a s e  

( c e m e n t i t e )  w i t h  d a r k  s p o t s  (Y) . W ith  f u r t h e r  c o o l i n g ,  t h e  

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

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

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

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

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

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

m a i n l y  on  a l l o y  c o n t e n t .

F i g u r e  22 i l l u s t r a t e s  t h e  i n f l u e n c e  o f  w e l d i n g  p r o c e s s  

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

e x p e c t e d ,  a s y s t e m a t i c  v a r i a t i o n  was  o b s e r v e d  w i t h  t h e  

am ou n t  o f  d i l u t i o n .  The v o l u m e  f r a c t i o n s  o f  ( F e , C r ) 3 C 

( c e m e n t i t e )  and T iC  a r e  p l o t t e d  i n  F i g u r e  23 a g a i n s t  p e r c e n t  

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

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

TiC  s t a y e d  r e l a t i v e l y  c o n s t a n t .  The c e m e n t i t e  v a r i a t i o n  was  

c a u s e d  by  r e l a t i v e l y  l a r g e  d e c r e a s e s  i n  t h e  ch rom iu m  and  

c a r b o n  c o n t e n t s  w i t h  i n c r e a s i n g  d i l u t i o n s ,  a s  sh ow n  i n  

F i g u r e s  19 and 2 0 .  T h u s  a t  t h e  h i g h e r  d i l u t i o n s  ( l o w  

c u r r e n t  and h i g h  v o l t a g e ) , t h e  c a r b o n  and c h r o m iu m  

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

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

i s  a m a t r i x  w i t h  no  l e d e b u r  i t e  ( m i c r o g r a p h  A i n  F i g u r e  2 2 ) .  

On t h e  o t h e r  h a n d ,  m i c r o g r a p h  F i n  F i g u r e  22 s h o w s  t h e  

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

l o w e s t  ( h i g h e s t  I / V  r a t i o ) .  The s l i g h t  d e c r e a s e  i n  t h e  T iC  

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

f u s i o n - z o n e  s i z e  w i t h  i n c r e a s i n g  h e a t  i n p u t .



T - 2 8 2 6 67

( s ilO A ) 39V110A

Fi
gu
re
 

22
.- 

In
fl
ue
nc
e 

of 
we
ld
in
g 

pr
oc
es
s 

va
ri
ab
le
s 

on 
the

 
mi

cr
os

tr
uc

tu
re

 
of 

al
lo
y 

A.



VO
LU

M
E 

% 
CA

RB
ID

ES

T - 2 8 2 6 68

# o I MJ/m 
* a 1.5 MJ/m 
■ □ 2 MJ/m “4 0

(Fe,Cr LC
3 0

20

TiC

10 30 4 020
% DILUTION

Figure 23.- Effect of dilution on the volume fractions 
of titanium carbide (TiC) and cementite 
((Fe,Cr)3C) in alloy A.
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H e a t  i n p u t  d i d  n o t  h a v e  a n y  o b v i o u s  e f f e c t  on  t h e  

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

m i c r o g r a p h s  o f  F i g u r e  2 2 ,  T h i s  may b e  b e c a u s e  t h e  r a n g e  o f  

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

d i f f e r e n c e •

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

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

t h e  p r o c e s s  p a r a m e t e r s .  The e x p e c t e d  c h a n g e  i n  t h e  

m a r t e n s i t e - s t a r t  (Ms ) t e m p e r a t u r e  i s  a m o n o t o n i c a l l y  

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

t o  " s t a b i l i z e "  t h e  a u s t e n i t e  by o b s t r u c t i n g  t h e  s h e a r  

m e c h a n i s m  o f  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n .  C o n s e q u e n t l y ,  

t h e  m a r t e n s i t i c  r e a c t i o n  i s  m ore  l i k e l y  t o  o c c u r  a s  t h e  Ms 

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

i n c r e a s e  i n  m a r t e n s i t e  c o n t e n t  w i t h  d i l u t i o n  i s  sh ow n  i n  

F i g u r e  2 4 .  The m a g n e t i c  s u s c e p t i b i l i t y  o f  t h e  h a r d f a c i n g  

d e p o s i t  was  m e a s u r e d  u s i n g  a F o r r e s t e r  F e r r i t e  C o n t e n t  M e te r  

and p l o t t e d  a s  a f u n c t i o n  o f  d i l u t i o n .  I f  t h e  d i l u t i o n  

i n c r e a s e d  b e y o n d  a b o u t  38%, h o w e v e r ,  t h e  b a i n i t e  r e a c t i o n  

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

The m i c r o g r a p h s  i n  F i g u r e  22 i l l u s t r a t e  t h e  e f f e c t  o f  

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

d e p o s i t s .  I n  t h e  l o w  d i l u t i o n  d e p o s i t s , t h e  c a r b o n  and
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ch rom iu m  c o n t e n t s  o f  t h e  a u s t e n i t e  p h a s e  w e r e  h i g h ,  t h e  Ms 

was l o w ,  and h i g h  a m o u n ts  o f  r e t a i n e d  a u s t e n i t e  ( m i c r o g r a p h s  

F ,C )  w e r e  o b t a i n e d .  As d i l u t i o n  i n c r e a s e d  and c a r b o n  and  

ch rom iu m  c o n t e n t s  d e c r e a s e d ,  t h e  Ms t e m p e r a t u r e  was  r a i s e d  

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

3 . 1 . 4  A b r a s i o n  T e s t  R e s u l t s

W e i g h t  l o s s e s  f r o m  t h e  ASTM Dry S a n d / R u b b e r  W h ee l  

a b r a s i o n  t e s t  a r e  sh ow n  i n  F i g u r e  25 a s  a f u n c t i o n  o f  

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

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

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

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

c o m m e r c i a l  h i g h - C r  w h i t e  i r o n  h a r d f a c i n g  a l l o y  ( 3 1 ) .  The 

T i C - t y p e  a l l o y  e x h i b i t e d  a v e r y  g o o d  a b r a s i o n  r e s i s t a n c e  

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

d e p o s i t i o n .  Even  t h o u g h  t h e  m a t r i x  m i c r o s t r u c t u r e  was  

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

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

a b r a s i o n  r e s i s t a n c e  w as  c o n t r o l l e d  by  t h e  t i t a n i u m  c a r b i d e s  

i n  t h e  m i c r o s t r u c t u r e  and t h a t  t h e  c h a n g e s  i n  t h e  m a t r i x  

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

t h e  a l l o y .  F i g u r e  23 i n d e e d  s h o w s  t h a t  e v e n  t h e  h i g h e s t
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Figure 25.- Weight loss data for alloy A compared to a
Cr white iron (31) as functions of dilution. 
Weight losses are from the standard ASTM 
Dry Sand/Rubber Wheel Abrasion Test.
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d i l u t i o n s  o b s e r v e d  w e r e  n o t  s u f f i c i e n t  t o  s i g n i f i c a n t l y  

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

m i c r o s t r u c t u r e .

3 . 2  EFFECTS OF CHANGING THE MICROSTRUCTURE (MATRIX 2)

I t  s e e m e d  fr o m  t h e  r e s u l t s  o f  m a t r i x  1 t h a t  t h e

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

was u n a f f e c t e d  by t h e  n a t u r e  o f  t h e  m a t r i x  m a t e r i a l  h o l d i n g  

t h e  c a r b i d e s , and t h a t ,  f o r  a g i v e n  c a r b i d e  s i z e ,  i t  w as  t h e  

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

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

and t o  d e t e r m i n e  a m e c h a n i s t i c  e x p l a n a t i o n  o f  w h a t  g o e s  on  

d u r i n g  t h e  a b r a s i o n  p r o c e s s ,  a l l o y s  1 t h r o u g h  4 w e r e  t e s t e d  

u s i n g  t h e  ASTM Dry S a n d / R u b b e r  W hee l  A b r a s i o n  T e s t .

3 . 2 . 1  M e t a l l o g r a p h y

The m i c r o s t r u c t u r e s  o f  a l l o y s  1 , 2 , 3  and 4 a r e  shown  

i n  F i g u r e s  26 , 27 , 28  and 29 r e s p e c t i v e l y ,  i n  b o t h  t h e  

u n e t c h e d  and  e t c h e d  c o n d i t i o n s .  The u n e t c h e d  m i c r o g r a p h s  

show  t h e  c a r b i d e  s t r u c t u r e  w h i l e  e t c h i n g  r e v e a l s  t h e  m a t r i x  

c h a r a c t e r i s t i c s .  As p r e d i c t e d ,  a l l o y  2 s h o w e d  a l a r g e r  

v o l u m e  f r a c t i o n  o f  c a r b i d e s  t h a n  a l l o y  1 ,  and e x h i b i t e d  a
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l a r g e r  c a r b i d e  a v e r a g e  s i z e  ( s e e  T a b l e  10 f o r  r e s u l t s  f r o m  

q u a n t i t a t i v e  m e t a l l o g r a p h y ) . I n  a l l o y  1 ,  m o s t  o f  t h e  l a r g e r  

TiC p a r t i c l e s  f l o a t e d  t o  t h e  t o p  o f  t h e  w e l d  p o o l  s o  t h e  

a v e r a g e  p a r t i c l e  was  r e l a t i v e l y  s m a l l .  The t i t a n i u m  

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

( 4 . 9 3 )  c o m p a r e d  t o  t h a t  o f  t h e  m e l t  ( a b o u t  7 . 8 ) .  From a 

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

l i q u i d  (36)  , t h e  t e r m i n a l  v e l o c i t y  w i t h  w h i c h  t h e  p a r t i c l e  

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

l a m i n a r  f l o w ,  i s  g i v e n  b y :

V = 2R2g ( p _p ) (5 )9n p

w h e r e  Vt = t e r m i n a l  v e l o c i t y  o f  p a r t i c l e  

R = p a r t i c l e  r a d i u s  

g = a c c e l e r a t i o n  o f  g r a v i t y  

n = m e l t  v i s c o s i t y  

p = m e l t  d e n s i t y  

pp = p a r t i c l e  d e n s i t y

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

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

f l o a t  much f a s t e r  t h a n  t h e  s m a l l  o n e s .  I n  a l l o y  2 ,  t h e  

am o u n t  o f  c a r b i d e s  w as  l a r g e  e n o u g h  t h a t  some o f  t h e  l a r g e
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o n e s  m a n a g ed  t o  s t a y  i n  t h e  m e l t  u n t i l  s o l i d i f i c a t i o n  

o c c u r r e d ;  h o w e v e r , m o s t  o f  t h e  l a r g e  c a r b i d e s  s e e m e d  t o  

f l o a t  o u t  i n  a l l o y  1 .  I n d e e d ,  a s m a l l  l a y e r  o f  r e l a t i v e l y  

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

s o l i d i f i e d  s l a g .  The c a r b i d e  d i s t r i b u t i o n  o f  a l l o y  3 

( F i g u r e  2 8 - a )  was s i m i l a r  t o  t h a t  o f  1 ,  a l t h o u g h  t h e  v o l u m e  

f r a c t i o n  w as  s l i g h t l y  h i g h e r  a s  sh o w n  i n  T a b l e  1 0 .  On t h e

o t h e r  h a n d , a l l o y s  2 and 4 had  a s i m i l a r  v o l u m e  f r a c t i o n  o f  

T iC ,  e x c e p t  t h a t  a l l o y  2 had l a r g e r  c a r b i d e s .

A l l o y s  1 and 2 w e r e  d e s i g n e d  t o  h a v e  s i m i l a r  m a t r i x  

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

t h e  s i z e  and d i s t r i b u t i o n  o f  t h e  t i t a n i u m  c a r b i d e s . F i g u r e s  

26 and 27 sh ow  t h a t  t h i s  was  s a t i s f a c t o r i l y  a c c o m p l i s h e d ,  

s i n c e  t h e  m a t r i c e s  a p p e a r  t o  b e  m o s t l y  m a r t e n s i t i c  w i t h  some  

r e t a i n e d  a u s t e n i t e .  N o t e  h o w e v e r  t h a t  a l l o y  1 was h i g h  

e n o u g h  i n  ch rom iu m  and c a r b o n  t h a t  some l e d e b u r  i t e  was  

f o r m e d ,  w h i c h  s h o w s  up i n  F i g u r e  26 a s  a c l e a r  

i n t e r d e n d r i t i c  p h a s e  ( ( F e , C r j g C )  w i t h  d a r k  s p o t s  o f  

a u s t e n i t e .

A l l o y  3 was d e s i g n e d  t o  h a v e  an e s s e n t i a l l y  p u r e  

f e r r i t e  m a t r i x  s o  t h a t  t h e  e f f e c t  o f  a v e r y  s o f t  and  d u c t i l e  

m a t r i x  o n  a b r a s i o n  r e s i s t a n c e  c o u l d  b e  o b s e r v e d .  F i g u r e  28
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s h o w s  t h a t  a v e r y  f i n e - g r a i n e d  f e r r i t i c  m a t r i x  was  o b t a i n e d .

F i n a l l y ,  a l l o y  4 f e a t u r e d  a n o m i n a l  Cr c o n t e n t  o f  7.5% 

w h i c h  was  much h i g h e r  t h a n  t h e  3% c o n t a i n e d  i n  a l l o y s  1 and

2 .  I t s  m a t r i x  a p p e a r s  m a r t e n s i t i c / a u s t e n i t i c  ( F i g u r e  2 9 ) ,  

w i t h  m ore  r e t a i n e d  a u s t e n i t e  t h a n  a l l o y  2 .

3 . 2 . 2  A b r a s i o n  T e s t  R e s u l t s

T a b l e  11 i s  a summary o f  t h e  a b r a s i o n  t e s t  r e s u l t s ,  

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

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

t h e s e  n um bers  a r e  a l l  p r o p o r t i o n a l  t o  t h e  v o l u m e  l o s s e s ,  and  

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

same w e a r  b e h a v i o r  was  e x h i b i t e d  by a l l  t h e  a l l o y s  w h o s e  

m a t r i x  was  m a r t e n s i t i c ,  r e g a r d l e s s  o f  t h e  c a r b i d e  v o l u m e  

f r a c t i o n .  C h a n g i n g  t h e  m a t r i x  t o  f e r r i t e  ( a l l o y  3) c a u s e d  

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

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

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

F i g u r e s  30 and 31 a r e  SEM m i c r o g r a p h s  t a k e n  l o o k i n g  

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

1 and 3 r e s p e c t i v e l y .  W h i l e  F i g u r e  30 s h o w s  a r e l a t i v e l y
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T a b l e  11

Summary o f  A b r a s i o n  T e s t  R e s u l t s  f o r  A l l o y s  
i n  M a t r i x  2 .  W e i g h t  L o s s  V a l u e s  a r e  f r o m  
t h e  ASTM G - 6 5 - 8 0  D ry  S a n d / R u b b e r  W h ee l  
A b r a s i o n  T e s t .

A l l o y  W e i g h t  L o s s  i n  A b r a s i o n  T e s t
  ________________ l£ ) _____________________

1 0 . 2 6

2 0 . 2 5

3 0 . 9 2

4 0 . 2 6
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Figure 30.- SEM micrograph of wear scar of 
alloy 1.

Figure 31.- SEM micrograph of wear scar of 
alloy 3.
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s m o o t h  m a t r i x  s u r f a c e  w i t h  t i t a n i u m  c a r b i d e s  s t i c k i n g  o u t  o f  

t h e  s u r f a c e .  F i g u r e  31 s h o w s  much m ore  s c r a t c h - t y p e  s c a r s ,  

and some p a r t s  w e r e  m a t e r i a l  h a s  b e e n  r em o v e d  i n  s m a l l  

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

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

Thus  we s e e  tw o  d i s t i n c t l y  d i f f e r e n t  w e a r  m e c h a n i s m s

w h i c h  a p p e a r  t o  d e p e n d  o n  t h e  m a t r i x  m a t e r i a l .  On t h e  h a r d  

m a t r i x  o f  a l l o y  1 ,  t h e  r e l a t i v e l y  l a r g e  a b r a d i n g  p a r t i c l e s  

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

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

w a y .  The c a r b i d e s ,  b e i n g  v e r y  h a r d ,  w e a r  down v e r y  s l o w  

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

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

3 ,  t h e  s o f t  f e r r i t i c  m a t r i x  i s  n o t  s t r o n g  e n o u g h  t o  h o l d  on  

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

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

l e a v i n g  h o l e s  b e h i n d  t h a t  sh ow  up on  t h e  w e a r  s c a r .  As  

p o i n t e d  o u t  by S a r e  ( 3 7 ) ,  m a t e r i a l  l o s s  by a b r a s i o n  i s  

a c t u a l l y  a b a l a n c e  b e t w e e n  t w o  r a t e  e v e n t s  : m a t r i x  r e m o v a l  

and c a r b i d e  r e m o v a l ,  t h e  o v e r a l l  r a t e  b e i n g  d e t e r m i n e d  by  

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

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

b e  t h e  r a t e - l i m i t i n g  m e c h a n i s m .  T h i s  i s  c l e a r l y  t h e  c a s e  i n
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a l l o y s  1 ,  2 and 4 .

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

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

r e p e a t e d  f o r c e  and  b e n d i n g  moment a p p l i e d  by t h e  a b r a d i n g  

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

f e r r i t i c  m a t r i x ,  f i r s t  o p e n i n g  up a s m a l l  c a v i t y  i n  t h e  

c a r b i d e / m a t r i x  i n t e r f a c e ,  w h i c h  w i l l  grow  t o  t h e  p o i n t  w h e r e  

t h e  c a r b i d e  b e c o m e s  u n a t t a c h e d  f ro m  t h e  m a t r i x .  A n o t h e r  

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

c a r b i d e s  d u r i n g  a b r a s i o n  i s  t h e  bond s t r e n g t h  b e t w e e n  t h e  

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

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

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

S u m m a r i z i n g ,  i t  s e e m s  t h a t  h a v i n g  a m a t r i x  w i t h  a l o w e r  

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

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

t h e  o t h e r  h a n d ,  a h a r d  m a t r i x  w o u l d  h a v e  t o  b e  s u b s t a n t i a l l y  

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

o u t .  I n  t h e  c a s e  o f  t h e  r e s u l t s  f r o m  a l l o y  A, a v a r i e t y  o f  

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

p r o c e s s  p a r a m e t e r s ,  b u t  a l l  t h e  w e a r  l o s s e s  w e r e  s i m i l a r .  I t  

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

I t  f o l l o w s  t h a t  t h e r e  m u s t  b e  some t h r e s h o l d  l e v e l  o f  y i e l d  

s t r e n g t h  or p o s s i b l y  some o t h e r  c o m p l e x  p a r a m e t e r  b e l o w  

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

a b r a s i o n .  More e x t e n s i v e  d a t a  i s  n e e d e d  t o  d e t e r m i n e  t h i s  

p a r a m e t e r .

The r e a s o n  why c a r b i d e  d i s t r i b u t i o n  d i d  n o t  seem t o  

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

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

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

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

m i c r o s t r u c t u r e s  t e s t e d .  F i g u r e  32 s h o w s  a t y p i c a l  s a n d  

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

s t u d i e d .  The l a r g e  d i f f e r e n c e  i n  s c a l e  s u g g e s t s  t h a t  

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

w i l l  s t i l l  c a u s e  t h e  same s l i d i n g  a c t i o n ,  a s  l o n g  a s  t h e  

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

F i g u r e  3 3 ) .  T h i s  s i t u a t i o n  w o u l d  p r o b a b l y  c h a n g e  i f  

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

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

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

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

Two s y s t e m a t i c  s t u d i e s  w e r e  c o n d u c t e d  o n  T i C - t y p e  

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

and c h a n g i n g  t h e  w e l d i n g  p r o c e s s  v a r i a b l e s ;  t h e  s e c o n d  

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

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

f o l l o w i n g  w as  c o n c l u d e d :

1 .  By m o v in g  i n  V - I  p r o c e s s  s p a c e ,  t h e  m a t r i x  

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

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

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

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

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

2 .  A b r a s i o n  t e s t i n g  s h o w e d  t h a t  t h e  r a n g e  o f  m a t r i x  

m i c r o s t r u c t u r e s  o b t a i n e d  made n o  d i f f e r e n c e  on  t h e  w e a r  

r a t e s  o b t a i n e d .

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

m a t r i x  t h a n  w i t h  an a u s t e n i t i c / m a r t e n s i t i c  m a t r i x .  SEM 

e x a m i n a t i o n  r e v e a l e d  t h a t  c a r b i d e  p u l l o u t  w as  p r o b a b l y  t h e  

d o m i n a n t  m e c h a n i s m  w i t h  a s o f t  m a t r i x  l i k e  f e r r i t e .
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4 .  S i m i l a r  w e a r  r a t e s  w e r e  o b t a i n e d  w i t h  s m a l l  and l a r g e  

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

a u s t e n i t e / m a r t e n s i t e  m a t r i c e s .  I t  was  r a t i o n a l i z e d  t h a t  

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

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

c h a n g i n g  t h e  c a r b i d e  s i z e  and mean f r e e  p a t h  d i d  n o t  

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

s l i d  o n  t o p  o f  t h e  c a r b i d e s . As l o n g  a s  t h e  m a t r i x  was  

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

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

c h a n g e .



T - 2 82 6 91

REFERENCES

1 .  K e l l e y ,  K . N . , " I n d u s t r y  L ook s  Hard a t  H a r d s u r f a c i n g " ,  
W e l d i n g  D e s i g n  and F a b r i c a t i o n " , A u g u s t  1 9 7 5 ,  p p .  3 9 - 4 6 .

2 .  Per  r o t t ,  C.M. and P o w e l l ,  G . L . F . ,  " H a r d f a c i n g  f o r  Wear  
R e s i s t a n c e ",  P a p e r s  f o r  I n t e r n a t i o n a l  I n s t i t u t e  o f  W e l d i n g  
P u b l i c  S e s s i o n  197  6 and M e t a l s  T e c h n o l o g y  C o n f e r e n c e ,
S y d n e y ,  A u s t r a l i a ,  A u g u s t  1 9 7 6 ,  v o l .  A, S e s s i o n  6 ,  P a p e r  2 ,  
p p • 6 —2 —1 t o  6 —2 —1 8 .

3 .  D a w s o n ,  R . J . ,  S h e w c h u c k ,  S .  and P r i t c h a r d ,  J . E . ,  
" S e l e c t i o n  and U se  o f  H a r d f a c i n g  A l l o y s " ,  P r o c e e d i n g s  o f  t h e  
I n t e r m o u n t a i n  M i n e r a l s  S y m p o s i u m ,  V a i l ,  C o l o r a d o ,  A u g u s t
19 82 , p .  1 0 9 .

4 .  M e t a l s  H a n d b o o k ,  9 t h  E d i t i o n ,  A m e r ic a n  S o c i e t y  f o r  
M e t a l s ,  v o l .  3 , 19  80 , p .  5 6 3 .

5 .  Pea t e ,  S . S .  and G r e g o r y ,  E . N . ,  "Weld S u r f a c i n g  i n  
P e r s p e c t i v e " ,  Weld  S u r f a c i n g  and H a r d f a c i n g ,  The W e l d i n g  
I n s t i t u t e ,  1 9 8 0  , p p .  1 - 3 .

6 .  A u s t r a l i a n  W e l d i n g  R e s e a r c h  A s s o c i a t i o n ,  " H a r d f a c i n g " ,  
AWRA T e c h n i c a l  N o t e  4 ,  M il  s o n s  P o i n t ,  A u s t r a l i a ,  S e p t e m b e r  
1 9 7 4 .

7 .  A v e r y ,  H . S . ,  " S u r f a c i n g  by  W e l d i n g  f o r  Wear R e s i s t a n c e " ,  
C o m p o s i t e  E n g i n e e r i n g  L a m i n a t e s ,  A .G .H .  D i e t z ,  e d . , 
C a m b r i d g e ,  M a s s . , MIT P r e s s ,  1 9 6 9 ,  p .  2 5 5 .

8 .  A v e r y ,  H . S . ,  "Hard F a c i n g  A l l o y s " ,  ASM T e c h n i c a l  R e p o r t  
No.  C 6 - 1 7 . 3 ,  1 9 6 6 .

9 .  B a r r ,  L . C .  and R o g e r s ,  C . E . ,  " H a r d f a c i n g  -  P a s t ,
P r e s e n t ,  F u t u r e " , W e l d i n g  J o u r n a l ,  D e c e m b e r  1 9 6 3 ,  p p .  
9 6 8 - 9 7 4 .

1 0 .  F a r m e r ,  H . N . ,  " R e d u c i n g  Wear o f  Heavy E q u ip m e n t  T h r o u g h  
H a r d f a c i n g " ,  R e p a i r  and M a i n t e n a n c e  W e l d i n g  o f  Heavy  
E q u i p m e n t ,  AWS C o n f e r e n c e  P r o c e e d i n g s ,  1 9 8 3 .

1 1 .  M o o r e ,  M . A . , " A b r a s i v e  W ear" ,  F u n d a m e n t a l s  o f  F r i c t i o n  
and Wear o f  M a t e r i a l s ,  M e t a l s  P a r k ,  A m e r ic a n  S o c i e t y  f o r  
M e t a l s ,  1 9 8 0 ,  p p .  7 3 - 1 1 8 .



T - 2 8 2 6 92

1 2 .  Zum G a h r ,  K . H . ,  "How M i c r o s t r u c t u r e  A f f e c t s  A b r a s i v e  
Wear R e s i s t a n c e  ", M e t a l s  P r o g r e s s ,  S e p t e m b e r  1 9 7 9 ,  p p .
4 6 - 5 2 .

1 3 .  R i c h a r d s o n ,  R . C . D . ,  "The Wear o f  M e t a l s  by R e l a t i v e l y  
S o f t  A b r a s i v e s ",  W ear ,  v o l .  1 1 ,  1 9 6 8 ,  p p .  2 4 5 - 2 7 5 .

1 4 .  R i c h a r d s o n ,  R . C . D . , "The Wear o f  M e t a l s  by Hard  
A b r a s i v e s " ,  W ear ,  v o l .  1 0 ,  1 9 6 7 ,  p p .  2 9 1 - 3 0 9 .

1 5 .  " A b r a s i v e  Wear -  J 9 6 5 " ,  SAE I n f o r m a t i o n  R e p o r t ,
Handbook  S u p p l e m e n t ,  S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s ,  1 9 6 6 .

1 6 .  A v e r y r  H . S . ,  "Work H a r d e n i n g  i n  R e l a t i o n  t o  A b r a s i o n  
R e s i s t a n c e " ,  M a t e r i a l s  f o r  t h e  M i n i n g  I n d u s t r y  S y m p o s iu m ,  
C l i m a x  Molybdenum Company,  1 9 7 4 ,  p p .  4 3 - 7 7 .

1 7 .  A v e r y ,  H . S . ,  "The M e a s u r e m e n t  o f  Wear R e s i s t a n c e " ,
W e a r , v o l .  4 ,  n o .  6 ,  1 9 6 1 ,  p p .  4 2 7 - 4 4 9 .

1 8 .  A n n u a l  ASTM S t a n d a r d s , " S t a n d a r d  P r a c t i c e  f o r  
C o n d u c t i n g  D ry  S a n d / R u b b e r  W h ee l  A b r a s i o n  T e s t s " ,  S t a n d a r d  
G - 6 5 - 8 0  , M e t a l s  -  P h y s i c a l , M e c h a n i c a l ,  C o r r o s i o n  T e s t i n g ,  
v o l  10 , 198 0  , p .  1 0 4 4 .

1 9 .  B o r i k ,  F . , " U s i n g  T e s t s  t o  D e f i n e  t h e  I n f l u e n c e  o f  
M e t a l l u r g i c a l  V a r i a b l e s  o n  A b r a s i o n " , M e t a l s  E n g i n e e r i n g  
Q u a r t e r l y ,  May 1 9 7 2 .

2 0 .  F a i r h u r s t ,  W. and R o h r i g ,  K . , " A b r a s i o n - r e s i s t a n t  
H i g h - c h r o m i u m  W h i t e  C a s t  I r o n s " ,  F o u n d r y  T r a d e  J o u r n a l ,  May 
1 9 7 4 .

2 1 .  G r i f f i n g ,  N . R . ,  F o r g e n g ,  W.D. and H e a l y ,  G . W . , " C - C r - F e  
L i q u i d u s  S u r f a c e " ,  T r a n s a c t i o n s  o f  t h e  M e t a l l u r g i c a l  S o c i e t y  
o f  AIME, v o l .  2 2 4 ,  F e b r u a r y  1 9 6 2 ,  p p .  1 4 8 - 1 5 9 .

2 2 .  M e t a l s  H a n d b o o k ,  N i n t h  E d i t i o n ,  V o lum e 3 ,  A m e r ic a n  
S o c i e t y  f o r  M e t a l s ,  19  80 , p p .  5 6 3 - 5 6 7 .

2 3 .  N a k a j i m a ,  M . , A k i r a ,  N . , K u s a n o ,  T.  and U e d a ,  M . , "A 
S t u d y  o n  a New H a r d f a c i n g  P r o c e s s  U s i n g  an E x t r e m e l y  Hard  
M a t e r i a l " ,  M i t s u b i s h i  H eavy  I n d u s t r i e s  T e c h n i c a l  R e v i e w " ,  
v o l .  1 9 ,  n o .  1 ,  F e b r u a r y  1 9 8 2  , p p .  9 - 1 6 .

2 4 .  A u f d e r h a a r , B . , "Now A v a i l a b l e  : T iC  Wear S u r f a c i n g  
P o w d e r s " ,  M e t a l s  P r o g r e s s ,  J u n e  1 9 8 1 ,  p p . 3 0 - 3 3 .



T- 28 26 93

2 5 .  R i c h a r d s o n ,  F . D . ,  P h y s i c a l  C h e m i s t r y  o f  M e l t s  i n  
M e t a l l u r g y ,  Volume 2 ,  L o n d o n ,  A c a d e m i c  P r e s s ,  1 9 7 4 ,  p .  3 4 4 .

2 6 .  " W e ld in g  M ethod and E l e c t r o d e " ,  U n i t e d  S t a t e s  P a t e n t  
No. 3 , 2 3 1 , 7 0 9 ,  P a t e n t e d  J a n .  2 5 ,  1 9 6 6 .

2 7 .  S e r e d a ,  N . N . ,  K o v a l  *c h e n k o , M . S . ,  B e l i k ,  I . T . ,
S o l o m e n k o , V . G . ,  U v a r o v ,  V .V .  and F e d o s e e v ,  V .V .  , "Use o f  
Hard A l l o y s  B a s e d  o n  T i t a n i u m  C a r b i d e  a s  W e a r - R e s i s t a n t  
M a t e r i a l s  and C u t t i n g  T o o l s " , P o r o s h k o v a y a  M e t a l l u r g i y a ,  
v o l .  17  3 ,  n o .  5 ,  May 1 9 7 7 ,  p p . 9 4 - 9 7 .

2 8 .  M a l , M.K. and T a r k a n ,  S . E . ,  "Wear R e s i s t a n t  S t e e l  
B on ded  C a r b i d e s " ,  Wear o f  M a t e r i a l s  1 9 7 7 ,  W.A. G l a e s e r , K.C.  
Ludema and S . K .  R h e e ,  e d s . ,  1 9 7 7 .

2 9 .  K a l i s h ,  H . S . ,  " C o a t i n g s  f o r  C a r b i d e :  T iC  or  T i N ? " , 
A m e r ic a n  M a c h i n i s t .  A u g u s t  1 9 7 7 ,  p p .  9 0 - 9 2 .

3 0 .  B o n e t t i ,  R . , "Hard C o a t i n g s  f o r  I m p r o v e d  T o o l  L i f e " ,  
M e ta l  P r o g r e s s ,  J u n e  19 8 1 ,  p p .  4 4 - 4 7 .

3 1 .  R e n s e , C . E . C . ,  "The E f f e c t  o f  P r o c e s s  V a r i a b l e s  on  t h e  
M i c r o s t r u c t u r e  and Low S t r e s s  A b r a s i o n  R e s i s t a n c e  o f  Open  
A rc  Chromium C a r b i d e  Type H a r d f a c i n g  D e p o s i t s " ,  M a s t e r  o f  
S c i e n c e  T h e s i s  No .  T - 2 6 6 3 ,  C o l o r a d o  S c h o o l  o f  M i n e s ,  J u n e  
1983  .

3 2 .  J a r  am i l l o ,  J . , "Use o f  M e t a l  P o w d e r s  f o r  M a n u f a c t u r i n g  
C o n s u m a b le  E l e c t r o d e s  o f  S p e c i a l  A l l o y s " ,  M a s t e r  o f  S c i e n c e  
T h e s i s ,  i n  p r o g r e s s ,  C o l o r a d o  S c h o o l  o f  M i n e s ,  1 9 8 3 .

3 3 .  M a r a t r a y ,  F .  and U s s e g l i o - N a n o t ,  R . , " A t l a s  -  
T r a n s f o r m a t i o n  C h a r a c t e r i s t i c s  o f  Chromium and  
C hromium-M olybdenum W h i t e  I r o n s " , P a r i s ,  C l i m a x  M olybdenum
S . A . ,  1 9 7 1 .

3 4 .  U n d e r w o o d ,  E . E . ,  " A p p l i c a t i o n s  o f  Q u a n t i t a t i v e  
M e t a l l o g r a p h y " ,  M e t a l s  H a n d b o o k ,  E i g t h  E d i t i o n ,  V olum e 8 ,  
A m e r ic a n  S o c i e t y  f o r  M e t a l s ,  1 9 7 3 ,  p p .  3 7 - 4 7 .

3 5 .  R o s t o k e r ,  W. and D v o r a k ,  J . R . ,  I n t e r p r e t a t i o n  o f  
M e t a l l o g r a p h i c  S t r u c t u r e s ,  New Y o r k ,  A c a d e m i c  P r e s s ,  1 9 7 7 ,
p .  226  .

3 6 .  G e i g e r ,  G .H .  and P o i r i e r ,  D . R . ,  T r a n s p o r t  Phenomena i n  
M e t a l l u r g y " ,  M a s s a c h u s e t t s ,  A d d i s o n - W e s 1 e y , 1 9 8 0  , p p .  7 0 - 7 1 .



T- 2 8 2 6 94

3 7 .  S a r e ,  I . R . , " A b r a s i o n  R e s i s t a n c e  and F r a c t u r e  T o u g h n e s s  
o f  W h i t e  C a s t  I r o n s " , M e t a l s  T e c h n o l o g y ,  N ovem b er  1 9 7 8 ,  p p .  
4 1 2 - 4 1 9 .



T - 2 8 2 6 95

APPENDIX I

CALCULATION OF POWDER COMPOSITIONS FOR THE CORE OF 

EXPERIMENTAL ALLOY WIRES

VOLUME FRACTIONS OF TITANIUM CARBIDE

T h r e e  a l l o y s  w e r e  m a n u f a c t u r e d .  The d e s i r e d  T iC  v o l u m e  

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

A l l o y  v o l  % TiC

1
2
3

5
20
10

( T a b l e  T l )

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

Wt.% T i C  ( 10o -  vo l .% TiC) (p
(vol « % TiC) (P~nc ) (Al)
TiC)(Pm,,rix ) + () + (vol .% T iC ) (p ^ c

The w e i g h t  p e r c e n t s  a r e  t h e n  :

A l l o y  Wt.% T iC  Wt.% M a t r i x

1
2
3

3 . 1 8
1 3 . 5 0

6 . 4 8

9 6 . 8 2
8 6 . 5 0  ( T a b l e  T 2 ) 
93 . 5 2

The a b o v e  n u m b e rs  a r e  t h e  d e s i r e d  c o m p o s i t i o n s  o f  t h e  f i n a l
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d e p o s i t s .  H o w e v e r ,  s i n c e  t h e  g o a l  h e r e  i s  t o  c a l c u l a t e  t h e  

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

p l a t e  m u s t  b e  a c c o u n t e d  f o r . A s s u m i n g  30% d i l u t i o n ,  t h e  

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

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

CALCULATION OF BULK WIRE COMPOSITIONS

As m e n t i o n e d  i n  t h e  E x p e r i m e n t a l  P r o c e d u r e  c h a p t e r , 

a l l o y s  1 and 2 w e r e  d e s i g n e d  t o  h a v e  an  

a u s t e n i t i c / m a r t e n s i t i c  m a t r i x ,  and a l l o y  3 a f e r r i t i c  

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

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

may b e  a s s u m e d  i n d e p e n d e n t  f ro m  t h e s e  c a r b i d e s .

A l l o y  1

A l l o y  2

A l l o y  3

a r e

A l l o y  Wt.% T iC  Wt.% M a t r i x

1
2
3

4 . 5 8
1 9 . 9 7

9 . 4 2

9 5 . 4 2  
80 . 0 3  
90 . 5 8

( T a b l e  T3)
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To a c h i e v e  an a u s t e n i t i c / m a r t e n s i t i c  m a t r i x  i n  a l l o y s  1 

and 2 ,  t h e  f o l l o w i n g  m a t r i x  c o m p o s i t i o n  (by  w e i g h t )  was  

c h o s e n  f o r  t h e  b e a d s  :

Cr -  3%
C -  2.5%
Mn -  1.4%
Fe -  b a l a n c e

For a l l o y  3 ,  t h e  m a t r i x  c o m p o s i t i o n  w as  d e s i g n e d  t o  b e  

b a s i c a l l y  t h e  same t h a n  t h a t  o f  1 0 0 8  s t e e l f t h e  c a p s u l e  

m a t e r i a l  :

C -  0 .08%
Mn -  0.4%

C a l c u l a t i o n  o f  U n d i l u t e d  M a t r i x  C o m p o s i t i o n

A s s u m i n g  30% d i l u t i o n  a g a i n ,  t h e  u n d i l u t e d  w e i g h t  

f r a c t i o n  o f  any  m a t r i x  a l l o y i n g  e l e m e n t  i s  g i v e n  b y :

O  7\  _  1 0 ( P b e a d )  ( ^ A b e a d )  ”  3 ( P b a s e  )  (% A b ase  )
^ u n d i l u t e d  — ------------------- ------=— — ------------

' ^undilu ted

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

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

% A und iiu ted
10 ( %AbeQd ) - 3 ( %Abqse ) (A2)
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The u n d i l u t e d  m a t r i x  c o m p o s i t i o n s  f o r  a l l o y s  1 and 2 a r e  

c a l c u l a t e d  f r o m  e q u a t i o n  A 2 :

A l l o y i n g  % i n  B a s e  U n d i l u t e d  M a t r i x
E l e m e n t  % i n  B e a d  ( 1 0 2 0  s t e e l )  P e r c e n t a g e

Cr 3 . 0  0 . 0 4  4 . 2 7
C 2 . 5  0 . 2 0  3 . 4 9  ( T a b l e  T4)
Mn 1 . 4  0 . 5 0  1 . 7 9

For t h e  f e r r i t i c  m a t r i x  o f  a l l o y  3 :

A l l o y i n g  % i n  B a s e  U n d i l u t e d  M a t r i x
E l e m e n t  % i n  B e a d  ( 1 0 2 0  s t e e l )  P e r c e n t a g e

Cr —  0 . 0 4  —
C 0 . 0 8  0 . 2 0  0 . 0 3  ( T a b l e  T5)
Mn 0 . 4 0  0 . 5 0  0 . 3 6

To c o n v e r t  t h e  m a t r i x  c o m p o s i t i o n s  t o  t o t a l  b u l k  

c o m p o s i t i o n s ,  t h e  f o r m e r  m u s t  b e  m u l t i p l i e d  by t h e  w e i g h t  

p e r c e n t  c o r r e s p o n d i n g  t o  t h e  m a t r i x ,  o b t a i n e d  fro m  t a b l e  T 3 .

The n e x t  s t e p  i s  t o  a s s u m e  t h e  f o l l o w i n g  e s t i m a t e d  

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

Cr -  1%
C -  0.3% 
Mn -  0.4% 

T iC  -  n on e

Due t o  t h e  l o w  a l l o y  c o n t e n t  o f  t h e  m a t r i x  o f  a l l o y  3 ,  no  

l o s s e s  w i l l  b e  c o n s i d e r e d  i n  t h a t  c a s e . By a d d i n g  t h e
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l o s s e s  t o  t h e  c o m p o s i t i o n s  o f  a l l o y s  1 and 2 ,  t h e  f i n a l  

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

o b t a i n e d  :

A l l o y  %Cr %C %Mn %TiC %Fe

T h e s e  a r e  t h e  b u l k  c o m p o s i t i o n s  o f  t h e  w i r e s .  Now we n e e d  

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

CALCULATION OF POWDER COMPOSITIONS

For t h e  c a p s u l e  g e o m e t r y  show n i n  F i g u r e  5:

V o lu m e  o f  s t e e l  r i n g  = 2L ( 2 . 2 5 ) 2 ( 6 . 0 )  -  JL ( 1 . 2 7 ) 2 ( 6 . 0 )

1
2
3

5 . 0 7  3 . 6 3  2 . 1 1  4 . 5 8  8 4 . 6 1
4 . 4 2  3 . 0 9  1 . 8 3  1 9 . 9 7  7 0 . 6 9  ( T a b l e  T6)

0 . 0 3  0 . 3 6  9 . 4 2  9 0 . 2 0

4 4

16.26 cm3

V olum e o f  c a v i t y  = 2L ( 1 2 . 7 ) 2 ( 6 . 0 )4

7.60 cm2

A s s u m i n g  20 v o l . %  p o r o s i t y  a f t e r  c o m p a c t i o n  

N e t  c a v i t y  v o lu m e  = (7 . 6 0 )  (0 . 8 0 )  = 6 . 0 8  cm 3

To c a l c u l a t e  t h e  v o l u m e  f r a c t i o n  o f  e a c h  c o m p o n e n t  i n  t h e
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p o w d e r , we do m a s s  b a l a n c e s .

L e t :  XA = w e i g h t  f r a c t i o n  o t  c o m p o n e n t  A i n  p ow d er  

PA = d e n s i t y  o f  c o m p o n e n t  A
"P = a v e r a g e  p ow d er  d e n s i t y

P o l icy  -  d e n s i t y  o f  u n d i l u t e d  a l l o y

%A = w e i g h t  p e r c e n t a g e  o f  c o m p o n e n t  A i n

u n d i l u t e d  a l l o y

1 .  XFe + XCr + Xc + XMn + XTiC 1 ( 1 )

2 » Cs|ie|| + CpQW(jer Total C
(16.26)(0.008)pc+ (6.08)pXc = --L- (16.26 + 6.08)pa||oy (%C)

(0.013)pc + (6.08)pXc = 0.2234 (%C)palloy ( 2 )

3 # Ci-shell + Crp0wder Total Cr

(6.08)pXcr= 0.2234 (%Cr)p^ (3)

4. Mn shell + Mhp0wder = Total Mn

(0.065)p^ + (6.08)pX^ = 0.2234 (%Cr)p^ (4)

5 • shell 3" Fepowder Total Fe

(16.26)p^ + (6.08)pXpe = 0.2234 (%Fe)Po„̂ (5)
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6 . TiĈ ,, + TiCpowder = Total TiC 

(6.08)pX^c = 0.2234 (%TiC)p^^

7. %Fe %Cr %C %Mn + %TiC = 100
PFe P Cr PC P Mn P TiC Pallo)

T h e s e  e q u a t i o n s  w e r e  s o l v e d  by t h e  c o m p u t e r  p ro g ra m  

p ro g ra m  s h o w e d  i n  A p p e n d i x  I I , g i v i n g  t h e  f o l l o w i n g  pow d er  

c o m p o s i t i o n s  :

A l l o y  %Cr %C %Mn %Fe %TiC

1 26 . 4  1 8 . 7 9  9 . 4 0  2 1 . 5 2  23 . 8 4
2 1 5 . 3  1 0 . 6 2  5 . 2 1  —  6 9 . 1 3  ( T a b l e  T7)
3 —  0 . 2 6  0 . 4 8  57 . 7 5  41 . 5

( 6)

(7)
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APPENDIX 2

COMPUTER PROGRAM TO CALCULATE POWDER COMPOSITIONS FROM 

OVERALL WEIGHT COMPOSITIONS

100 PRINT"Enter percent compositions of Cr, C, Mn, Fe, TiC for alloy desired" 
110 INPUT C1,C2,C3,C4,C5
120 PRINT"Enter initial value for x(Cr)"
130 INPUT XI
140 PRINT"Enter increment for x(Cr)"
150 INPUT I 
160 8=0
165 P=100/(Cl/7.2+C2/2.62+C3/7.43+C4/7.86+C5/4.93)
170 PRINT
180 LPRINT"xl","x2","x3","x4","x5", "sum"
190 LPRINT 
200 X1=X1+I
205 D=.2234*P*Cl/Xl/6.08
210 X2-<.2234*P*C2-.013*2.62)/6.08/D
220 X3=(.2234*P*C3-6. 50000lE-02*7.43)/6.08/D
230 X4=(.2234*P*C4-16.26*7.86)/6.08/D
235 IF X4<0 THEN X4=0
240 X5=.2234*P*C5/6.08/D
250 S=X1+X2+X3+X4+X5
260 LPRINT X1,X2,X3,X4,X5,S
270 PRINT
280 IF AB S (ABS(S)— 1)<.001 THEN 320
300 IF S<1 THEN 200
310 I=-I
320 K1=X1*100
330 K2=X2*100
340 K3=X3*100
345 K4=X4*100
350 K5=X5*100
360 REM ***** printing statements ****************
370 PRINT 
380 PRINT
390 LPRINT"A1 lay Composition: " ; Cl ; " %Cr ";C2: " 7.C " ; C3; " %Mn ";C4; " %Fe " ;
400 LPRINT C5;" %TiC"
405 LPRINT
410 LPRINT"Powder Composition:"
415 LPRINT
420 LPRINT, K1 : " 7.Cr "
430 LPRINT,KC;" %C"
440 LPRINT,K3:" %Mn"
450 LPRINT,K4;" %Fe"
460 LPRINT,K5:" XTiC"
470 END


