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P r e v i o u s l y  repor ted  sur face  phase t r a n s f o r m a t i o n s  occu r r ing  dur ing  cavi ta t ion  e ros ion  
in coba l t -  and i r o n - b a s e  al loys have been conf i rmed .  However ,  an examina t ion  of the 
effect of aging t r e a t m e n t s  on Stel l i te  6B failed to de mons t r a t e  any s imple  r e l a t ionsh ip  
between 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  and e ros ion  r e s i s t a n c e .  F o r  s e v e r a l  i r o n - b a s e  
t r a n s f o r m a b l e  a l loys ,  the e ros ion  r e s i s t a n c e  was shown to be re la ted  to s t reng th  and 
again no d i r ec t  co r r e l a t i on  could be es tab l i shed  between t r a n s f o r m a t i o n  and e ros ion .  
I t  is concluded that the phase t r a n s f o r m a t i o n  is inc identa l  to the e ros ion  p r o c e s s .  How- 
e v e r ,  s ince  many e ro s ion  r e s i s t a n t  a l loys  do undergo a de fo rma t ion - induced  phase t r a n s -  
fo rma t ion ,  a m o r e  genera l  explanat ion for the e ros ion  r e s i s t a n c e  of a l loys with c lo se -  
packed s t r u c t u r e s  is offered in t e r m s  of s tacking fault  ene rgy .  

EROSION by liquid imp ingemen t  or cavi ta t ion  is an 
ex t r eme ly  impor t an t  technological  p rob lem which so 
far  has r ece ived  l i t t le  a t tent ion f rom m e t a l l u r g i s t s .  
Whenever  a component  is  subjected  to imp ingemen t  by 
l iquid drops at high re la t ive  ve loc i t i e s ,  or cavi ta t ion  in 
a l iquid at the sol id in te r face  r e su l t i ng  f rom rap id  
changes in p r e s s u r e ,  a p r o g r e s s i v e  loss  of m a t e r i a l  
f rom the sur face  wil l  occur .  The mos t  commonly  cited 
examples  of the two types of e ros ion  in p rac t i ce  a re  the 
imp ingemen t  at tack of condensed water  d rop le t s  on l a s t  
stage s t eam turb ine  buckets  and cavi ta t ion  e ros ion  of 
ship p r o p e l l e r s .  In the f o r m e r  case  it is common p r a c -  
t ice to shield the leading edges of the buckets  with a 
s t r i p  of an e ros ion  r e s i s t a n t  coba l t -base  alloy.  

The re  is cons ide rab le  evidence that the p r o g r e s s  of 
m a t e r i a l  loss  is s i m i l a r  in both cases  1 For  example ,  
an incubat ion per iod  dur ing  which deformat ion  of the 
su r face  occur s  accompanied  by l i t t le  or no m a t e r i a l  
loss  is  commonly  observed  in al l  e ros ion  s i tua t ions .  
Consequent ly ,  a study of cavi ta t ion e ros ion  which is 
more  convenien t  to p e r f o r m ,  is  be l ieved to be r e l e v a n t  
to an unders tand ing  of imp ingemen t  at tack.  

Many a t tempts  have been made to c o r r e l a t e  e ros ion  
r e s i s t a n c e  with mechan ica l  p rope r t i e s  such as ha r d -  
n e s s ,  fatigue r e s i s t a n c e  or s t r a in  energy  (some m e a s -  
u re  of the a r ea  under  a s t r e s s - s t r a i n  curve) .  However ,  
none of these has been very  sa t i s fac to ry .  The s lopes 
and posi t ion  of ha rdness  vs  e ros ion  r e s i s t a n c e  cu rves  
differ apprec iab ly  for d i f ferent  m a t e r i a l s  or alloy 
types 2 Coba l t -base  a l loys ,  in p a r t i c u l a r ,  f requent ly  
show except ional  e ros ion  r e s i s t a n c e  at modera te  ha r d -  
ness  leve ls .  S imi l a r l y ,  c o r r e l a t i o n s  with s t r a in  energy  
a re  poor when applied to a wide range  of m a t e r i a l s .  2'3 
For  specif ic  m a t e r i a l s  there  appears  to be some con-  
nec t ion  between e ros ion  r e s i s t a n c e  and fatigue p r op -  
e r t i e s .  4 Fa t igue - l i ke  s t r i a t i ons  have been observed  on 
eroded surfaces,4 '5 but  no gene ra l  c o r r e l a t i o n s  have 
been made.  

It i s  c l e a r ,  the re fo re ,  that a t t empts  to r e l a t e  e ros ion  
r e s i s t a n c e  to some read i ly  m e a s u r a b l e  mechan ica l  
p roper ty  have so far  fai led to provide  any r e a l  ins ight  
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into the e ros ion  p rob l em.  What is needed is a c o m p r e -  
hens ive  desc r ip t ion  of the m i c r o s t r u c t u r a l  changes 
r e su l t i ng  f rom e ros ion  to account  for the fundamenta l ly  
d i f fe rent  r e sponse  among d i f fe rent  m a t e r i a l s .  For  
example ,  the cobal t  alloy Stell i te  6B has a s t e ady - s t a t e  
ra te  of volume loss  an o rde r  of magni tude  l e s s  than 
many t i t a n i um-  and i r o n - b a s e  al loys of comparab le  
hardness .~ 

It has been repor ted  recen t ly  6 that Stel l i te  6B and 
other  cobalt  a l loys undergo a s t r e s s - i n d u c e d  phase 
t r a n s f o r m a t i o n  dur ing cavi ta t ion  e ros ion .  Although it  
is  well  known that the fcc phase may t r a n s f o r m  to hcp 
dur ing  deformat ion  of many cobalt  alloys,7'8 the work 
of Gould 6 demons t r a t ed  a close assoc ia t ion  between the 
p r o g r e s s  of cavi ta t ion e ros ion  and the sur face  t r a n s -  
fo rmat ion .  This  phase t r a n s f o r m a t i o n  has been  con-  
f i rmed  in dilute C o - F e  al loys ~ and, in addit ion,  a new 
hexagonal  phase with a f o u r - l a y e r  s tacking sequence ,  
des ignated 7/was d i scovered .  Phase  t r a n s f o r m a t i o n s  
have also been observed by s e v e r a l  R us s i a n  authors  ~~ 
dur ing  e ros ion  tes t ing of me tas t ab le  aus ten i t ic  a l loys .  
Since these al loys also have a re la t ive ly  high e ros ion  
r e s i s t a n c e ,  i t  has been specula ted  that the phase t r a n s -  
fo rmat ion  in cobal t  a l loys 6 and in aus ten i t ic  a l loys 1~ 
is cont inuously  absorb ing  a por t ion  of the cavi ta t ion 
energy .  

The p r e s e n t  work was des igned to examine  the ro le  
of the phase t r a n s f o r m a t i o n  in detai l  us ing  sur face  
X - r a y  ana lys i s  and meta l lography .  Although the p r e v i -  
ously r epor ted  expe r imen ta l  obse rva t ions  a re  conf i rmed  
and extended,  the p r e s e n t  obse rva t ions  now eas t  con-  
s ide rab le  doubt on the idea that the phase t r a n s f o r m a -  
t ion is  d i rec t ly  r e spons ib l e  for a high r e s i s t a n c e  to 
e ros ion .  

MATERIAL AND PROCEDURE 

Haynes Stel l i te  alloy 6B was rece ived  in the form of 
m i l l - a n n e a l e d  sheet  (2250~ rap id  a i r  cool).  The 
chemica l  compos i t ion  in weight pe rcen t  was:  27.6Cr,  
5.08W, 1.05C, 2.51Ni, 1.40Fe,  1.05Mn, 0.33Mo, 0.15Si. 
In addit ion to tes t ing in the a s - r e c e i v e d  condi t ion,  the 
effect of va r ious  aging t r e a t m e n t s  was s tudied.  

To examine  the phase t r a n s f o r m a t i o n  in i r o n - b a s e  
a l loys ,  s e v e r a l  high s t rength  TRIP 12 s tee l s  were  
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tes ted .  These  s tee l s  were  p roces sed  by ro l l ing  up to 
90 pet at t e m p e r a t u r e s  between 480 ~ and 840~ All  
the s tee ls  a re  fully aus teni t ic  at room t e m p e r a t u r e  
but  t r a n s f o r m  par t ly  to m a r t e n s i t e  dur ing deformat ion .  
In these al loys a r easonab le  e s t ima te  of aus teni te  s t a -  
bi l i ty dur ing  tens i le  tes t ing  is given by the t r a n s f o r -  
mat ion  coeff icient ,  m, as defined by 

VOt = r r t s  z/2 

where Va is  the volume f rac t ion  of bcc m a r t e n s i t e  and 
is  the eng ineer ing  s t r a i n .  Thus the value of m p r o -  

vides  a m e a s u r e  of the extent  of t r a n s f o r m a t i o n  for a 
given amount  of s t r a i n .  The composi t ion ,  t ens i le  
p r o p e r t i e s ,  va lues  of m and the approximate  M D t emp-  
e r a t u r e s  (the t e m p e r a t u r e  above which no t r a n s f o r -  
mat ion  occurs  dur ing  deformation)  as given by 
G e r b e r i c h  '3 are  l i s ted in Tab les  I and II. Steel 5 was 
obtained f rom a separa te  source  and va lues  of rn and 
M D were  not ava i lab le .  Severa l  300 s e r i e s  me tas t ab le  
s tee l s  were  addi t ional ly tested for compar i son .  

The u l t r a son ic  cavi ta t ion appara tus  used in this 
work and the spec imen  deta i l s  have been desc r ibed  
extens ive ly  elsewhere.5 A Branson  u l t r a son ic  s ignal  
gene ra to r  p rovides  a cons tan t  f requency 20,000 Hz 
s ignal  to an a i r - coo l ed  p iezoe lec t r i c  c rys t a l .  The 
s t r a in  ampli tude output of the c rys t a l  is then ampli f ied 
by an exponent ia l  horn  which c a r r i e s  a threaded s p e c i -  

i men with a c i r c u l a r  ~ in.  d iam head fi t t ing flush with 
the horn  tip. Fo r  the p r e s e n t  work,  s ince the al loys 

1 1 were  rece ived  in sheet  fo rm,  ~ in.  d iam by ~ in.  
thick disks were  brazed  (Stellite) or so ldered  ( i ron-  
base  alloys) onto spec imen  dummies  made f rom an 
aus teni t ic  i r o n - b a s e  alloy (A-286). The m a x i m u m  
braz ing  t empe ra t u r e  was about 1200~ 

The ampli tude of v ib ra t ion  at the spec imen  tip was 
m e a s u r e d  with an optical  mic roscope  focussed on a 
t r a n s v e r s e  sc ra t ch  at the tip. For  the p a r t i c u l a r  horn 
geomet ry  used,  a range  of ampl i tudes  between 9 • 10 -4 
and 2.1 • 10 -3 in.  was obtained with a m e a s u r e m e n t  
p r ec i s i on  of about +3 x 10 -4 in.  Nomina l  ampl i tudes  
between 10 -3 and 2 • 10 -3 in.  were  used in the p r e s e n t  
study. 

Table I. Chemical Composition of TRIP Steels, Wt Pct 

Steel 

No. Cr Ni Mn Mo Si C N 

1 8 - 13 - - - 0.21 
2 8 - 13.5 - - 0.26 - 
3 11.2 8 0.4 1.9 0.1 0.27 - 
4 9 7,4 2.9 4.0 2.8 0,24 - 
5 9.47 8.41 2.08 3.56 2.16 0.29 - 

Table II. Tensile and Transformation Characteristics of TRIP Steels 

Steel 

No. Y.S., psi UTS, psi Elong, Pet  m MD, ~ 

1 172000 (2) 187000 42 ~0.95 ~ 185 
2 2 1 6 0 0 0 ( [ )  245000 7.6 <0 .5  ~ 1 2 2  
3 210000(2 )  235000 47 ~1 .8  ~ 3 3 8  
4 231000(2 )  243000 32 ~1 .3  ~ 2 3 0  
5 215000(1)  268000 31 - - 

(1) 0.2 pet offset. 
(2) yield point. 

l 1 3 8 - V O L U M E  3,  M A Y  1 9 7 2  

The spec imen  sur face  was in i t ia l ly  p r epa red  by 
s tandard  meta l lographic  p rocedu re s  followed by a l ight 
e lec t ro ly t ic  etch. Tes t ing  was pe r f o r me d  by i m m e r s i n g  
the horn tip with the spec imen  attached in a w a t e r -  
cooled bath of deionized water  main ta ined  at a t e m p e r -  
a ture  of 52 ~ �9 2~ The tes t  is  s t a r t ed  by set t ing the 
power supply to give the r e q u i r e d  ampli tude of v i b r a -  
tion at the spec imen  su r face .  Rapid p r e s s u r e  changes 
at  the spec imen  surface  lead to the genera t ion  and 
subsequent  v io lent  col lapse of bubbles  r e su l t ing  in 
cavi ta t ion attack which is  moni tored  throughout  the 
tes t  by per iodic  weight loss  m e a s u r e m e n t s .  Optical  
mic roscopy  was used to r eco rd  the sur face  changes in 
the in i t i a l  s tages and X - r a y  d i f f rac tomete r  pa t t e rns  
were  obtained per iod ica l ly  to m e a s u r e  the percen tage  
phase t r a n s f o r m a t i o n  using CoKa rad ia t ion  and an i ron  
f i l t e r .  F o r  the cobalt  alloy the phase pe rcen tages  were  
ca lcu la ted  on the bas i s  of the di f f racted in t ens i t i e s  for 
{1011}hcp and {200}fcc according  to the equation der ived  
by Sage and Guil laud:  ~4 

/ { 1 0 ~ . l } h c p  • 1 0 0  

wt pct hcp = /{10il}hcp + 1.5 I{200}fcc 

This  equation takes into cons ide ra t ion  both s t r u c t u r a l  
and mul t ip l i c i ty  fac tors  but does not adequately c o r r e c t  
for the s ize  effect of the ve ry  thin hcp p la te le t s  or for 
the effects of la t t ice  s t r a i n s  caused by cold work.  s 

In the i r o n - b a s e  a l loys ,  both e and a m a r t e n s i t e  were  
detected af ter  e ros ion .  A rough m e a s u r e  of the amounts  
of each phase p r e s e n t  was obtained by compar ing  peak 
in t ens i t i e s .  The absolute accuracy  of these va lues  is  
not known but is l ikely to be poor ,  p a r t i c u l a r l y  when 
three  phases  a re  p r e sen t ,  because  these heavi ly  worked 
al loys have a s t rong  p r e f e r r e d  or ien ta t ion .  Neve r the -  
l e s s ,  there  were  pronounced d i f fe rences  in the t r a n s -  
fo rmat ion  c h a r a c t e r i s t i c s  of the al loys so that the p r o -  
cedure  could be jus t i f ied  for qual i ta t ive  compar i son .  

RESULTS AND DISCUSSION 

A) Cobalt  Alloy - Stel l i te  6B 

The in i t ia l  object ive was to conf i rm the p rev ious  
observa t ions  on the p r o g r e s s  of t r a n s f o r m a t i o n  in this 
al loy.  6 Fig .  1 shows the weight loss  vs t ime and the 
co r re spond ing  t r a n s f o r m a t i o n  behavior  dur ing  e ros ion  
at a nomina l  v ib ra t ion  ampli tude of 0.001 in.  An in i t i a l  
incubat ion per iod  dur ing  which the weight loss  is sma l l  
co r r e sponds  to a rapid  i n c r e a s e  in the pet hcp phase 
p r e s e n t .  After  about 15 hr the weight loss  ra te  be -  
comes  cons tan t  and the t r ans fo rma t ion  main ta ins  a 
r easonab ly  cons tan t  level  of about 65 pet .  A probable  
explanat ion for this behavior  is that dur ing  the incu -  
bat ion per iod the sur face  is deforming  with an a s s o c i -  
ated de fo rmat ion- induced  t r a n s f o r m a t i o n  up to a c r i t i -  
cal  amount  at which point  local f r ac tu r e  and pa r t i c l e  
separa t ion  occurs .  This  exposes softer  u n t r a n s f o r m e d  
m a t e r i a l  which is then capable of deformat ion  up to 
the c r i t i ca l  amount .  Thus ,  a s t eady-s t a t e  ra te  of 
weight loss  co r r e sponds  with the e s t ab l i shmen t  of a 
cons tant  level  of t r a n s f o r ma t i on .  A s i m i l a r  pa t t e rn  is 
observed at a higher ampli tude of 0.0017 in . ,  F ig .  2, 
with a cons iderab ly  l e s s  pronounced incubat ion  per iod 
and a more  extensive  t r ans fo rma t ion  approaching 80 
pet.  Of i n t e r e s t  here  is the per iodic  va r i a t ion  in the 
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Fig. 1--Weight loss and phase transfor- 
mation characteristics for Stellite 6B as 
functions of test time at an amplitude of 
0.001 in. 
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Fig. 2--Weight loss and phase transfor- 
mation characteristics for Stellite 6B 
as functions of test time at an amplitude 
of 0.0017 in. 
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amount  of t r a n s f o r m a t i o n  with t ime .  Th is  va r i a t i on  
is  a lso  apparen t  in F ig .  1 at a r educed  f requency  and 
ampl i tude  of cyc le .  The  m e c h a n i s m  r e s p o n s i b l e  for  
this behav ior  has not  been d e t e r m i n e d .  Howeve r ,  i t  is 
probably  r e l a t ed  to the morphology  of e r o s i o n  a t tack 
in the s p e c i m e n s  used .  In i t ia l  m a t e r i a l  loss  occurs  in 
a na r row r i m  about ~ in. ins ide  the s p e c i m e n  p e r i p h e r y  
and then advances  towards  the c e n t e r .  Whe rea s  the 
weight  loss  cu rve  r e l a t e s  to the total  e ro s ion  a t tack ,  
the X - r a y  beam was focussed  on the cen t e r  por t ion  of 
the spec imen .  If, in fac t ,  the a t tack p r o g r e s s e s  in 
pe r iod ic  waves  moving f r o m  the outside to the s p e c i -  
men c e n t e r ,  the X - r a y  m e a s u r e m e n t s  would be ex -  
pec ted  to r e f l e c t  this behav io r .  

By s u c c e s s i v e  gr inding and pol ishing of the e roded  
s u r f a c e ,  the t r a n s f o r m e d  layer  was found to extend to 
a depth between 1 and 2 • 10 -3 in. F ig .  3 is  a c r o s s -  

sec t ion  of the e roded  s p e c i m e n  used to cons t ruc t  F ig .  
2. The t r a n s f o r m a t i o n  mark ings  may be seen  in both 
b r igh t  f ield and plane p o l a r i z e d  l ight  conf i rming  the 
m e a s u r e d  depth of t r an s fo rm a t ion .  Since the X - r a y  
beam p e n e t r a t e s  about 5 • 10 -4 in. ,  i t  is poss ib le  that  
the m e a s u r e d  amount  of t r a n s f o r m a t i o n  is to some 
ex ten t  a r e f l ec t i on  of the depth of t r a n s f o r m a t i o n  in 
addition to the total  amount t r a n s f o r m e d  at the eroding 
s u r f a c e .  

Having con f i rmed  that the phase  t r ans fo rma t ion  
o c c u r s ,  i t  b e c a m e  n e c e s s a r y  to d e t e r m i n e  whether  the 
e r o s i o n  r e s i s t a n c e  could be d i r ec t l y  r e l a t e d  to e i the r  
the r a t e  or amount  of t r a n s f o r m a t i o n .  C l e a r l y ,  the 
amount  of t r a n s f o r m a t i o n  (or depth as d i s cus sed  above) 
i n c r e a s e s  at the h igher  v ib ra t ion  ampli tude but this is 
to be expected as a r e s u l t  of the m o r e  s e v e r e  su r f ace  
de fo rma t ion .  To e s t ab l i sh  a poss ib le  d i r e c t  r e l a t i o n -  
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ship  be tween e r o s i o n  r e s i s t a n c e  and t r a n s f o r m a t i o n ,  
the S te l t i t e  6B was given v a r i o u s  hea t  t r e a t m e n t s  to 
change the e r o s i o n  r e s i s t a n c e .  

F ig .  4 c o m p a r e s  the weight  l o s s  cu rve  for  the a s -  
r e c e i v e d  condi t ion  with those  obta ined for  s p e c i m e n s  
given addi t iona l  aging t r e a t m e n t s  for  24 hr  a t  1400 ~ 
1700 ~ and 2000~ Aging at  2000~ has  no s ign i f i can t  
e f fec t  on e r o s i o n  w h e r e a s  aging at  lower  t e m p e r a t u r e s  
r e s u l t s  in c o n s i d e r a b l e  l o s s  in e r o s i o n  r e s i s t a n c e .  I t  
is  of i n t e r e s t  to note that  the h a r d e s t  condi t ion  (Rc-46 
a f t e r  aging at  1400~ c o m p a r e d  with RC-39 in the m i l l -  
annea led  condit ion) had the w o r s t  r e s p o n s e .  Th i s  is  
c o n t r a r y  to n o r m a l  behav io r  for  a given c l a s s  of a l loys  
al though o ther  excep t ions  have been r e p o r t e d .  2 The  
c o r r e s p o n d i n g  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  a r e  
shown in F ig .  5. D i f f e r e n c e s  in the r a t e  and amount  of 
t r a n s f o r m a t i o n  for  the m i l l - a n n e a l e d  s p e c i m e n  and 
that  given an age at  2000~ a r e  not  r e f l e c t e d  in the 

weight  l o s s  c u r v e s .  M o r e o v e r ,  the 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  of the t h r e e  aged s p e c i m e n s  a r e  a l m o s t  
i den t i ca l  sugges t ing  that  the d i f f e r e n c e s  in F i g .  4 c a n -  
not be a t t r i bu t ed  to any g r o s s  m e a s u r e  of the tendency 
to t r a n s f o r m .  

F i g s .  6 and 7 c o m p a r e  the s u r f a c e  changes  up to the 
a p p r o x i m a t e  end of the incubat ion p e r i o d  for  the two 
e x t r e m e s  in aging t e m p e r a t u r e  and e r o s i o n  r e s i s t a n c e .  
In F ig .  6, the t r a n s f o r m a t i o n  m a r k i n g s  of the hcp 
phase  a r e  a p p a r e n t  a f te r  2 h r .  M a t e r i a l  l o s s  f rom the 
m a t r i x  o c c u r s  i n i t i a l l y  at  the e p l a t e l e t  i n t e r f a c e s  and 
deve lops  by f u r t h e r  l o s s  in the m a t r i x  and at  the M7C3 
c a r b i d e s .  Although X - r a y  d i f f r ac t ion  ind ica t ed  100 pc t  
fcc a f te r  aging at  2000~ F ig .  7 sugges t s  s o m e  t r a n s -  
f o r m a t i o n  in the o r ig ina l  condi t ion .  Th i s  deve lops  
p r o g r e s s i v e l y  with i n c r e a s i n g  t e s t  t i m e .  One i m p o r -  
tant  d i f f e rence  in th is  s p e c i m e n  i s  that  e r o s i o n  of the 
c a r b i d e  a p p e a r s  to be m o r e  r a p i d  than e r o s i o n  of the 

! ,  Q . -  

Fig. 3 - - T r a n s v e r s e  sec t ion showing depth of t r a n s f o r m a t i o n  af te r  170 hr  at 0.0017 in. ampii tude.  (a) Bright  field. (b) Po la r i zed  
light. Etched 5HCI - 4 Cr03 (10 pot), magnif ica t ion  1000 t imes .  
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Fig. 4- -Effec t  of aging on e ros ion  of 
Stellite 6B, 
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matrix. The two large carbide particles on the left 
and right of the field have been extensively eroded 
after 10 hr whereas the matrix is far less damaged 
than that in the harder specimen aged at 1400~ and 
subjected to the same exposure. 

Stellite 6B is more likely to transform to hcp phase 
than most cobalt-base alloys since the fcc stabilizing 
elements iron and manganese are present in small 
amounts. Although carbon has a strong stabilizing 
effect in solution,15 most of it may be tied up as a 
carbide. In fact, by suitable heat treatment, partial 
transformation may be achieved by thermal exposure 
alone. 16 This discovery presented the possibility of 
measuring the erosion resistance of the alloy as a 
function of the initial amount of hcp phase. Fig. 8 
shows the weight loss curves after three different heat 
treatments.* The standard mill-annealed condition is 

*These data were taken from a different machine at a nominal amplitude of 
0,002 in. Although reproducibility on any one machine is excellent, considerable 
variability between machines has been observed. Thus the weight loss rate for the 
mill-annealed condition is slightly less than that in Fig. 2 at a nominal amplitude 
of 0.0017 in. This can be accounted for by a variation between machines equiva- 
lent to the estimated precision of calibration of• • 10"4 in. 

a d d i t i o n a l l y  a n n e a l e d  a t  2250~  f o r  2 h r  a n d  w a t e r  
q u e n c h e d  p r o d u c i n g  a m e a s u r e d  3 .5  p c t  h c p ,  b e l i e v e d  
to  r e s u l t  f r o m  the  d e f o r m a t i o n  a s s o c i a t e d  w i t h  q u e n c h -  
ing  s t r e s s e s .  T h e  t h i r d  t r e a t m e n t  i s  s i m i l a r  to  t h a t  
u s e d  by  D e r o w  and  Blei116 and  i n v o l v e s  a c o n d i t i o n i n g  
t r e a t m e n t  a t  1650~ to p r e c i p i t a t e  m o s t  of the  c a r b o n  
and  a s u b s e q u e n t  i s o t h e r m a l  e x p o s u r e  a t  1250~ f o r  
200 h r .  T h i s  t r e a t m e n t  r e s u l t e d  in  28 p c t  h c p .  F u r t h e r  
d e t a i l s  a r e  g i v e n  in  F i g .  8 .  I t  i s  c l e a r  t h a t  t h e  e r o s i o n  
r e s i s t a n c e  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by the  a m o u n t  of 
h c p  p r e s e n t  i n i t i a l l y .  A p o s s i b l e  m a r g i n a l  i n c r e a s e  in  
w e i g h t  l o s s  f o r  t he  t h i r d  t r e a t m e n t  m a y  b e  a t t r i b u t e d  
to t he  s l i g h t  i n c r e a s e  in  h a r d n e s s .  A g i n g  a t  1400~ d o e s  
i n c r e a s e  t he  h a r d n e s s  and  r e d u c e  t he  e r o s i o n  r e s i s t -  
a n c e ,  F i g .  4.  T h e s e  d a t a  s u g g e s t ,  a s  i n  t he  a g i n g  e x -  
p e r i m e n t s ,  t h a t  the  p h a s e  t r a n s f o r m a t i o n  i s  no t  d i r e c t l y  

r e s p o n s i b l e  f o r  the  e r o s i o n  r e s i s t a n c e .  T h e y  i m p l y  
t h a t  t he  hcp  p h a s e  h a s  a s i m i l a r  e r o s i o n  r e s i s t a n c e  to 
t h a t  of the  f cc  p h a s e .  

B) I r o n - B a s e  A l l o y s  

T h e  w e i g h t  l o s s  c u r v e s  f o r  the  f i ve  T R I P  s t e e l s  a r e  
s h o w n  in F i g .  9. A l s o  i n c l u d e d  i s  t he  c u r v e  f o r  S t e l l i t e  
6B* and  t ype  301 s t a i n l e s s  s t e e l  in  t he  a n n e a l e d  c o n -  

*Comparison on the basis of volume loss would lower this crave slightly because 
of the greater density of Stellite 6B. 

dition with a tensile strength of about 90,000 psi. Even 
the highest strength TRIP steel is inferior to Stellite 
6B. Fig. i0 is a plot of weight loss after 50 hr as a 
function of tensile strength and a rather good corre- 
lation is obtained for the TRIP steels. This curve 
extrapolates to the range for Stellite 6B at a strength 
level of 300,000 psi. However, the cobalt alloy has an 
actual strength of about 150,000 psi demonstrating its 
inherent superiority in terms of erosion resistance to 
strength ratio. Type 301 stainless steel (and also types 
303 and 304 which have similar erosion resistances but 
are omitted from Fig. 9 for clarity) has excellent 
erosion resistance for its strength level. 

The transformation characteristics for all the steels 
tested are summarized in Table Ill. With the reserva- 
tion already discussed regarding the absolute accuracy 
of these data, clear differences are indicated. The 
steels stabilized with manganese (I and 2) transform 
partly to nonmagnetic, hcp, E martensite. The other 
three TRIP steels stabilized with nickel transform 
various amounts to a martensite. The stainless steels 
show different amounts of e and a martensites. 

The progress of transformation in TRIP 5 is com- 
pared with the weight loss measurements in Fig. I i .  
Although the incubation stage is less clearly defined, 
the pattern of behavior is similar to that of Stellite 6B, 
Figs. I and 2. However, the data in Table III do not 
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F i g .  6 - - I n i t i a l  e r o s i o n  c h a r a c t e r i s t i c s  in  S t e l l i t e  6 B  a t  0 . 0 0 1  in .  a m p l i t u d e .  A g e d  1 4 0 0 ~  24  h r ,  m a g n i f i c a t i o n  1 0 0 0  t i m e s .  
(a )  O r i g i n a l ;  (b)  2 h r ;  (c )  5 h r ;  (d)  10 h r .  

sugges t  any s imple  re la t ionsh ip  between e ros ion  
r e s i s t a n c e  and t r an s fo rma t ion .  The e ros ion  r e s i s t a n c e  
s eems  to be de t e rmined  main ly  by the tens i le  s t rength  
for each c lass  of s tee l .  Compar i son  between the TRIP 
s tee l s  and the s t a in l e s s  s tee l s  indica tes  that the la t te r  
a re  inheren t ly  supe r io r  (Joe. they give comparab le  
e ros ion  r e s i s t a n c e  at much lower s t rength  levels) .  

The re  is no apparen t  r e la t ionsh ip  between the m e a -  
su red  t r an s fo rma t ion ,  Table  III, or the rn value or M D 
t e m p e r a t u r e ,  Table  II, and the e ros ion  r e s i s t a n c e  of 
the TRIP s tee l s .  Alloy 2 with the lowest  values  of rn, 
MD, and elongat ion had re la t ive ly  good e ros ion  r e s i s t -  
ance comparab le  with alloy 3 with the highest  value of 
rn, MD, and elongat ion.  This  subs tan t ia tes  the lack of 
co r r e l a t i on  between t r a n s f o r m a t i o n  and e ros ion  r e s i s t -  
ance observed for Stel l i te  6B. The r e a s o n  for i nhe ren t  

Table III. Summary of Erosion Resistance and Transformation 
Characteristics for Iron-Base Alloys 

Percentage Transformation 
After 10 hr 

Tensile Weight Loss 
Steel Strength, ksi After 50 Hr, gm a-Martensite e-Martensite 

TRIP 1 187 0.124 30 30 
2 245 0.031 6 
3 235 0.034 65 - 
4 243 0.046 Trace - 
5 268 0.022 30 - 

Type301 90* 0.063 91 2 
303 65* 0.099 53 13 
304 70* 0.070 83 - 

*Estimated from hardness measurements. 
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Fig. 7--Initia! eros ion charac te r i s t ics  in Stellite 6]3 at 0.001 in. amplitude. Aged 2000~ 24 hr, magnification 1000 times. 
(a) Original; (b) 2 hr; (c) 5 hr; (d) 10 hr. 

Table IV. Transformation Data for Co-Fe Alloys 

Pct FCC 

Wt Pct Fe Initial After 10 hr 

2 1 0 
5 98.5 14 

15 100 100 

d i f f e r e n c e s  b e t w e e n  a l loy  t ypes  a t  c o m p a r a b l e  s t r e n g t h  
l e v e l s  r e m a i n s  to be  d e t e r m i n e d .  

DISC USSION 

I t  now s e e m s  c l e a r  tha t ,  a l though  m a n y  e r o s i o n -  
r e s i s t a n t  m a t e r i a l s  do u n d e r g o  a s u r f a c e  p h a s e  t r a n s -  

METALLURGICAL TRANSACTIONS 

f o r m a t i o n  d u r i n g  c a v i t a t i o n  e r o s i o n ,  no d i r e c t  c o r r e -  
l a t i on  can  be  e s t a b l i s h e d .  A r e c e n t  s tudy  9 of C o - F e  
a l l o y s  con t a in ing  2, 5, and 15 wt  p c t  F e  g i v e s  f u r t h e r  
s u p p o r t  to th is  c o n c l u s i o n .  T h e  e r o s i o n  r e s i s t a n c e  d e -  
c r e a s e d  p r o g r e s s i v e l y  wi th  i n c r e a s i n g  i r o n .  M e a s u r e d  
p h a s e  p e r c e n t a g e s  b e f o r e  s t a r t i n g  the t e s t  and a f t e r  10 
h r  e r o s i o n  a r e  r e p r o d u c e d  in T a b l e  IV. T h i s  shows  tha t  
the a l loy  wh ich  was  i n i t i a l l y  a l m o s t  e n t i r e t y  hcp had 
the h i g h e s t  e r o s i o n  r e s i s t a n c e .  

The  l ack  of c o r r e l a t i o n  b e t w e e n  e r o s i o n  r e s i s t a n c e  
and any s i m p l e  m e a s u r e  of t r a n s f o r m a t i o n  s u g g e s t s  
tha t  any c o n t r i b u t i o n  f r o m  the t r a n s f o r m a t i o n  in a b -  
s o r b i n g  s o m e  of the e n e r g y  a s s o c i a t e d  wi th  the c a v i t a -  
t ion p r o c e s s  i s  l i k e l y  to be m i n o r .  N e v e r t h e l e s s ,  the 
f a c t  r e m a i n s  tha t  t h e s e  t r a n s f o r m a b l e  a l l o y s  do have  
h igh  e r o s i o n  r e s i s t a n c e  r e l a t i v e  to n o n - t r a n s f o r m a b l e  
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fee a l loys .  An a l t e rna t ive  i n t e rp re t a t i on  of their  
e ros ion  r e s i s t a n c e  is  the re fore  proposed in t e r m s  of 
s tacking  faul t  energy .  It  is  be l ieved that a reduced  
S .F .E .  leading to p l ana r  s l ip  i n c r e a s e s  the n u m b e r  of 
cycles  to nuclea te  a c rack  in h igh-cyc le  fatigue c o m -  
pa red  with a higher  S .F .E .  m a t e r i a l  de forming  by wavy 
s l ip .  ~7 This  could account  for r epor ted  c o r r e l a t i o n s  
between h igh-cycle  fatigue s t reng th  and e ros ion  r e s i s t -  
ance .  4 It  a lso enables  a r a t iona l i za t ion  to be made of 
the observa t ion  that  the hcp phase in cobal t  a l loys 
appears  to be as e ros ion  r e s i s t a n c e  as the fcc phase .  
This  follows f rom the obse rva t ion  tha t the  two f o r ms  

- I '"'T'~ I ~ER ~"' I 
,10 MILL ANNEAL 2250F|o} / 0 I 74 I 37.5140 

(o) +2250F 2HR WQ ~ ~5 75 37 
.08 (o)+ 1650F 5HRWQ / t 

+t250FZOOMRWO 1 28 91 39/40 

o AMPLITUDE 0.002 

.04 

pO~ 

~ i ~ ,:Z I I I I I I 
0(~' I0 20 30 40 50 60 70 80 90 I(~:) 

TIME - HR 
Fig. 8--Erosion resistance of Stellite 6B after heat treatment 
to give different starting percentages of hep phase. 

have about the s ame  S .F .E .  at the a l lo t ropic  t e m p e r -  
a ture  in pure  cobal t .  TM It is a lso poss ib le  to account  
for  the i n c r e a s i n g  e ros ion  r e s i s t a n c e  at comparab le  
s t r eng th  levels  for fcc al loys in the o rder  of a l u m i n u m -  
base ,  c o p p e r - b a s e ,  i ron-base .~  This  would be the 
order  expected for d e c r e a s i n g  S.F.E.~9 

Although many fac to rs  are  "likely to d e t e r m i n e  the 
e ros ion  r e s i s t a n c e  of a p a r t i c u l a r  alloy so that no 
deta i led  i n t e rp re t a t i on  of the p r e s e n t  r e s u l t s  in t e r m s  
of v a r i a t i o n s  in  S .F .E .  can be made ,  the sugges t ion  
that a low S .F .E .  favors  high e ros ion  r e s i s t a n c e  s e e m s  
r ea sonab le .  It  has one outs tanding advantage over the 
t r a n s f o r m a t i o n  hypothes is ,  v iz .  it appears  to r ank  n o n -  
t r a n s f o r m a b l e  al loys in the c o r r e c t  o rder  of e ros ion  
r e s i s t a n c e .  This  the re fore  provides  a more  gene ra l  
qual i ta t ive  i n t e rp re t a t i on  and may re f l ec t  both c rack  
in i t i a t ion  and work hardening  c h a r a c t e r i s t i c s .  

Since,  as S .F .E .  d e c r e a s e s ,  the poss ib i l i ty  of t r a n s -  
fo rmat ion  is l ikely to i n c r e a s e ,  the phase t r a n s f o r m a -  
t ion may be cons ide red  as inc identa l  r a t h e r  than i n s t r u -  
menta l  in cont ro l l ing  e ros ion  r e s i s t a n c e .  
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