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The m i c r o s t r u c t u r e s  and mechan ica l  p r o p e r t i e s  of a s e r i e s  of vacuum mel ted  Fe / (2  to 4) 
Mo/(0.2 to 0.4)C s t ee l s  with and without cobalt  have been  inves t iga ted  in the a s - q u e n c h e d  
ful ly  m a r t e n s i t i c  condit ion and af ter  quenching and t e m p e r i n g  for 1 h at 673 K (400~ and 
873 K (600~ aus t en i t i z ing  was done at  1473 K (1200~ in argon.  Very  good s t r eng th  and 
toughness  p r o p e r t i e s  were  obtained with the F e / 2  Mo/0.4 C al loy in the a s - que nc he d  m a r -  
t ens i t i c  condi t ion and this is a t t r ibu ted  ma in ly  to the absence  of i n t e r n a l  twinning.  The 
s l ight ly  in fe r io r  toughness  p r o p e r t i e s  compared  to F e / C r / C  s t ee l s  is a t t r ibu ted  to the 
absence  of in te r l a th  r e t a ined  aus ten i te .  The two 0.4 pct ca rbon  s t ee l s  having low Mo con-  
tents  had app rox ima te ly  one-ha l f  the amount  of t r a n s f o r m a t i o n  twinning a s soc i a t ed  with 
the two 0.4 pct ca rbon  s tee l s  having high Mo contents .  The plane s t r a i n  f r a c t u r e  toughness  
of the s tee l s  with l e s s  twinning was marked ly  s u p e r i o r  to the toughness  of those s t ee l s  with 
s i m i l a r  al loy c h e m i s t r y  which had more  heavi ly  twinned m i c r o s t r u c t u r e s .  E x p e r i m e n t s  
showed that addi t ions of Co to a given F e / M o / C  s tee l  r a i s e d  M s but  did not d e c r e a s e  twin-  
ning nor  improve  toughness .  Molybdenum carb ide  pa r t i c l e s  were  found in al l  s p e c i m e n s  
t empe red  at 673 K (400~ The F e / M o / C  s y s t e m  exhibi ts  s e c onda r y  ha rden ing  a f te r  t e m -  
pe r ing  at 873 K (600~ The p rec ip i t a te  is p robab ly  Mo2C. This s e c onda r y  ha r de n i ng  is 
a s soc ia t ed  with a reduc t ion  in toughness .  Additions of Co to F e / M o / C  s t e e l s  inhibi ted  or  
e l im ina t ed  the s econda ry  ha rden ing  effect  n o r m a l l y  observed .  Toughness ,  however ,  did 
not improve  and in fact  d e c r e a s e d  with Co addi t ions .  

THIS paper  is another  in a s e r i e s  of s y s t e m a t i c  in -  
ves t iga t ions  on the effects  of subs t i tu t iona l  so lu tes  on 
the m i c r o s t r u c t u r e s  and mechan ica l  p r o p e r t i e s  of 
F e / C  al loys .  1-4 In p rev ious  papers  it  has been shown 
that e x p e r i m e n t a l  t e r n a r y  al loys of F e / C / X  vacuum 
mel ted  and aus ten i t i zed  at a high enough t e m p e r a t u r e  
(at 1373 K to 1473 K) so as to d i sso lve  all  ca rb ides ,  
can have high s t reng th  and toughness  in the a s -  
quenched m a r t e n s i t i c  condit ion,  provided the m a r t e n -  
s i te  is ma in ly  dis located,  not twinned.  This me a ns  
that the total  solute content  (C +X), has a l im i t i ng  
value beyond which the a s -quenched  toughness  de te -  
r i o r a t e s .  The r e su l t s  a lso indicated that i n t e r l a th  
r e t a ined  aus ten i t e  is benef ic ia l  to toughness .  A r ecen t  
paper  s u m m a r i z e s  the ma in  fac tors  which a re  involved, s 
The bes t  al loy d i scovered  so far  in this sequence  of in -  
ves t iga t ions  1-4 has been F e / 4  Cr /0 .35  C. In view of the 
i n t e r e s t  in molybdenum 6'7 due to i ts  abundance in the 
USA, al loys of F e / M o / C  with and without cobal t  were  
chosen for this  inves t iga t ion .  P rev ious  work on F e /  
Ni /C /Co  1 and F e / C r / C / C o  ~ showed that Co has no 
benef ic ia l  effect  on toughness ;  but s ince  Co is g e n e r -  
al ly a s sumed  to r a i se  M s and might  poss ib ly  reduce  
in t e rna l  twinning,  it was decided to inves t iga te  whether  
or  not cobal t  could be benef ic ia l  in F e / M o / C  s tee l s .  
Since Mo is  a gamma- loop  fo rming  e lement ,  the choice 
of al loy compos i t ions  was made so that  the a t t a inmen t  
of 100 pct m a r t e n s i t e  could be e n s u r e d  in al l  a l loys .  
The al loy compos i t ions  a re  given in Table I. 

An i n t e r e s t i n g  aspec t  in the study of Mo-conta in ing  
s tee l s  is that Mo is a s t rong  seconda ry  h a r d e n e r .  8'9 
Secondary ha rden ing  is a s soc ia t ed  with the p r e c i p i t a -  
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t ion of a coheren t  w-16 al loy carb ide ,  but  is a c c o m p a -  
n ied  by a r educ t ion  in toughness .  9'~7 The p rec ip i t a t e  
r e s p o n s i b l e  for s e c onda r y  ha rden ing  in m o l y b d e n u m -  
conta in ing  s tee l s  has been  ident i f ied to be 
Mo2C.8- ~o, 13- ~6, is, 19 Detai led inves t iga t ions  of the n a -  
tu re  and ident i f ica t ion  of this  p rec ip i t a t e  have been  
conducted by Raynor ,  e t  a l .  2~ Accord ing  to I rv ine ,  9 
Mo is  p r e f e r r e d  as a s e c o n d a r y  ha rden ing  e l e m e n t  
over  other  s e c onda r y  h a r d e n e r s ,  notably  W and V, 
because  Mo is cheaper  than 'W and is more  e a s i l y  
taken into solut ion than V. 

This inves t iga t ion  en ta i l s  m e a s u r e m e n t s  of yie ld  
and u l t imate  t ens i l e  s t rength ,  p lane s t r a i n  f r a c t u r e  
toughness ,  Charpy va lues ,  h a r d n e s s ,  and de ta i led  
ana lyses  of the m i c r o s t r u c t u r e s  u s ing  opt ica l  and 
e l ec t ron  meta l lography .  The s t ee l s  were  examined  
in the i r  a s -quenched  ful ly  m a r t e n s i t i c  condi t ion  and 
af ter  t e m p e r i n g  for one hour  at 673 K (400~ and 
873 K (600~ 

L EXPERIMENTAL PROCEDURE 

Table I l i s t s  the compos i t ions  and m e a s u r e d  M s 

t e m p e r a t u r e s  of the a l loys  examined  in this  i n v e s t i g a -  
t ion. The a l loys  and the i r  chemica l  ana ly s i s  were  
kindly suppl ied by the Republic  Steel Corpora t ion .  

Table I. Alloy Compositions and M s Temperatures 

Ms 
Alloy C Mn Si Mo Co Measured ~ 

C198 0 . t8  0.30 0.15 3.85 - 435 
C214 0.41 0.35 0.15 4.2 - 341 
C215 0.43 0.34 0.15 3.85 9.0 465 
C216 0.43 0.33 0.15 2.2 332 
C217 0.42 0.33 0.15 2.1 5.2 397 
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Each m a t e r i a l  was vacuum mel ted  and in i t i a l ly  cas t  
in 22.7 kg (50 lb) ingots .  The ingots were  subsequen t ly  
hot ro l l ed  to n o m i n a l l y  1.3 cm (0.5 in.)  plate and af ter  
s andb las t ing  any sca le  off al l  su r f aces ,  the p la tes  
were  vacuum homogenized  at  1473 K (1200~ for 48 h 
then fu rnace  cooled. At this  point,  mechan ica l  t es t  
spec imens  for  Charpy V-notch,  t ens i l e ,  and p l ane -  
s t r a i n  f r a c t u r e  toughness  (KIc) were  rough machined.  
Rough mach in ing  for  t ens i l e  spec imens  cons i s t ed  of 
squa r ing  blocks  of  m a t e r i a l ,  with s i m i l a r  d imens ions  
to the KIc spec imens ,  and p lac ing  four  cen te r  holes  
in each block to de l inea te  future  machin ing .  This p ro -  
cedure  e n s u r e d  that du r ing  subsequen t  heat  t r ea tmen t ,  
hea t ing  and cooling r a t e s  in both t ens i l e  and f r a c t u r e  
toughness  s p e c i m e n s  would be c lose ly  comparab le ,  so 
al lowing m i c r o s t r u c t u r e s  and mechan ica l  p r o p e r t i e s  
to be c o r r e l a t e d  in the two types of t es t  spec imens .  

M s t e m p e r a t u r e s  were  m e a s u r e d  to i 3~  on a Di la-  
t ron ic  IIR gas quenching d i la torne ter .  All t es t s  were 
conducted in vacuum to avoid spec imen  d e c a r b u r i z a -  
tion. Resul t s  a re  l i s ted  in Table I. 

Heat t r e a t m e n t  of al l  spec imens  cons i s ted  of a u s t e n -  
i t iz ing for  1 h at 1473 K (1200~ in an a rgon  a tmo-  
sphere  then quenching into an agitated ice-10 pct b r ine  
solut ion.  Immedia t e ly  a f te rward  spec imens  were  r e -  
f r i ge r a t ed  in l iquid n i t rogen  to e n s u r e  complete  t r a n s -  
fo rma t ion  to m a r t e n s i t e .  Temper ing ,  for those spec i -  
mens  r e q u i r i n g  it, was done soon af ter  the in i t i a l  heat 
t r e a t m e n t .  All a l loys  were  ful ly ha rdened  in the l a r g -  
es t  sec t ions  used,  as conf i rmed  by ha rdnes s  t e s t s .  No 
r e t a ined  aus ten i te  was d i s ce rn ib l e  us ing  e i the r  X - r a y  
or  e l ec t ron  mic roscopy  techniques .  T e m p e r i n g  for 1 h 
at 673 K (400~ or  873 K (600~ was conducted in 
c lose ly  cont ro l led  neu t r a l  sa l t  baths.  After t emper ing  
s p e c i m e n s  were  a i r  cooled. 

Upon comple t ion  of heat  t r e a tmen t ,  spec imens  were  
f in ish  machined .  The faces  of the plane s t r a i n  f r ac tu re  
toughness  s p e c i m e n s  were  wet ground to e l imina te  any 
poss ib le  d e c a r b u r i z e d  l ayer ,  and r equ i r ed  notches 
were ground in. Tens i le  spec imens  were wet ground 
to the i r  f ina l  d imens ions .  All mach in ing  and gr inding  
opera t ions  employed flood cool ing to m i n i m i z e  hea t -  
ing. The sur face  of t ens i l e  spec imen  gage sec t ions  
were buffed jus t  p r io r  to tes t ing  us ing ke rosene  soaked 
600 gr i t  e m e r y  paper  to e l imina t e  any sc r a t ches  
p r e sen t .  

Carbon ana ly s i s  was conducted on each al loy at three  
j unc tu re s .  The plate as r ece ived  f rom Republic Steel 
was tes ted.  Analys i s  was conducted a second t ime on 
the plate a f te r  homogeniz ing .  The f inal  ana lys i s  was 
on samples  cut out of the gage sec t ion  of tes ted tens i le  
s p e c i m e n s .  A m a x i m u m  0.01 pct loss  of ca rbon  oc-  
cu r r ed .  

All mechan ica l  t es t  spec imens ,  Charpy V-notch,  t en -  
s i l e ,  and p l a n e - s t r a i n  f r a c t u r e  toughness  (Ktc), were  
des igned to ASTM s tanda rds .  The 0.635 cm (1/4 in.)  
gage d iam tens i l e  spec imens  were  pulled on a 1.33 MN 
(300 Kip) MTS at a head speed of 0.3 c m / m i n .  The 
f r a c t u r e  toughness  spec imens  (Kic) were  fatigue p r e -  
c racked  and pul led accord ing  to ASTM des igna t ion  
E399-72.  zl Charpy impac t  t e s t ing  was conducted on a 
304J (224 f t - lb )  capaci ty  impac t  device.  All m e c h a n -  
ica l  t e s t ing  was conducted at  room t e m p e r a t u r e  296 K 
(23~ All r e s u l t s  r epo r t ed  a re  ave rages  for two or 
more  t e s t s  of s i m i l a r  s p e c i m e n s .  

M i c r o s t r u c t u r a l  d e t e r m i n a t i o n  was conducted us ing 
opt ical  and t r a n s m i s s i o n  e l e c t r o n  mic roscopy .  Speci-  
mens  for  opt ica l  me ta l log raphy  were  pol ished us ing 
s t andard  techniques  and etched in 2 pct n i ta l .  Foi ls  
for  t r a n s m i s s i o n  e l e c t r o n  mic roscopy  were  mechan -  
ica l ly  sec t ioned  f rom p rev ious ly  tes ted Kic spec imens .  
Sect ioning was conducted under  flood cooling condi-  
t ions  to p reven t  t emper ing .  Cut s l i ces  were  wet 
ground pa ra l l e l  and then chemica l ly  thinned in an 
HzO2-HF solut ion to 0.13 mm (0.005 in.) thick. F ina l  
po l i sh ing  was accompl i shed  in cooled c h r o m i c - a c e t i c  
acid solut ion employ ing  the window technique.  Foi ls  
f rom se ve r a l  r eg ions  of each al loy were examined  
us ing a Siemens  Elmiskop  IA opera ted  at 100 kV and 
an Hitachi high voltage mic roscope  opera ted  at 650 kV. 
F r a c t u r e  su r f ace s  of al l  KIc and Charpy impact  spec i -  
mens  were examined  us ing a JSM-U3 Scanning E lec -  
t ron  Microscope (SEM) opera ted  at 25 kV in the back 
sca t t e r ed  e l ec t ron  mode.  

Attempts were also made to study the modes of de-  
fo rmat ion  us ing c o m p r e s s i o n  spe c i me ns  which had 
been ca re fu l ly  pol ished.  All su r f aces  were  examined  
in the SEM and rep l i ca ted  us ing acetate  r ep l i ca t ing  
tape p r io r  to de format ion  of the spec imens .  The spec-  
imens  were p la s t i ca l ly  deformed 5 pct, af ter  which the 
su r faces  of the spe c i me ns  were again viewed in the 
SEM and repl ica ted .  Next, the spec imens  were  e l ec -  
t ropol ished for 30 min ,  again viewed in the SEM and 
rep l ica ted .  The s e r i e s  of su r face  r ep l i ca s  was then 
examined  in a S iemens  Elmiskop  IA e l ec t ron  m i c r o -  
scope opera ted  at 40 kV. 

II. RESULTS 

A. Mechanical  P r o p e r t i e s  

Table II s u m m a r i z e s  the t ens i l e  data  for the v a r i -  
ous al loys.  The c h a r a c t e r i s t i c  s econdary  hardening  
peak is observed  af ter  873 K (600~ t e m p e r i n g  of a l -  
loys 214, 216, and 198. However,  a l loys 215 and 217, 
which contained Co, did not exhibi t  s econdary  ha rden-  
ing. Since secondary  ha rden ing  in F e / M o / C  s teels  is 
assoc ia ted  with p rec ip i t a t ion  of Mo2C, it  appears  that 
Co e i ther  inhibi ts  or  modif ies  this p rec ip i ta te .  Upon 
examin ing  the e longat ion data in Table II, i t  is seen 
that at the 873 K (600~ t e mpe r i ng  level  a l loys 216 
and 217 (2 pct Mo) show fa i r  amounts  of ducti l i ty.  
This suggests  that these two al loys  may be s t a r t ing  
to overage .  I rvine  9 and P i cke r ing  22 have found that 
i n c r e a s i n g  the Mo level  shifts  the t e m p e r i n g  t e m p e r a -  
tu re  for  peak s econda ry  ha rden ing  to higher  values .  
Thus, t emper ing  at t e m p e r a t u r e s  leading to peak sec -  
ondary  ha rdness  in high Mo s tee l s  would lead to ove r -  
aging in low Mo s tee l s  t empe red  s i m i l a r l y .  

Resul ts  of the p l a n e - s t r a i n  f r a c t u r e  toughness  tes ts  
a re  s u m m a r i z e d  in Table  III. The average  va lues  of 
these  r e su l t s  a re  shown plotted in Fig.  1. In all  al loys,  
except  217, the toughness  dropped af ter  873 K (600~ 
t emper ing .  This obse rva t ion  is in a g r e e m e n t  with p r e -  
vious  r e s e a r c h e r s  17'23-2S who also found that f r ac tu re  
toughness  dec reased  around the secondary  hardening  
peak. Alloy 217 showed no drop in toughness  with 873 K 
(600~ t emper ing ;  but  al loy 215, which conta ins  more  
Co and also cons ide rab ly  more  Mo, does not exhibit  a 
s i m i l a r  effect.  It is a lso noteworthy that the al loys 
without Co are  always tougher than the comparable  
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Table II. Mechanical Properties Data*  

Tensile Yield Strength Ultimate Tensile Strength Tensile Charpy Impact Resistance 

ksi MN/m 2 Elongation, Pet Ft./Lbs. Joules Alloy Heat Treatmentt" ksi MN/m 2 

214 AQ 257 1772 322 2220 2.0 4.1 5.56 
214 473 K . . . . .  7.6 10.3 
214 673 K 205 1413 251 1731 7.1 8.2 11.1 
214 873 K 271 1868 279 1924 0.6 3.5 4.75 
215 AQ 246 1696 283 1951 1.6 4.1 5.56 
215 473 K - - - 4.7 6.37 
215 673 K 257 1772 278 1917 1.0 4.7 6.37 
215 873 K 198 1365 198 1365 0.2 4.6 6.24 
216 AQ 258 1779 309 2130 2.5 4.7 6.37 
216 473 K - - - 7.6 10.3 
216 673 K 197 1358 229 1579 5.8 11.0 14.9 
216 873 K 206 1420 223 1538 10.7 8.7 11.8 
217 AQ 253 1744 306 2110 1.6 5.3 7.19 
217 473 K . . . .  8.1 11.0 
217 673 K 248 1710 277 1910 3.1 6.4 8.68 
217 873 K 240 1655 253 1744 2.5 5.8 7.86 
198 AQ 160 1103 198 1365 12.6 11.1 15.0 
198 473 K . . . .  8.2 11.1 
198 673 K 153 1055 183 1262 13.9 9.9 13.4 
198 873 K 193 1331 205 1413 8.5 5.2 7.05 

*Averages of two or more tests. 
"~AQ = as quenched in iced-brine; otherwise quenched and tempered 1 h at the indicated temperature. 
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alloy containing Co, e . g .  216 is always tougher than 
217. Thus, Co is definitely detrimental  to toughness.  

Charpy impact values are given in Table II. The 
most  interest ing point here is that impact  values are 
uniformly low, a maximum of only 15 joules  (11 ft-  
lbs) was recorded.  Thus, reasonably high plane strain 
fracture toughness values such as obtained for al loys 
216 and 198 do not guarantee a correspondingly high 
impact res i s tance .  

B. Microstructures  

1. Martensite.  The microstructure  of each alloy in 
each of the heat treatment conditions was examined 
using transmiss ion  e lectron microscopy  techniques. 
Typical ly ,  the 0.4 carbon al loys (214, 215, 216 and 

Table I I I .  Plane Strain Fracture Toughness Data 

Kle or KQt 

Alloy Heat Treatment, K* ksi-in 1/2 MN/m an Pm/PQ 

214 AQ 42.9 47.1 1.04 
214 AQ 45.5 50.0 1.01 
214 673 57.6 63.3 1.01 
214 673 70.5 77.5 1,01 
214 873 45.7 50.2 1.03 
214 873 38.2 42.0 1.00 
215 AQ 33.4 36.7 1,01 
215 AQ 36.6 40.2 1.01 
215 673 31.2 34.3 1.06 
215 673 36.6 40.2 1.02 
215 873 27.2 29.9 1.01 
215 873 26.5 29.1 1.03 
216 AQ 55.0 60.4 1.03 
216 AQ 52.3 57.5 1.11 
216 673 94.0 103.3 1.01 
216 673 94.5 103.9 1.03 
216 873 68.6 75.4 1.16 
216 873 78,0 85.7 1.10 
217 AQ 41.9 46.0 1.05 
217 AQ 46.3 50.9 1.01 
217 673 53.6 58.9 1.02 
217 673 45.3 49.8 1.04 
217 673 57.4 63.1 1.00 
217 873 58.2 64.0 1.03 
217 873 61.7 67.8 1.02 
198 AQ 91.6 100.7 1.05 
198 AQ 94.9 104.3 1.03 
198 673 91.8 100.9 1.02 
198 673 86.1 94.6 1.03 
198 873 46.0 50.6 1.23 
198 873 41.6 45.7 1.17 
198 873 48.2 53.0 1.00 
198 873 44.0 48.4 1.01 

*Tempered 1 h at given temperature after quenching. 
tKQ when Pra/PQ > 1.10. 
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217) in the a s -quenched  condit ion exhibi ted a mix ture  
of d i s loca ted  lath m a r t e n s i t e  and twinned plate m a r t e n -  
s i te .  Fig.  2(a) th ru  (d) a re  r e p r e s e n t a t i v e  of these 
s t r u c t u r e s .  

The lath m a r t e n s i t e  Often occur s  as packets  of 
c lose ly  o r i en ted  p a r a l l e l  la ths .  Also, the two Co con-  
ta in ing  al loys (215 and 217) appear ,  on the average ,  

to have a f i ne r  m i c r o s t r u c t u r e ,  s m a l l e r  p la tes  and 
la ths ,  than the s i m i l a r  a l loys  without Co as shown in 
Fig.  3(a) and (b). 

The laths in the noncobal t  be a r i ng  al loys 214 and 
216 range  in s ize  f rom 0.1/~ to 0.5/~ wide while those 
in the C o - b e a r i n g  al loys are  typica l ly  0.1 to 0.2/z 
wide. P r i o r  aus ten i te  g ra in  s ize  for al l  a l loys  was 

r (b) 

(c) (d) 
Fig. 2--As-quenched mierostructures of 0.4 C alloys. Bright field mierographs (a) alloy 214; (b) alloy 216; (c) alloy 215; 
(d) alloy 217. 
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s i m i l a r ,  ASTM 1-2. Due ma in ly  to the fact  that the 
amount  of twinning obse rved  in any one p ic tu re  is 
s t rong ly  dependent  on foil o r i en t a t i on  ~ and con t r a s t  
condi t ions  v a r y  widely f rom plate  to plate ,  it  was 
found imposs ib l e  to d e t e r m i n e  p r e c i s e l y  the r e l a t ive  
amount  of twinned vs  untwinned m a r t e n s i t e  in any one 

(a) 

alloy.  However,  a f ter  ca re fu l  v i sua l  examina t ion  of 
many  p i c tu r e s  of each al loy,  it  was appa ren t  that a l -  
loys 214 and 215 have about the same  amount  of twin-  
ning,  and a l loys  216 and 217 have about the s ame  
amoun t  of twinning.  However,  a l loys  214 and 215 ex -  
hibi t  app rox ima te ly  twice as much twinned a r e a  as 
a l loys  216 and 217. 

An i mpor t a n t  point  with r e g a r d  to mechan ica l  p rop -  
e r t i e s  is that the more  heavi ly  twinned m a r t e n s i t e s ,  
those of a l loys  214 and 215, have lower  toughness  than 
the l e s s  twinned m a r t e n s i t e s  of a l loys  216 and 217. A 
good idea of the effect  of twinning can be obtained by 
c ompa r i ng  the toughness  in the a s - que nc he d  condi -  
t ion, of al loy 214 with 216 and al loy 215 with 217, thus 
l i m i t i n g  the effect  of Co in  the c ompa r i son .  

Fig.  4 shows the typical  a s - que nc he d  m i c r o s t r u c -  
ture  of a l loy 198, the low ca rbon  al loy.  The m i c r o -  
s t r u c t u r e  cons i s t s  of v i r t u a l l y  100 pct d i s loca ted  m a r -  
t ens i t e .  Alloy 198 was inves t iga ted  to help i so la te  the 
effects  of C content  on m i c r o s t r u c t u r e .  Since the ob-  
jec t  of the r e s e a r c h  p r o g r a m  was deve lopment  of a 
high s t r eng th  tough s tee l  a 0.4 pct C leve l  was used 
in the o ther  a l loys  to a t t a in  the d e s i r e d  r e g i m e  of 
yield and u l t imate  t ens i l e  s t reng th .  No r e t a ined  a u s -  
t en i t e  was detec ted  even  a f te r  v e r y  ca re fu l  se lec ted  
a r e a  d i f f rac t ion  and da rk  f ie ld  s tud ies .  

All of the a s - que nc he d  m i c r o s t r u c t u r e s  exhibi ted 
some au to t emper ing  and the ca rb ide  was d e t e r m i n e d  
to be Fe3C , a long {110}~ p lanes .  A f u r t he r  d i s c o n t i n -  
uous FesC prec ip i t a te  o c c u r r e d  in the bounda r i e s  be -  
tween packets  of m a r t e n s i t e  la ths ,  but  neve r  be tween 
the la ths  within a packet .  Fig.  5(a) and (b) i l l u s t r a t e  
the s t r u c t u r e  of an au to t empered  m a r t e n s i t e  plate.  

2. T e m p e r e d  M a r t e n s i t e s .  T e m p e r i n g  at 673 K 
(400~ r e s u l t e d  in addi t ional  Widmans t a t t en  m a t r i x  

(b) 
Fig. 3--As-quenched mierostructure of (a) 214 and (b) 215 
showing the effect of Co additions on average lath and plate 
size. 

Fig. 4--Bright field micrograph of typical as-quenched struc- 
ture in alloy 198. 
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(a) (b) 
Fig. 5 - -Br igh t  field (a) and dark  field (b) i l l u s t r a t ing  "mtotempering p r e s en t  in as -quenched  alloys.  Alloy 198. 

(a) (b) 
Fig. 6 - -Br igh t  field m i e r o g r a p h s  showing typical  m i c r o s t r u e t u r e s  in  al loys t empered  at 400~ for  1 h. (a) alloy 214; (b) al loy 
215; (c) alloy 216, (d) alloy 198. 6(e) is  a se lec ted  a r e a  d i f f rac t ion  pa t t e rn  showing the s t r e ak s  which were  used to identify the 
p r e s e n c e  of the MoC prec ip i ta te .  
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(c) 

(d) 

(e) 

Fig. 6-Continued. 

p rec ip i t a t ion  and fu r t he r  lath boundary  p rec ip i t a t i on  
of Fe3C. There  was also cement i te  p rec ip i t a t ion  at  
the m a t r i x - t w i n  in t e r f aces  as p r ev ious ly  r epor t ed  by 
o ther  r e s e a r c h e r s .  1-4,2~ Fig.  6(a) th ru  (d) show m i c r o -  
s t r u c t u r e s  typical  of the 673~ t e m p e r i n g  condit ion.  
Analys i s  of s t r e aks  in e l ec t ron  d i f f rac t ion  pa t t e rn s  
(Fig. 6(e)) led to the conclus ion  that v e r y  s m a l l  
amounts  of a molybdenum carbide  were  also p r e s e n t  
in al l  the a l loys  with this  t e m p e r i n g  t r e a t m e n t .  The 
fo rma t ion  of a MoC prec ip i t a te  under  s i m i l a r  condi -  
t ions has been p rev ious ly  noted. 18'23 

T e m p e r i n g  at  873 K (600~ r e su l t ed  in v e r y  fine 
p rec ip i t a t ion  of an al loy carb ide  a s soc ia t ed  with s e c -  
ondary  hardening .  This p rec ip i t a te  produced s t r e a k -  
ing in the d i f f rac t ion  pa t t e rns  and is ident ica l  to the 
r e s u l t s  obtained by Dyson, et al. 2~ It is t en ta t ive ly  

concluded the re fo re  that  the p r ec ip i t a t e s  a re  Mo2C. 
Prec ip i t a t ion  of the Mo2C phase was accompan ied  
by r e so lu t i on  of the cemen t i t e  p rec ip i t a t e .  Mic ro -  
s t r u c t u r e s  c h a r a c t e r i s t i c  of this t e m p e r i n g  condi -  
t ion a re  shown in Fig.  7(a) and (b). Some c e m e n -  
tire was s t i l l  p r e s e n t  in the 0.4 pct  a l loys  though 
none was obse rved  in the 0 .18C alloy.  Also, the 
low Mo al loys ,  216 and 217, appeared  to have 
more  r e t a ined  Fe3C than the higher  Mo al loys ,  
214 and 215. This is seen  in Fig.  8(a) and (b). The 
r e m a i n i n g  cemen t i t e  sphero id ized  c o n s i d e r a b l y  so 
that it  no longer  ex is ted  as  a cont inuous  i n t e r l a t h  p r e -  
c ipi ta te .  

The f r a c t u r e  s u r f a c e s  of t es ted  KIc s p e c i m e n s  were  
all  r e m a r k a b l y  s i m i l a r .  A typica l  f r a c t u r e  su r face  is 
i l l u s t r a t e d  by Fig.  9. The f r a c t u r e  s u r f a c e s  i n v a r i -  
ably cons i s t ed  of low level  and s m a l l  d imp les  mixed 
with somewhat  v a r y i n g  amount s  of f la t  c l eavage - l i ke  
a r e a s .  This type of f r a c t u r e  morphology has been  a t -  
t r ibu ted  by Low 28 to a void coa le scence  m e c h a n i s m .  
This  m e c h a n i s m  appea r s  to adequate ly  expla in  how a 
d impled  rup tu re  su r face ,  gene ra l l y  a s soc i a t ed  with 
duct i le  f a i lu re ,  can be obta ined in the b r i t t l e  f a i lu re  
of a high s t r eng th  al loy.  

An a t tempt  was made by p las t i c  de fo rma t ion  of 
c o m p r e s s i o n  s p e c i m e n s  to e s t a b l i sh  if de fo rma t ion  
o c c u r r e d  v ia  s l ip  or  by twinning.  This i n fo rma t ion  
would help d e t e r m i n e  if the twinning in the o b s e r v e d  
m i c r o s t r u c t u r e s  was al l  due to t r a n s f o r m a t i o n  effects  
o r  included con t r ibu t ions  f rom de fo rma t ion  twinning.  
Observa t ions  of su r face  r e p l i c a s  taken f rom the c o m -  
p r e s s i o n  s p e c i m e n s  showed only  s l ip  l i nes .  However,  
the de tec t ion  of f ine de fo rma t ion  twins in the m a r t e n -  
si te  la ths  or  p la tes  may  be beyond the r e so lu t ion  l i m -  
i ta t ions  of these  e x p e r i m e n t s .  
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III. DISCUSSION 

The  r e s u l t s  of t h i s  w o r k  s u p p o r t  t he  g e n e r a l  c o n -  
c l u s i o n s  of p r e v i o u s  i n v e s t i g a t i o n s  c o n c e r n i n g  t h e  
c o r r e l a t i o n  of m i c r o s t r u c t u r e  w i t h  m e c h a n i c a l  p r o p -  

e r t i e s .  A c o m m o n  f e a t u r e  i s  t h a t  in  m a r t e n s i t e  t he  
p r e s e n c e  of i n t e r n a l  t w i n n i n g  i s  d e t r i m e n t a l  to  t o u g h -  
n e s s  a n d  t h a t  the  t e n d e n c y  to i n c r e a s e d  t w i n n i n g  and  
d e c r e a s e d  t o u g h n e s s  i n c r e a s e s  w i t h  t o t a l  s o l u t e  c o n -  
t e n t .  B a s e d  o n  t h i s  w o r k  a n d  t h a t  of G o o l s b y  x7 a n d  

Ca) (t7) 

Fig. 7 - - M i c r o s t r u c t u r e s  typical of a l loys  t empered  at 600~ Bright  field (a) of alloy 217 shows s t r u c t u r e  c h a r a c t e r i s t i c  of low 
Mo al loys.  Bright  field (b) shows s t r u c t u r e  c h a r a c t e r i s t i c  of high Mo alloys.  

(a) (b) 
Fig. 8- -Dark  field m i c r o g r a p h s  of ca rb ide  spots  in al loys t e m p e r e d  at 600~ for  1 h. (a) low Mo alloy and (b) high Mo alloy. 
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Fig. 10--Comparison of ultimate tensile strength and plane 
strain fracture toughness of alloy 216 with the strength and 
toughness properties of several ultrahigh-strength commer- 
cial steels. 

Fig. 9--Scanning electron micrograph showing typical frac- 
ture surface exhibited by all fracture toughness specimens. 
The fracture surface is a mixture of low level dimples mixed 
with varying amounts of flat cleavage areas. 

Tom, ~9 in F e / M o / C  s tee l s  the op t imum Mo content  at 
0.4 pct C is about 2 pct. In such an alloy, good c o m -  
b ina t ions  of t ens i l e  and f r ac tu r e  p r o p e r t i e s  a re  a t -  
ta ined in a s -quenched ,  un t empered  ( i .e .  not p roc e s s  
t empered)  m a r t e n s i t e s  (Fig. 10). This  r e s u l t  shows 
that  a s -quenched  m a r t e n s i t e s  a re  not i nhe ren t l y  b r i t -  
t le,  as is often a s sumed .  

The a s -quenched  yield s t r eng ths  of al l  a l loys con-  
ta in ing  -~ 0.4 pct C (alloys 214 to 217) were  v i r t u a l l y  
ident ica l  as expected.  However,  the f r a c t u r e  tough-  
nes s  of a l loy 214 was only 80 pct that  of a l loy 216. It 
wil l  be r e c a l l e d  that although ne i the r  al loy exhibi ted 
ex tens ive  twinning,  there  was app rox ima te ly  twice as 
much twinned volume in al loy 214 as there  was in a l -  
loy 216. A s i m i l a r  co r r e l a t i on  is appa ren t  between the 
al loys 215 and 217 though the unique d e t e r m i n a t i o n  of 
the cause of the toughness  reduc t ion  is hampered  he re  
by the la rge  and va ry ing  Co concen t ra t ion .  

Thin f i lms  of r e t a ined  aus ten i te  a round m a r t e n s i t e  
la ths  can be detected by ca re fu l  e l e c t r o n  d i f f rac t ion  
and dark  field even when unreso lved  by X - r a y s .  4'~ 
However no r e t a ined  aus ten i te  was detec ted  in any of 
the a l loys  s tudied in this  work. Since this  is the only 
s ign i f ican t  m i c r o s t r u c t u r a l  d i f fe rence  be tween the a s -  
quenched m a r t e n s i t e s  in these F e / M o / C  s t ee l s  and 
those of F e / C r / C  r epor t ed  e a r l i e r  4 and s ince  F e / M o /  
C d is loca ted  m a r t e n s i t e s  have s l ight ly  lower  toughness  
than the F e / C r / C  d is loca ted  m a r t e u s i t e s  at s i m i l a r  
yield s t r eng ths  it  is concluded that  s u p e r i o r  toughness  
is a s soc ia ted  with such in t e r l a th  f i lms  of r e t a ined  au-  
s teni te .  Fu tu re  al loy des ign  p r o g r a m s  will  inves t iga te  
this poss ib i l i t y  in more  detai l .  

The consequence  of va ry ing  al loy cons t i tuen ts  is 
be s t  r e so lved  in t e r m s  of the individual  effects  of d i f -  

f e r ing  Mo or  d i f fer ing Co contents .  The effect  of i n -  
c r e a s i n g  Mo in the absence  of Co and at a cons tan t  C 
content  (-~ 0.4 pct) is  i l l u s t r a t e d  by c o m p a r i n g  a l loys  
214 and 216. Alloy 214 with the h igher  Mo content  of 
the two al loys has i n c r e a s e d  amounts  of twinned m a r -  
t ens i t e .  Higher Mo content  does con t r ibu te  to an i n -  
c r e a s e d  s e c onda r y  ha rden ing  effect  with 600~ t e m -  
per ing ,  as noted in Table II. No d i s c e r n i b l e  d i f fe rence  
was appa ren t  in the amount  of a u t o t e mpe r i ng  as a func -  
t ion of Mo content .  Also no effect  on ha rdenab i l i t y  a t -  
t r ibu tab le  to v a r y i n g  Mo content  was noted, as a l l  s p e c -  
i me ns  were  ful ly ha rdened  in the d i m e n s i o n s  employed.  

Co addi t ions to the F e - M o - C  t e r n a r y  s y s t e m  p r o -  
duced some i n t e r e s t i n g  r e s u l t s .  F i r s t ,  no effect  on the 
amount  of twinned m a r t e n s l t e  was appa ren t  when c o m -  
pa r ing  al loys 216 and 217. Alloy 217 is iden t ica l  to 
al loy 216 except  that  217 has a 5.2 wt pct addi t ion of 
Co. M e a s u r e m e n t s  showed that Co addi t ions  did r a i s e  
the M s t e m p e r a t u r e s  (Table I). However,  Co addi t ions  
did not appear  to inf luence  t ens i l e  yie ld  or u l t imate  
s t r eng th  p r ope r t i e s ,  in e i the r  d i r ec t ion .  Those a l loys  
conta in ing  Co exhibi ted l e s s  t ens i l e  e longat ion  c o m -  
pa red  to s i m i l a r l y  t r ea ted  a l loys  without Co. In the 
a s -quenched  condi t ion  Co addi t ions  caused  mode ra t e  
drops  in the p l a n e - s t r a i n  f r a c t u r e  toughness  (Kic)  of 
an alloy.  In the quench and t e m p e r e d  condit ion,  the 
addit ion of Co caused  l a rge  d e c r e a s e s  in plane s t r a i n  
f r a c t u r e  toughness  for 673 K (400~ t e m p e r i n g  and 
modera te  toughness  r educ t ions  with 873 K (600~ 
t emper ing .  In addit ion,  c o m p a r i n g  a l loy 214 with 215 
and al loy 216 with 217 in Fig.  11, it  is obse rved  that  
the al loy without Co in each pa i r  (214 and 216) always 
had be t t e r  combina t ions  of t ens i l e  yie ld  and f r a c t u r e  
toughness  p r o p e r t i e s  than the al loy conta in ing  Co (215 
and 217). For  example ,  it  appea r s  poss ib le  to t e m p e r  
al loy 216 such that i t  has a h igher  yie ld  s t r eng th  at a 
given f r a c t u r e  toughness  level  than would be a t ta inable  
with a l loy 217. 

Another  i n t e r e s t i n g  facet  of Co addi t ions  is the ap-  
pa ren t  effect  of h inde r ing  the Mo se c onda r y  ha rden ing  
reac t ion .  As obse rved  in Table  II, ne i the r  a l loy 215 
nor  217 exhibi ted s e c o n d a r y  ha rden ing  when t e m p e r e d  
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Fig. l l - R o o m  t e m p e r a t u r e  p l a n e - s t r a i n  f r ac tu r e  toughness  
vs  tens i le  yield s t r eng th  for each of the t empe r ing  conditions.  

f o r  1 h a t  873 K (600~ S i m i l a r  a l l o y s ,  h o w e v e r  w i t h -  
o u t  a n y  Co,  214 a n d  216,  e x h i b i t  t he  e x p e c t e d  s e c o n d a r y  
h a r d e n i n g  r e a c t i o n .  T h u s ,  c o b a l t  m u s t  s o m e h o w  e f f e c t  
t he  c o h e r e n t  p r e c i p i t a t i o n  of Mo2C r e s p o n s i b l e  f o r  s e c -  
o n d a r y  h a r d e n i n g  in F e / M o / C  s y s t e m s .  E x a m i n a t i o n  
of  e l e c t r o n  m i c r o g r a p h s  of t he  s e v e r a l  a l l o y s  s t u d i e d  
s u g g e s t e d  t h a t  Co e n h a n c e d  i n t e r l a t h  c a r b i d e  p r e c i p i -  
t a t i o n ,  i . e .  Co c o n t a i n i n g  a l l o y s  e x h i b i t e d  t he  g r e a t e s t  
a m o u n t s  of i n t e r l a t h  Fe3C p r e c i p i t a t i o n .  T h u s ,  Co m a y  
a c t  to s t a b i l i z e  Fe3C.  A l s o  g r e a t e r  a m o u n t s  of i n t e r -  
l a t h  c a r b i d e s  c o u l d  a c t  a s  f r a c t u r e  p a t h s  l o w e r i n g  
t o u g h n e s s .  In a d d i t i o n ,  a s t a b i l i z e d  Fe3C would  h i n d e r  
t he  u n i f o r m  p r e c i p i t a t i o n  of t he  s e c o n d a r y  h a r d e n i n g  
Mo2C p h a s e  b y  p r e v e n t i n g  a h o m o g e n e o u s  s o l u t i o n  of 
C in  t he  i r o n  m a t r i x � 9  

F i n a l l y ,  a l l o y  198 w a s  c h o s e n  a s  a b a s e  a l l o y  w i t h  
r e s p e c t  to the  f o r m a t i o n  of t w i n n e d  m a r t e n s i t e .  Low 
c a r b o n  a l l o y s  s u c h  a s  t h i s  e x h i b i t  l i t t l e  o r  no  t w i n n i n g .  
The  low c a r b o n  c o n t e n t  a l s o  r e s u l t s  in  a r e l a t i v e l y  
low y i e l d  s t r e n g t h .  As  e x p e c t e d ,  the  t o u g h n e s s  in  the  
a s - q u e n c h e d  c o n d i t i o n  of  t h i s  low y i e l d  s t r e n g t h  m a -  
t e r i a l  w a s  g r e a t e r  t h a n  t h a t  e x h i b i t e d  b y  the  0 .4  C a l -  
l o y s .  H o w e v e r ,  upon  t e m p e r i n g ,  t h e r e  w a s  a r a p i d  
d e t e r i o r a t i o n  of t o u g h n e s s  to v a l u e s  b e l o w  t h o s e  e x -  
h i b i t e d  b y  s o m e  of  t he  0 .4  C a l l o y s .  

IV. S U M M A R Y  

The  c o n c l u s i o n s  a r r i v e d  a t  f r o m  e x a m i n a t i o n  of t he  
m e c h a n i c a l  p r o p e r t i e s  a n d  m i c r o s t r u c t u r e s  of t h e s e  
a l l o y s  a r e :  

1) A s - q u e n c h e d  m a r t e n s i t e s  a r e  n o t  n e c e s s a r i l y  
b r i t t l e  u n l e s s  t h e y  a r e  h e a v i l y  t w i n n e d .  

2) I n c r e a s i n g  a m o u n t s  of  Mo, a t  c o n s t a n t  C c o n t e n t ,  
r e s u l t e d  in  i n c r e a s e d  a m o u n t s  of t w i n n i n g ,  and  d e -  
c r e a s e d  the  t o u g h n e s s  w i t h o u t  c h a n g i n g  t e n s i l e  s t r e n g t h  
a p p r e c i a b l y .  

3) L o w e r i n g  C c o n t e n t  a t  a c o n s t a n t  Mo l e v e l  r e s u l t s  
in  a s u b s t a n t i a l l y  r e d u c e d  a m o u n t  of t w i n n i n g .  A s -  
q u e n c h e d  t o u g h n e s s  i s  i n c r e a s e d  a s  i s  d u c t i l i t y  w i t h  
l o w e r  C c o n t e n t ;  h o w e v e r ,  u l t i m a t e  a n d  y i e l d  t e n s i l e  
s t r e n g t h s  a r e  d r a s t i c a l l y  r e d u c e d  a s  e x p e c t e d .  

4) T h e  f r a c t u r e  t o u g h n e s s  of a s - q u e n c h e d  F e / M o / C  
s t e e l s  w a s  no t  a s  h i g h  a s  w a s  o b t a i n e d  in  p r e v i o u s  e x -  
p e r i m e n t a l  F e / C r / C  s t e e l s .  T h i s  i s  a t t r i b u t e d  to t h e  
a b s e n c e  of r e s o l v a b l e  a m o u n t s  of  i n t e r l a t h  r e t a i n e d  
a u s t e n i t e  in  t h e  F e / M o / C  a l l o y s .  

5) C o b a l t  r a i s e s  the  M s t e m p e r a t u r e  in  t h e s e  a l l o y s .  
6) C o b a l t  a d d i t i o n s  do no t  r e s u l t  in  a n y  s i g n i f i c a n t  

c h a n g e  in  m i c r o s t r u c t u r e  e x c e p t  p o s s i b l y  c a u s i n g  
f i n e r  l a t h s .  T h e  a m o u n t  of  t w i n n i n g  p r e s e n t  w h e n  
c o m p a r e d  w i t h  a s i m i l a r  F e - M o - C  a l l o y  w i t h o u t  Co 
a d d i t i o n s  i s  a b o u t  t he  s a m e .  

7) A d d i t i o n  of Co to a n  F e / M o / C  s t e e l  in  t h e  " a s -  
q u e n c h e d "  c o n d i t i o n ,  a l l  o t h e r  t h i n g s  r e m a i n i n g  c o n -  
s t a n t  ( i . e .  o t h e r  a l l o y i n g  e l e m e n t s ,  h e a t  t r e a t m e n t ,  
e t c . ) ,  r e s u l t s  in  a l o w e r  p l a n e  s t r a i n  f r a c t u r e  t o u g h -  
n e s s  a n d  s l i g h t l y  l o w e r  y i e l d  a n d  u l t i m a t e  t e n s i l e  
s t r e n g t h s .  In a d d i t i o n ,  t he  d u c t i l i t y  i s  c o n s i d e r a b l y  
r e d u c e d  b y  t h e  Co a d d i t i o n .  

8) C o b a l t  a d d i t i o n s  to  F e / M o / C  s t e e l s  a p p e a r  to 
s t r o n g l y  i n h i b i t  t he  s e c o n d a r y  h a r d e n i n g  r e a c t i o n  
c h a r a c t e r i s t i c  of Mo b e a r i n g  a l l o y  s t e e l s .  In a d d i t i o n ,  
Co c o n t a i n i n g  s t e e l s  h a v e  l o w e r  f r a c t u r e  t o u g h n e s s ,  
y i e l d  and  u l t i m a t e  t e n s i l e  s t r e n g t h ,  and  l o w e r  d u c t i l -  
i t y  w h e n  c o m p a r e d  to s i m i l a r l y  t e m p e r e d  n o n c o b a l t  
b e a r i n g  s t e e l s .  I t  m a y  b e  t h a t  Co s t a b i l i z e s  Fe3C 
w i t h  r e s p e c t  to  Mo2C e s p e c i a l l y  a l o n g  l a t h  b o u n d a r i e s .  
The  l a t t e r  m a y  a c c o u n t  f o r  t he  r e d u c e d  t o u g h n e s s  in  
t h e  t e m p e r e d  c o n d i t i o n � 9  
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