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The effects of molybdenum al loying addi t ions to niobium on the carb ide  phases  and the i r  
p rec ip i ta t ion  behav ior  were  invest igated.  The exper imen ta l  a l loys  included Nb-0.1C, 
Nb-15Mo-0.1C, and Nb-30Mo-0.1C. After se lec ted  heat t r e a t m e n t s  the m i c r o s t r u c t u r a l  
changes were d e t e r m i n e d  by meta l lography and the carbide  phases  were  ext rac ted  and 
identif ied by X - r a y  diffract ion and chemica l  ana lys i s .  The r e s u l t s  a re  e s sen t i a l ly  in 
ag reemen t  with r e c e n t  phase d iagram de t e r mi na t i ons .  Additions of 30 wt pct Mo appears  
to s l ight ly i n c r e a s e  the solubi l i ty  of carbon  in niobium at t e m p e r a t u r e s  around 1650~ 
The so lubi l i ty  of molybdenum in Nb2C is v e r y  sma l l .  Discont inuous p rec ip i t a t ion  of/3-Nb~C 
was found to occur  in the Nb-30Mo-0.1C al loy dur ing anneal ing  at 1200~ The impor tan t ,  
overa l l  effect of molybdenum in Nb-C al loys  is to dec rease  the ra te  of niobium carbide  
p rec ip i ta t ion  so that  apprec iable  carbon s u p e r s a t u r a t i o n  can be achieved even af ter  com-  
pa ra t ive ly  slow furnace  cooling. 

D I S P E R S E D  carbide  phases  a re  known to improve  
the high t e m p e r a t u r e  s t reng th  p rope r t i e s  of n i o b i u m -  
base  a l loys .  ~-9 The degree  of s t rength  i m p r o v e m e n t  
depends l a rge ly  on the d i s t r ibu t ion ,  morphology,  and 
s t ab i l i ty  of the d i spe r sed  carb ide  phases .  Among the 
carb ide  phases  commonly  obse rved  in n iobium a l loys ,  
the monocarb ides  of z i r con ium and hafnium are  mos t  
a t t r ac t ive  while the n i o b i u m - r i c h  b a s e - m e t a l  ca rb ides  
a re  ineffect ive,  s ince the l a t t e r  usual ly  e i ther  occur  
as coarse  pa r t i c l e s  or coagulate rapidly .  It has r e -  
cent ly  become apparent ,  however,  that the degree  of 
d i s p e r s i o n  of the z i r con ium or hafnium carbide  phases  
is de t e rmined  to a la rge  extent  by the type and m o r -  
phology of n i o b i u m - r i c h  b a s e - m e t a l  carb ides  ~~ which 
a re  usua l ly  p r e sen t  p r i o r  to the format ion  of the d i s -  
pe r sed ,  s table  carbide  phase  dur ing  the r equ i r ed  heat  
t r e a t m e n t  cycle.  For  the development  of improved  
c a r b i d e - d i s p e r s i o n  s t r eng thened  niobium al loys it ap-  
p e a r s ,  the re fore ,  vi tal  to cons ide r  the inf luence of 
a l loying addit ions on the p r o p e r t i e s  of not only the 
d i s p e r s e d  z i r c o n i u m -  or  h a f n i u m - r i c h  monoca rb ides  
but a lso  of the n i o b i u m - r i c h  b a s e - m e t a l  carb ide  
phases .  

The b a s e - m e t a l  carb ide  phases  in n iobium a l loys  
with approx imate ly  1 mol  pct ZrC or  HfC are  of the 
hexagonal  Nb2C type ~-5 and of the c a r b o n - r i c h e r  
type x~ with a yet unknown la t t ice  s t ruc tu re  r e s e m -  
b l ing  ~-Ta  carb ide ,  x2 A deta i led  ana lys i s  of the p r e -  
c ipi ta t ion behavior  of n iob ium alloy D-43 has r evea led  
that  the hexagonal  Nb~C-type phase tends to fo rm p r e f -  
e r en t i a l l y  at g ra in  boundar ies  and other  la t t ice  defects  
at  t e m p e r a t u r e s  above 1200~ whereas  the ~-type c a r -  
bide fo rms  apparent ly  in a more  homogeneous mode,  ~~ 
as indica ted  by the Widmannst~t ten  a r r a n g e m e n t ,  at  
t e m p e r a t u r e s  as  low as 500 ~ to 600~ A carb ide  phase  
s i m i l a r  to the E type has also been observed  in n iob ium 
with l e s s  than approx imate ly  1 at.  pct C in an e a r l y  in -  
ves t iga t ion  of the Nb-C s y s t e m ,  x3 These b a s e - m e t a l  
carb ide  phases  form rap id ly  dur ing  fast  rad ia t ion  cool-  
ing and modera te  quenching f rom high anneal ing  t e m -  
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p e r a t u r e s  l~ and the reby  reduce  the ava i lab le  carbon 
supe r sa t u r a t i on  for the p rec ip i t a t ion  of the more  s table  
monometa l  ca rb ides .  

A more  homogeneous  p rec ip i ta t ion  of s table  mono-  
carb ides  can p robab ly  be achieved if a l loying e lements  
a re  added to n iob ium which suppres s  or  slow down the 
format ion  of nonequ i l ib r ium niobium carbide  phases .  
Exper ience  with c u r r e n t  n i o b i u m - b a s e  a l loys  shows 
that the a l loying e l e m e n t s - - u s u a l l y  tungs ten  and z i r c o -  
n ium or hafn ium--do  not act as suff ic ient  inhib i tors .  
However, scan t  evidence in the l i t e r a t u r e  indicates  
that molybdenum addit ions to n iobium may produce 
the des i r ed  inhibi t ing effect. O s t e r m a n n  and Bol len-  
rath found that  oil quenching af ter  so lu t ion  anneal ing  
suppres sed  the format ion  of coarse  n i o b i u m - r i c h  
carb ides  in al loy D-31 (Nb-10Mo-10Ti-0.1C) but not 
in al loy D-43 (Nb-10W- lZr -0 .1C)  and m i c r o s t r u c t u r e s  
of Nb-Mo-C al loys  in Taylor  and Doyle ' s  r epor t  14 in -  
dicate a s igni f icant  influence of molybdenum on the 
p rec ip i ta t ion  behavior  of n iobium ca rb ides .  Recent ly 
de t e rmined  phase  equ i l ib r i a  in the Nb-Mo-C sys t em 14-t6 
revea l  a ve ry  l imi ted  solubi l i ty  of M o z C  in NbzC. Rudy 
e t  a l .  ~6 obtained solubi l i ty  va lues  of approx imate ly  3, 4, 
and 5 mole pct MoeC in NbeC at 1500, 1900, and 2200~C, 
r e spec t ive ly ;  the n i o b i u m - r i c h  subca rb ide  is in equi-  
l i b r i um with m e t a l - r i c h  solid solut ions  containing up 
to approx imate ly  30 to 40 at. pct  Mo. Since, according  
to recen t  r e s u l t s  of Rudy e t  a l .  ~6 molybdenum cont inu-  
ously i n c r e a s e s  the sol idus t e m p e r a t u r e  of niobium 
and is a potent  high t e mpe r a t u r e  sol id  solut ion s t r eng th -  
ener ,  n-x9 it is of cons iderab le  i n t e r e s t  to de t e rmine  the 
effects of molybdenum addit ions on the p rec ip i t a t ion  
phenomena of ca rb ides  in t e r n a r y  Nb-Mo-C al loys.  

EXPERIMENTAL PROCEDURES 

Three alloys were prepared with the following nomi- 
nal composi t ions  (in weight percen t ) :  

Nb-0.1C 
Nb-15Mo-0.1C 
Nb-30Mo-0.1C 

The al loys were  mel ted  from chips and cut t ings into 
50 g but tons in a tungs ten  a rc  furnace  under  an env i -  
ronment  of �89 a tm of pur i f ied  argon.  P r i o r  to mel t ing  
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the a l loys ,  a lump of t i t an ium was mel ted  to g e t t e r  
r e s idua l  gases .  The buttons were  r e m e l t e d  t h r ee  
t i m e s  to ensure  homogenei ty .  The chips and cut t ings  
w e r e  taken f r o m  c o m m e r c i a l l y  pure  molybdenum,  
e l e c t r o n - b e a m  mel ted  niobium, and f rom a Nb-0.42 
pc t  C al loy produced  f r o m  the s a m e  high pur i ty  n io -  
b ium and s p e c t r o g r a p h i c  qual i ty  graphi te  by c o n s u m -  
able e l e c t r o d e  a r c - m e l t i n g .  The chemica l  ana ly s i s  of 
the e l e c t r o n - b e a m  m e l t e d  niobium was as fo l lows:  

Element C N O H Ta W Mo Fe, NI, Co, A1, Zr, Ti 

<5 <7 <14 <5 <200 <50 <40 <20ppmeach 

The a s - m e l t e d  a l loys  w e r e  found to have the fo l low-  
ing compos i t ions  (wt pct) :  

Nb-0.116 pct  C 
Nb-14.70 pct  Mo-0.111 pct  C 
Nb-26.85 pct  Mo-0.099 pct  C 

Heat t r e a t m e n t s  w e r e  p e r f o r m e d  in a vacuum fu rnace  
equipped with a r e s i s t a n c e - h e a t e d  t u n g s t e n - m e s h  e l e -  
ment  and a mol ten  t in bath conta iner ,  into which the 
s ample  could be dropped f r o m  the hot zone by an e x -  
t e r n a l l y  opera ted  r e l e a s e  m e c h a n i s m .  P r e s s u r e  was 
kept  below 1 x 10 -s t o r r  dur ing  heat -up  and at t e m p e r a -  
t u r e .  Except  for  anneals  at 1200~ samples  w e r e  not 
wrapped  in p ro t ec t i ve  tan ta lum foil  to avoid d i f f e r e n c e s  
in i n t e r s t i t i a l  contents  be tween  t in -quenched  and f u r -  
n a c e - c o o l e d  s amp le s .  While wrapping of s a m p l e s  fo r  
hea t  t r e a t m e n t  is useful  fo r  reduc ing  contamina t ion  
and deca rbu r i za t ion ,  it cannot be used in t in -quench ing  
e x p e r i m e n t s .  T e m p e r a t u r e  was mon i to red  by a W-WRe 
the rmocoup l e  a t tached to the s ample  o r  pos i t ioned  
c lo se  to it,  if the s ample  was to be quenched.  The t e m -  
p e r a t u r e  of the tin quenching bath was a p p r o x i m a t e l y  
250~ 

Metallographic preparation, hardness testing, phase 
extraction, and X-ray diffraction procedures have al- 
ready been described elsewhere, t~ 

RESULTS 

The al loy buttons w e r e  sec t ioned  into s a m p l e s  of 
a pp rox ima te ly  5 g and sub jec t ed  to one of the fol lowing 
vacuum heat  t r e a t m e n t s  : 

A) 1750~ for  1 hr  + t in  quench 
B) 1650~ for  1 hr  + t in quench 
C) 1750~ for  1 hr  + fu rnace  cool 
D) 1750~ for  1 hr  + fu rnace  cool fol lowed by 1200~ 

for  24 hr  + fu rnace  cool  

The rad ia t ion  cool ing in the furnace  was m o n i t o r e d  
by a W-WRe the rmocoup le  a t tached to the s a m p l e s  and 
is  i l l u s t r a t ed  in Fig.  1. The in i t ia l  cooling r a t e  f r o m  
1750 ~ to 1350~ a v e r a g e s  to 400~ pe r  min.  The quench-  
ing r a t e  is  e s t i m a t e d  to be about an o r d e r  of magni tude  
h igher .  P r e v i o u s  work has  shown that  quenching in 
l iquid  tin f rom high t e m p e r a t u r e s  e f fec t ive ly  p r e v e n t s  
the fo rma t ion  of c o a r s e  niobium ca rb ides  which a r e  
commonly  obse rved  a f t e r  fu rnace  cooling, z~ 

Room t e m p e r a t u r e  ha rdnes s  data taken a f t e r  heat  
t r e a t m e n t s  a r e  i l l u s t r a t e d  in Fig.  2. The l a r g e  inf lu-  
ence  of anneal ing t e m p e r a t u r e  and cool ing r a t e  on the 
h a r d n e s s  of each individual  a l loy can v e r y  l ike ly  be 
a s c r i b e d  to the s ta te  of carbon  af te r  each heat  t r e a t -  
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Fig. 1--Cooling curve for specimens annealed at 1750~ 
(furnace cooled). Total weight of specimens is approximately 
3O g. 
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Fig. 2--Hardness of Nb-Mo-0.1C alloys vs molybdenum con- 
tent in various heat treated conditions. 

ment .  Fo r  each  al loy the lowest  h a r d n e s s  was m e a -  
su red  a f te r  the 1750~ anneal  fol lowed by furnace  
cooling and addi t ional  anneal ing at 1200~ These  low 
ha rdness  va lues  a r e  probably  inf luenced v e r y  l i t t le  
by d i s so lved  ca rbon  and coagulated ca rb ide  phases .  
The i n c r e a s i n g  ha rdnes s  with i n c r e a s i n g  molybdenum 
content  is then due to the so l id  so lu t ion  hardening e f -  
fect  of molybdenum.  The high h a r d n e s s  va lues  exhib-  
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ited by the as-melted and the quenched samples cannot 
be accounted for entirely by hardening due to intersti- 
tially dissolved carbon, but reflect precipitation or 
dispersion hardening due to the carbide phases formed 
during cooling. 

Typical microstructures of the heat treated samples 
are shown in Figs. 3, 4, and 5, for each alloy respec- 
tively. Precipitate phases are seen in all microstruc- 
tures of the binary alloy Nb-0.1C, Fig. 3. The sample 
quenched after annealing at 1750~ Fig. 3(a), contains 
a fine and uniformly dispersed carbide phase. In con- 
trast to the quenched sample, large carbide particles 
can be seen in the furnace-cooled samples, although 
there is also a minor amount of acicular-shaped pre- 
cipitate phase, which appears to decrease upon anneal- 
ing at 1200~ Figs. 3(b) and (c.). As shown later, the 
cooling method not only controls the size and distribu- 
tion, but also the type and lattice structure of the car- 
bide phases present after annealing at 1750~ Table I. 
Precipitation of the carbide phases shown in Figs. 3(a) 
and (b) must, therefore, have occurred during cooling 
or quenching, i.e. complete solid solution existed dur- 
ing annealing at 1750~ After annealing at 1650~ a 
fine, dispersed carbide phase, which is essentially 
identical to the one in Fig. 3(a), again appears to pre- 
cipitate during quenching in the liquid tin bath. How- 
ever, a small amount of coarse, primary carbides was 
also observed at some grain boundaries in this sample, 
indicating that the carbon content of the sample is 
slightly in excess of the carbon solubility of niobium 
at 1650~ Since decarburization of niobium can easily 
occur at high annealing temperatures, ~~ the heat 
treated samples were chemically analyzed for their 
interstitial elements : 

Heat Treatment Carbon Oxygen Nitrogen 

1750 ~ hr/tm quench 0 083 pct 12 ppm 31 ppm 
1650~ hr/tin quench 0.096 pct - - 

(a) 
Fig. 3--Effects  of heat  t r e a t m e n t  on m i c r o s t r u c t u r e  of alloy 
Nb-0.1C, (a) 1750~ for  1 hr ,  t in quenched, (b) 1750~ for  
1 hr ,  furnace  cooled, and (c) 1750~ for  1 hr ,  furnace  cooled 
+ 1200~ for  24 hr .  Magnif icat ion 575 t imes .  

Fig. 3- Continued. (c) 

It i s  e s t i m a t e d  t h a t  t h e  e x c e s s  c a r b o n  in  t h e  f o r m  of 
p r i m a r y  c a r b i d e s  a t  1650~ a m o u n t s  to  a b o u t  50 to  
100 p p m .  S i n c e  t h e  c h e m i c a l  c a r b o n  a n a l y s i s  i s  a c c u -  
r a t e  w i t h i n  +3 0  p p m ,  t h e  s o l u b i l i t y  of c a r b o n  in  n i o -  
b i u m  a t  1650~ i s  e s t i m a t e d  to  b e  0 .089  + 0 .005  wt  p c t .  

W h e n  t h e  N b - 1 5 M o - 0 . 1 C  a l l o y  i s  a n n e a l e d  a t  1750~ 
a n d  t i n  q u e n c h e d ,  t h e  s t r u c t u r e  a p p e a r s  to  b e  s i n g l e  
p h a s e .  A s m a l l  a m o u n t  of s e c o n d - p h a s e  p a r t i c l e s  i s  
o b s e r v e d  a f t e r  a n n e a l i n g  a t  1650~ a n d  t i n  q u e n c h i n g ,  
F ig .  4(a) .  C h e m i c a l  a n a l y s i s  a f t e r  h e a t  t r e a t m e n t  g a v e  
t h e  f o l l o w i n g  c o m p o s i t i o n  of t h i s  a l l o y :  

Heat Treatment Carbon Oxygen Nitrogen 

1750~ hr/tin quench 0.087 pct 37 ppm 26 ppm 
1650~ hr/tin quench 0.11313 pet - - 
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(a) 

(b) 

Fig. 4--Effects of heat treatment on microstructure of alloy 
Nb-15Mo-0.1C (a) 1650~ for I hr, tin quenched, (b) 1750~ 
for 1 hr, furnace cooled, and (c) 1750~ for i hr, furnace 
cooled + 1200~ for 24 hr. Magnification 560 times. 

Taking into account  approx imate ly  100 to 150 ppm ex-  
cess  carbon contained in  the p r i m a r y  ca rb ides ,  the 
so lubi l i ty  of carbon  in Nb-15Mo (nominal)  at 1650~ 
is 0.088 • 0.005 pct accord ing  to these r e su l t s .  

The Nb-30Mo-0.1C al loy was found to be of s ingle  
phase  af ter  anneal ing  and quenching both f rom 1750 ~ 
and 1650~ Fig. 5(a). The in t e r s t i t i a l  al loy content  
was de te rmined  as follows: 

Heat Treatment Carbon Oxygen Nitrogen 

1750~ hr/tm quench 0.079 pct 58 ppm 42 ppm 
1650~ hr/tin quench 0.089 pct - - 

Fig.  4 -  Cont inued.  (c) 

F rom these  r e s u l t s ,  the carbon so lubi l i ty  in Nb-30Mo 
(nominal)  at 1650~ appears  to be in excess  of 0.089 
+ 0~ wt pct.  

A compar i son  of the m i c r o s t r u c t u r e  of the Nb-15Mo- 
0.1C and Nb-30Mo-0.1C al loys af ter  annea l ing  at 1750~ 
and furnace  cooling, Figs.  4(b) and 5(b), with the c o r r e -  
sponding m i c r o s t r u c t u r e s  of the b i n a r y  Nb-0.1C al loy.  
Fig. 3(b), r e ve a l s  s ignif icant  d i f fe rences .  While heavy 
prec ip i ta t ion  at gra in  boundar ies  s t i l l  p e r s i s t s ,  the 
carbide  phase  is  l ess  coagulated the higher  the mo-  
lybdenum content  of the alloy. Also, the i n t r a g r a n u l a r  
p rec ip i t a t e s  have an ac icu la r  shape, the i r  s ize  d imin -  
ishes  with i n c r e a s i n g  molybdenum content  and they 
prefer  to fo rm at subboundar ies  and in r e s idua l  seg-  
regated a r e a s .  

Additional anneal ing  at 1200~ causes  apparent  
growth of the ac icu la r  phase in the Nb-15Mo-0.1C 
alloy, Fig. 4(c). Although it can also be observed  
occas iona l ly  in the Nb-15Mo-0.1C alloy,  discont inuous 
p rec ip i ta t ion  becomes  ve ry  pronounced  in the Nb-30Mo- 
0.1C al loy at 1200~ as shown in Fig. 5(c). Lamel l a r  
growth of depleted ma t r ix  and p rec ip i t a te  phase into 
the s u p e r s a t u r a t e d  ma t r ix  o r ig ina tes  at g r a in -bound-  
a r i e s  and subg ra in  boundar ies ,  the old and new phase 
regions  be ing  c l ea r ly  separa ted  by h igh-angle  bound-  
a r i e s .  Extended anneal ing at 1200~ does not appear  
to cause any fu r the r  growth except for some coagula-  
t ion of the carb ide  l amel lae .  

The carb ide  phases  observed  in the m i c r o s t r u c t u r e s  
were ident if ied by X- ray  dif f ract ion as shown in Table I. 
The fine p rec ip i t a t e  phase ex t rac ted  f rom the b ina ry  
Nb-0.1C al loy af ter  anneal ing at 1750~ and t i n -quench -  
ing produced the cha rac t e r i s t i c  d i f f rac t ion  pa t te rn  of 
the e carb ide ,  which was identif ied o r ig ina l ly  in the 
niobium al loy D-43.  xl The carbon  content  of this phase 
in the b i n a r y  al loy was chemica l ly  analyzed and is  
7.48 wt pct  or  38.47 at. pct.  A complete  chemica l  
ana lys i s  of this  phase was not made,  but it can be 
a s sumed  f rom e a r l i e r  work x'xx that  the res idue  con-  
ta ins  approx imate ly  5 to 6 wt pct O which is appar -  
ently picked up in the ex t rac t ion  p r o c e s s .  The carbon 
content of 7.48 wt pct,  therefore ,  should be regarded  
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as the lower  l imi t  and may  be as high as 7.95 wt pct  
o r  40.0 at. pct ,  which c o r r e s p o n d s  to the s t o i c h i o m e t -  
r i c  compos i t ion  of Nb3C2. 

The carb ide  phases  e x t r a c t e d  f rom Nb-0.1C s a m -  
p l e s  a f te r  anneal ing at 1750~ and furnace  cool ing and 
a f t e r  the addit ional  anneal  at 1200~ p roved  to be ~ -  
Nb2C with the c h a r a c t e r i s t i c  d i f f rac t ion  l ine doublets .  
The ~-Nb2C phase  was apparen t ly  obse rved  s i m u l t a -  
neous ly  by Yvon, Nowotny, and Kieffer ,  21 Rudy and 
Brukl ,  2~ and Bowman et  al. ,  Ref. ci ted in Ref 21. It 

e x i s t s  at t e m p e r a t u r e s  below 1230~ 2~ and its s t r u c -  

(a) 

(b) 

Fig. 5--Effects of heat treatment on miorostructure of alloy 
Nb-30Mo-0.1C, (a) 1650~ for 1 hr, tin quenched, (b) 1750~ 
for 1 hr, furnace cooled, and (c) 1750~ for 1 hr, furnace 
cooled + 1200~ for 24 hr. Magnification 560 times. 

Fig.  5 -  Continued.  (c) 

ture is an orthorhombic distortion of the hexagonal 
L'3 cell. The distortion is thought to be the result of 
an ordered arrangement of carbon atoms in the lattice. 
Neutron diffraction analysis by Yvon et al. 21 gave the 
following lattice parameters: a = 10.920, b = 4.974, 
and c = 3.090A. Indexing the a-Nb2C phase in the 
Nb-0olC alloy in this manner resulted in excellent 
agreement of the lattice parameters, see Table I. 

After furnace cooling from 1750~ both ternary al- 
loys contained hexagonal/3-Nb2C. The lattice param- 
eters (a = 3.128; c = 4.970; c/a = 1.589) are virtually 
identical for the carbide phases of both alloys. The 
Nb-15Mo-0.1C alloy contained a minor amount of E 
carbide which was absent in the Nb-30Mo-0.1C alloy. 
Annealing at 1200~ for 24 hr caused the ~-Nb2C and 
�9 carbide phases in the Nb-15Mo-0.1C alloy to trans- 
form into a-Nb2C. This transformation was not ob- 
served in the Nb-30Mo-0.1C alloy, although the diffuse 
appearance of the high-angle diffraction lines may in- 
dicate the early stage of the transformation. In the 
1200~ annealed condition the carbide phases were 
analyzed for molybdenum content. The Nb2C phases 
of the Nb-15Mo-0.1C and Nb-30Mo-0.1C alloys con- 
tained 1.41 and 2.83 wt pet Me, respectively. 

DISCUSSION 

The Nb-C system has been the subject of several 
investigations. With respect to the determination of 
carbon solubility in niobium, the works of Elliott, 22 
Kimura and Sasaki, 23 and Gebhardt, Fromm, and Roy 24 
are particularly noteworthy. According to the results 
of these investigations, a maximum of 0.09 wt pct (0.70 
at. pet) C dissolves at 1750~ 25~ This temperature 
is about 100~ higher than determined in the present 
investigation. The metallographic evaluation employed 
here may overestimate the solubility of carbon slightly 
but not to the extent necessary to comply with the pub- 
lished data. Approximately 0.09 wt pet C dissolves in 
alloy D-43 (Nb-10W-IZr-0.1C) at 1675 ~ • 25~ 11 al- 
though the solubility should be decreased by the alloy- 
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Table I. Results of Phase Identification by X-Ray Diffraction 

Alloy and Phases Relative Lattice Lattice 
Heat Treatment Idenhfied Amount Structure Parameter, A 

Nb-0.1C" 

1750~ hr/tm e("Nb3C2") 100 not det. not det. 
quenched 
1750~ hr/furnace a-Nb2C 100 o'rhomblc a = 10.92 
cooled b = 4.97 

c = 3.10 

1750~ hr/furnace 
cooled + 
1200~ hr/furnace a-Nb2 C 
cooled 

1 O0 o'rhombic a = 10.912 
b = 4.972 
c = 3100 

Nb-15Mo-0.1C: 

1750~ hr/furnace 
cooled 

e("NbaC2" ) 

~3-Nb2 C 

1750 ~ hr/fumace 
cooled + 
1200~ hr/furnace a-Nb2C 
cooled 

30 not det. not det. 

70 hexagonal a = 3.128 
c = 4.970 

100 o'rhomblc a = 10.94 
b = 4.971 
c = 3.105 

Nb-3OMo-0.1C 

1750~ hr/furnace /3-Nb2C 100 hexagonal a = 3.128 
cooled b = 4.971 

1750 ~ hr/furnace 
cooled + 
1200~ hr/furnace ~Nb2C 100 hexagonal a = 3.128 
cooled c = 4.971 

ing e l e m e n t s  in this  c a s e .  It is  p o s s i b l e  that  the  c a r -  
b u r i z i n g  method used  by E l l io t t  and Gebhard t  e t  a l .  

wil l  somewha t  u n d e r e s t i m a t e  the so lub i l i ty  by not 
ach iev ing  comple te  e q u i l i b r i u m  concen t ra t ions  dur ing  
c a r b u r i z a t i o n .  

The addi t ions  of 15 and 30 wt pc t  Mo to n iobium a p -  
p e a r  to have only a s m a l l  e f fec t  on the ca rbon  s o l u b i l -  
i ty ,  al though the da ta  ind ica te  a m o d e r a t e  so lub i l i t y  
i n c r e a s e  in the Nb-30Mo a l loy .  These  r e s u l t s  d i s a g r e e  
with the f indings of T a y l o r  and Doyle 14 who e s t i m a t e  a 
s o lub i l i t y  of l e s s  than 0.1 at .  pc t  (0.013 wt pct)  C at  
2000~ in Nb-10.3 wt pc t  Mo f r o m  m e t a l l o g r a p h i c  e v i -  
dence .  The e s t i m a t e  of low so lub i l i t y  is  mos t  l i ke ly  
c a u s e d  by e r r o n e o u s l y  tak ing  the o b s e r v e d  c a r b i d e  
p h a s e  as  the p r i m a r y  c a r b i d e  ex i s t ing  at the e q u i l i -  
b r a t i n g  t e m p e r a t u r e .  

The o b s e r v a t i o n  that  the concen t ra t ion  of m o l y b d e -  
num in Nb2C is only about 10 pc t  of the molybdenum 
concen t r a t i on  of the a l loy  is  in good a g r e e m e n t  with 
the  r e s u l t s  of Rudy e t  a l .  ~6 Since t h e r e  is  no m e a s u r e -  
ab le  d i f f e r ence  be tween  the l a t t i c e  p a r a m e t e r s  of the  
hexagona l  Nb2C p h a s e s  p r e s e n t  a f t e r  fu rnace  cool ing  
f r o m  1750~ and a f t e r  add i t iona l  anneal ing  at  1200~ 
s e e  Table  I, i t  can be a s s u m e d  tha t  the molybdenum 
content  of the ca rb ide  p h a s e s  is  n e a r l y  the s a m e  a f t e r  
both  hea t  t r e a t m e n t s .  The p r e c i p i t a t i o n  of Nb2C in 
n iob ium with molybdenum contents  of 30 to 40 wt pc t ,  
t h e r e f o r e ,  mus t  involve c o n s i d e r a b l e  bulk d i f fus ion of 
the  m e t a l l i c  cons t i tuen t s  in c o m p a r i s o n  with NbzC p r e -  
c ip i t a t ion  in pu re  n iobium o r  in a l loys  where  the  con-  
c e n t r a t i o n  change of m e t a l l i c  e l e m e n t s  be tween  c a r -  
b ide  and m a t r i x  is  s m a l l .  

The e x p e r i m e n t a l  r e s u l t s  p rov ide  s o m e  qual i ta t ive  
evidence for  the e f fec t s  of molybdenum on the p r e c i p i -  
ta t ion behav io r  of the n iobium c a r b i d e  p h a s e s .  The 
r a t e  of � 9  p r e c i p i t a t i o n  s e e m s  to d e c r e a s e  with 
i nc r e a s ing  molybdenum content .  The p r e c i p i t a t e  p a r -  
t i c l e s  of the e phase  can be  r e a d i l y  o b s e r v e d  in the 
m i c r o s t r u c t u r e  of the Nb-0.1C a l loy  a f t e r  t i n -quench-  
ing f rom a round  1750~ whereas  only the high h a r d -  
ness  of the m o l y b d e n u m - b e a r i n g  a l l o y s  a f t e r  t i n -  
quenching i nd i ca t e s  the p r e s e n c e  of c a r b i d e  p r e c i p i t a -  
t ion.  S i m i l a r l y ,  the �9 phase  a p p e a r s  a f t e r  fu rnace  
cooling in the Nb-15Mo-0.1C a l loy  but not in the 
Nb-30Mo-0.1C a l loy .  The f o r m a t i o n  of �9 c a r b i d e  
dur ing  cool ing,  which commonly  o c c u r s  in a much 
lower  t e m p e r a t u r e  range  than does  the Nb2C phase ,  1~ 
is e f fec t ive ly  s u p p r e s s e d  by the addi t ion  of mo lybde -  
num. 

With r e g a r d  to the NbzC pha se s ,  molybdenum a p p e a r s  
to r e t a r d  the t r a n s i t i o n  f rom the high t e m p e r a t u r e  
s t r u c t u r e  of Nb2C to i ts  low t e m p e r a t u r e  ~ modi f ica t ion .  
The addi t iona l ,  d i scont inuous  p r e c i p i t a t i o n  of ~-Nb2C at 
1200~ in the Nb-30Mo-0 .1C a l loy  m a y  a l so  indica te  a 
d e c r e a s e  of the  a - f l  t r a n s i t i on  t e m p e r a t u r e .  A g rowth-  
inhibi t ing inf luence  of molybdenum on Nb2C p r e c i p i -  
t a t e s  is  a l so  a p p a r e n t  f rom the f ine r  p a r t i c l e  s i ze .  In 
g e n e r a l  then,  molybdenum addi t ions  to Nb-C a l loys  r e -  
duce the k ine t i c s  of c a rb ide  f o r m a t i o n  and hence p e r -  
mi t  the r e t e n t i o n  of ca rbon  s u p e r s a t u r a t i o n  dur ing  
furnace  cool ing.  

CONC LUSIONS 

1) The so lub i l i t y  of ca rbon  in n iob ium at 1650~ was 
found to be 0.089 + 0.005 wt pct ,  which is  s l i gh t ly  
l a r g e r  than r e p o r t e d  by o the r  i n v e s t i g a t o r s .  

2) Addi t ions  of 30 wt pc t  Mo to n iob ium a p p e a r  to 
i n c r e a s e  s l i gh t ly  the carbon so lub i l i t y  at  1650~ 

3) The Nb2C p h a s e s  in the Nb-15Mo-0 .1C and 
Nb-30Mo-0.1C a l l oys  at  1200~ were  found to contain  
1.4 and 2.8 wt pc t  Mo, r e s p e c t i v e l y .  

4) The r a t e s  of p r e c i p i t a t i o n  of n iob ium c a r b i d e s  
f rom so l id  so lu t ion  a r e  d e c r e a s e d  c o n s i d e r a b l y  by 
molybdenum add i t ions .  Thus i t  is  p o s s i b l e  to achieve  
s ign i f ican t  c a rbon  s u p e r s a t u r a t i o n  with p r a c t i c a l  
cool ing r a t e s .  

5) A c l a s s i c a l  example  of d i scon t inuous  p r e c i p i t a t i o n  
was o b s e r v e d  in Nb-30Mo-0 .1C a f t e r  annea l ing  at  
1200~ 

6) The p r e d o m i n a n t  ca rb ide  p h a s e s  p r e c i p i t a t i n g  
f rom so l id  so lu t ion  were  the o r t h o r h o m b i c  a-Nb2C in 
Nb-0.1C and the hexagonal  ~-(Nb, Mo)2C in the t e r n a r y  
a l loys .  The �9 c a rb ide  was only found in the 
b i n a r y  a l loy  a f t e r  t in -quenching  and in the Nb-15Mo-  
0.1C a l loy  a f t e r  fu rnace  cooling f r o m  1750~ Or tho-  
rhombic  a -Nb2C f o r m e d  dur ing  annea l ing  at  1200~ 
for 24 h r  in the  Nb-15Mo-0.1C a l loy  but  not in the 
Nb-30Mo-0 .1C a l loy .  

7) It is  expec ted  that  addi t ions  of 15 to 30 wt pc t  Mo 
to N b - Z r  (or  Hf)-C a l loys  wil l  r e s u l t  in  p r e c ip i t a t i on  
c h a r a c t e r i s t i c s  of the s t ab le  c a r b i d e  p h a s e s  that  a r e  
m o r e  d e s i r a b l e  than a r e  exhib i ted  by  c u r r e n t  n iob ium-  
base  a l l o y s .  
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