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

The c e n t r a l  o b j e c t i v e  of t h i s  paper is  t o  c h a r a c t e r i z e  t h e  m e t a l l u r g i c a l  
behavior  of niobium as an  a l l o y i n g  element i n  a u s t e n i t i c  supe ra l l oys .  To 
accompl ish  th is ,  we w i l l  f i r s t  d e f i n e ,  t hen  d e s c r i b e  s u p e r a l l o y s  i n  some 
d e t a i l  as background. Next, niobium i t s e l f  w i l l  be reviewed w i t h  r e spec t  t o  
i t s  p r o p e r t i e s  a p p r o p r i a t e  f o r  s u p e r a l l o y  c o n s t i t u t i o n .  Then t h e  s p e c i f i c  
f u n c t i o n  of niobium as a d d i t i v e  t o  n i c k e l ,  c o b a l t  and iron- based s u p e r a l l o y s  
w i l l  be e s t a b l i s h e d  and i ts  broad e f f e c t s  summarized. 

According  t o  t h e  book, The Supe ra l l oys ,  (1) s u p e r a l l o y s  are " a l l o y s  
developed f o r  e l e v a t e d  tempera ture  s e r v i c e ,  u s u a l l y  based on Group V I A  
e lements  where r e l a t i v e l y  s eve re  mechanical  s t r e s s i n g  is encountered  and 
where h igh  s u r f a c e  s t a b i l i t y  is  f r e q u e n t l y  requi red ."  In  p r e s e n t  commercial 
s u p e r a l l o y s  i t  is  common t o  f i n d  niobium p r e s e n t  i n  smal l- to-modera te  amounts. 
These r e l a t i v e l y  small a d d i t i o n s  have a s i g n i f i c a n t  c o n t r i b u t o r y  e f f e c t  on 
a l l o y  p r o p e r t i e s ,  y e t  i n  t h e  t e c h n i c a l  community t h e r e  has  not  been a d i r e c -  
t i oned  a t t e m p t  t o  c o l l a t e  and d e f i n e  t h e s e  e f f e c t s .  Thus,  this r e p o r t  is an  
a t t emp t  t o  accompl ish  t h i s  t a sk .  

S u p e r a l l o y s  are composed of a group V I I I A  metal a l l o y  ba se  ( c o b a l t ,  
n i c k e l ,  o r  i r o n )  t o  which are added l a r g e  and v a r i e d  amounts of a l l o y i n g  
e lements ,  r ang ing  up t o  50-60 pe rcen t  of t o t a l  a l l o y  weight .  These a d d i t i o n s  
modify, improve and i n t e r a c t  w i th  t he  a l l o y  base  and w i t h  each o t h e r  i n  a 
very  complex f a s h i o n  t o  provide  r e s i s t a n c e  t o  s u r f a c e  a t t a c k  from o x i d i z i n g  
and hot  co r rod ing  ga se s ,  and t o  provide  a n  unusua l  ?eve1 of mechanical  
p r o p e r t i e s .  A l loys  f o r  gas t u r b i n e  s e r v i c e  must m e e t  s t r i n g e n t  criteria f o r  
t e n s i l e  s t r e n g t h  and d u c t i l i t y ,  r u p t u r e  and c r eep  s t r e n g t h  and d u c t i l i t y ,  and 
mechanical  and low-cycle f a t i g u e  requi rements ,  t o  mention on ly  a few. 
Dens i ty ,  t he rma l  c o n d u c t i v i t y  and expans ion  p r o p e r t i e s  are some of t h e  
phys i ca l  p r o p e r t i e s  u s u a l l y  c o n t r o l l e d ,  a l s o .  
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Superalloys are materials generally used to "get the most out of" high- 
performance equipment; they are the work horses in the hottest parts of 
aircraft jet engines, industrial gas turbines and very high-temperature 
reactor applications. Figure 1 illustrates an aircraft engine, showing a 
nickel-based superalloy bucket (blade) typically utilized in the turbine 
section of the engine. However, superalloys are also vital in high-tempera- 
ture heat exchangers for energy application, in some reactors, and in a 
variety of other tough-service type applications. 

In this paper, we will discuss cast and wrought nickel, cobalt and iron- 
nickel superalloys and (as a special case) eutectic superalloys. In order to 
consider the role of niobium most efficiently, we will cover the field in the 
following order; Ni-base superalloys; Co-base superalloys; Fe-Ni-base super- 
alloys; eutectics. A more detailed discussion of superalloys as a class 
follows. 

Superalloys: Their Metallurgy and Properties 

A concise definition of superalloys has been given in the introduction. 
In this section, an attempt will be made to review the superalloy class in a 
very brief fashion, - yet still crack open the door into their fascinating 
technological detail as background for consideration of the role of niobium. 
This will be done by first considering a general classification which pro- 
vides a broad linking of application field with alloy type, then touching in 
turn on their chemical constitution, solid-state phase relations, metallur- 
gical microstructure, processing and properties. 

Classification 

Superalloys have been spawned principally by the constant and driving 
force of the need of aircraft jet engines to operate at higher and higher 
temperatures for improved efficiency and power, augmented by the demands of 
industrial gas turbines, heat exchangers and reactors. Superalloys can be 
classified in many ways, one of which is given in Figure 2, a correlation of 
major energy systems with alloy types (2). 

Chemical Compositional Characteristics and Strengthening 

Superalloys are most commonly considered as either cobalt or nickel-base 
alloys. However, significant amounts of iron have been included with nickel 
to reduce cost of alloys intended for larger forgings (Fe-Ni-base alloys), 
although in some cases the nickel dominates; this has created an iron-base 
series also. 

Figure 3 illustrates, in broad and qualitative fashion, the general 
function of alloying elements in the group V I I I A  Ni-Co-Fe bases. The compo- 
sitional complexity is obvious and Figure 4 emphasizes the point, showing 
that Ni-base alloy systems are the most complicated of all alloys. 

Obviously, interaction between the alloying elements and alloy base, and 
between alloying elements also is extremely complex. However, Table I 
attempts some order through collation of the behavior of the major alloying 
element actors. 
combinations of solid solution strengthening, coherent phase precipitation, 

One can see that mechanical properties are developed through 
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Figu re  1. Typ i ca l  A i r c r a f t  Engine (GE-SNECMA CF-6) 
and Cast  Supera l loy  Bucket ( I n s e r t ) .  
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Figure 3. Function of Elements Added for Alloying Effect in Austenitic Superalloys. 
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Figure  4. Compositions of Various Alloy Groups, Showing 
Re la t ive  Complexity of Nickel-Base Superalloys.  

ca rb ide  s t r eng then ing  and g r a i n  boundary con t ro l .  Some of the  key p rec ip i-  
t a t e  phases formed are a l s o  i d e n t i f i e d .  
is broad i n  i t s  coverage and not intended to  be t o t a l l y  inc lus ive .  

It should be emphasized t h a t  Table I 

Phase  Re la t ions  

The s t r u c t u r a l  matr ix  of a l l  supe ra l loys  by d e f i n i t i o n  is based on the  
FCCy ( a u s t e n i t i c )  la t t ice  c h a r a c t e r i s t i c  of N i- ,  Co-, and many Fe-base 
a l l o y s .  They can be considered a phase extension of the  300-Series s t a i n l e s s  
steels.  C l a s s i c a l l y ,  t h e i r  p o s i t i o n  i n  the  a u s t e n i t e  f i e l d  ranges back and 
f o r t h  near i t s  s t a b i l i t y  l i m i t s ,  depending upon the  n i cke l ,  coba l t ,  o r  i r o n  
con ten t  and the  amount of counter- austeni te  elements added, such as BCC 
chromium, molybdenum, tantalum. 

Most important ly ,  many of these  a l l o y s  are precipi ta t ion- strengthened by 
t h e  coherent FCC A B phase y I ,  formed between n icke l  wi th  aluminum, t i t an ium 

o r  niobium. 

compose up to  as much as 50 percent  of the  a l l o y ,  Phase r e l a t i o n s  f o r  
y ' (3) are shown in Figure  5 ,  t oge the r  with a v i e w  of some t y p i c a l  y p a r t i-  
cles. Add i t iona l ly ,  coherent phases such as y "  (orthorhombic Ni3Nb) can 

form, and a broad range of ca rb ides  including the  types MC, M6C, and M23C6. 

The mre s p e c i f i c  behavior of some of these  spec ie s  will be covered i n  a 
d e t a i l e d  d i scuss ion  involving niobium below. 

3 
The composition is usua l ly  Ni3(A1,Ti,Nb), and the  phase can 

A c o r r e l a t i v e  p i c t u r e  of a u s t e n i t e  phase behavior can be generated by 
viewing the  po la r  diagram of f i r s t  long per iod elements with chromium. A 
p o l a r  phase diagram is c rea ted  by l ink ing  appropr i a t e  t e r n a r i e s  on mating 
axes ,  and spec i fy ing  a common element (such as Cr) as the  focus. For super- 
a l l o y s ,  the  f i r s t  long per iod elements (Ni, Co, Fe,  e t c . )  are caused t o  occur 
in per iod ic  o rde r  at  the  periphery. F a i r i n g  the  t e r n a r i e s  allows the  p i c t u r e  
t o  generate  i n t o  a diagram (Figure  6a).  It should be understood t h a t  
f o r  supe ra l loys  t h i s  diagram r e f e r s  t o  the  FCC matr ix  composition only ,  and 
n o t  the composition of the  e n t i r e  a l l o y ,  including i t s  numerous p r e c i p i t a t e  
phases.  

The diagram can be t a i l o r e d  f o r  greater accuracy, a lso .  For i n s t a n c e ,  i f  
one u t i l i z e s  Cr-15Mo as the  focus  in s t ead  of chromium a lone ,  t he  r e l a t e d  
group of classic Ni-base a l l o y s  Udimet-700, Rene 77, Nimonic 115, and Udimet- 
500 w i l l  f a l l  near point  i n  Figure  6a. However, t he  diagram with niobium 
(Figure  6b) i l l u s t r a t e s  the sharp  reduct ion i n  a u s t e n i t e  f i e l d  caused by 
element No. 41, and the  complex series of phases then generated,  -obviously 
n o t  a b e n e f i c i a l  e f f e c t .  This w i l l  be d iscussed later. 
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Table I. Summary of the Function of Alloying Elements in Superalloys. 

Alloying Element and Phases Formed in Designated System 
Metallurgical Function , 

Nickel-Base Cobalt -Base Ni-Fe Basea' 

Solid Solution 
Strengthening 

Coherent Phase 
Strengthening 

Carbide Phase 
Activity and 
Strengthening 

Grain Boundary 
Activity 

Co, Cr ,  Mo, W ,  Ni, Cr ,  Mo, W, Fe, Cr 
Nb, T a  Nb, Ta  

Oxidation and Cr,  Al, Ti Cr ,  Al, Y, A1 Cr,  A1 
Corrosion Resistance 

Classic Alloys 

Udimet 500 X-40 N- 155 
Inconel 738 FSX-414 A-286 
Nimonic 80A MarM-509 Inconel 718 
Hastelloy X Incoloy 903 

a. Either nickel or  iron may predominate. 



Figure  5. Ni-A1-X Phase Composition Re la t ions ,  Showing 
E f f e c t s  of Alloying Elements on S o l u b i l i t i e s  (3). 
Micros t ructure  of y I n t e r a c t i n g  wi th  Disloca- 
t i o n s  i n  Nickel Alloy U-500; 10,OOOX. 

Mic ros t ruc tu re  

Superal loy micros t ructure  is f a s c i n a t i n g l y  i l l u s t r a t i v e  of not only the  
s t r eng then ing  from the  v a r i e t y  of GCP and ca rb ide  phases p resen t ,  but is the  
key element i n  success fu l  process ing,  and the prime v i sage  t o o l  f o r  t he  g r e a t  
developments i n  powder metallurgy and con t ro l l ed  s o l i d i f i c a t i o n  process ing 
now occurr ing.  Unfor tunate ly ,  t h i s  b r i e f  review cannot consider  a l l  t h i s  
technology so  Figure  7 is given t o  show t h e  classic f e a t u r e s  present  i n  
investment- cast a l l o y s ,  and Figure  8 an example f o r  t y p i c a l  forged a l l o y s  
(2) .  
p a r t i c u l a r l y  where niobium is involved. 

The d i scuss ion  below w i l l  i d e n t i f y  a d d i t i o n a l  mic ros t ruc tu ra l  f e a t u r e s ,  

Process ing 

U n t i l  about 1960, supe ra l loys  cons i s t ed  of but two p r i n c i p l e  classes 
der ived from process ing,  - "cast" and "wrought" - as i l l u s t r a t e d  d i r e c t l y  
previously .  I n  contemporary p r a c t i c e ,  c a s t i n g s  are made by t h e  investment 
c a s t i n g  ( l o s t  wax) process o f t e n  i n  vacuum. Highly complex shapes are 
poss ib l e  ( a s  i n  the  bucket of Figure  1) and are u t i l i z e d  t o  t ake  advantage of 
des ign f a c t o r s  such as a i r  cool ing i n  gas t u r b i n e  r o t a t i n g  and s t a t i c  hard- 
ware. Wrought products are produced by a v a r i e t y  of working techniques t o  
make s h e e t ,  ba r ,  l a r g e  wheels and complex p a r t s .  P r e c i s i o n  fo rg ing  is 
u t i l i z e d  f o r  t u rb ine  blades ,  but complex shape needs somewhat l i m i t  t h i s  
approach. 

However, "cast" and "wrought" classes are no longer  a l l- inc lus ive .  We 
are now i n  t h e  "Age of Processing" in supe ra l loys .  S p e c i a l  process ing 
techniques  are being used t o  extend supe ra l loy  p r o p e r t i e s  t o  previously- 
unknown l i m i t s .  I n  very b r i e f  review, some of these  are: 
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Powder Metallurgy - to obtain fine-grain ductile structures, and 
to create oxide dispersion strengthening (ODs). 

Micrograin Processing - where extremely fine-grained powder is used 
to generate unusual structures and ductility. 

Directional Solidification (DS) - grains elongated to the full height 
of the part to reduce thermal fatigue initiation. DS allows strength- 
ening by eutectically-formed phases, and is becoming commercial. 

Single Crystals - Wherein the entire complex part is one cast crystal. 
This tends to eliminate thermal fatigue failures and maximizes creep 
properties. 

Coating and Cladding - to protect alloy surface attack from oxidation 
and hot corrosion. 

Where appropriate, these processes will be explored briefly in this text. 

Properties 

Superalloys are characterized principally by high tensile and creep 
properties up to greater proportions of their melting points than all other 
alloy systems. In addition, they possess good-to-outstanding surface stabil- 
ity in simple oxidizing atmospheres. Together, these characteristics have 
combined to create a large group of materials which absolutely dominate high- 
temperature service needs up to the 1200-1300 C (2000-2200 F) surface range. 
Figure 9 illustrates these properties. While some refractory metals have 
greater strength capability, their surface stability in oxidizing atmospheres 
is horrendous, prohibiting practical service. Ultimately, a few precious 
metal alloys have greater atmospheric resistance than superalloys, but these 
systems are relatively weak and, of course, they are prohibitively costly. 
Thus, superalloy systems posses the best combination of properties. In point 
of fact, superalloys are the only usable and durable alloys available for 
high-stressed high-temperature oxidizing service. 

PT ALLOYS 

STAINLESS 
STEELS 

TEMPERATURE 
FOR 100 MILS 

IN 10,000 HRS 
PENETRATION 1 2 0  STEELS 

NI SUPERALLOYS 

.a 
MI, ALLOYS W e ALLOYS 

ClRBON C r - M o - V  
STEEL 

STRENGTH 

1000 1500 C 
TEMPERATURE FOR 20,000 psi STRESS- 
RUPTURE CAPABILITY IN 10,000 HOURS 

Figure 9. Comparison of the Surface Stability and Strength 
Characteristics of Superalloys with Other Alloy 
Sys tems . 
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In a more broad sense, of course, specific application requires many 
different properties, and alloy types and classes are often tailored to these 
needs. Alloys for gas turbine nozzle guide-vane service for instance, 
require creep strength, corrosion resistance and must be weldable. Alloys 
for aircraft engine buckets (blades) are dominated by both thermal fatigue 
and tensile properties, but also must be protected from corroding atmospheres. 
Nuclear alloys must be free of cobalt and tungsten, but still poses great 
creep resistance and surface stability properties in the presence of a 
nuclear flux. 

In order to achieve all these properties, and continue to demonstrate 
continued improved performance, many critical component applications now 
utilize two or more superalloy compositions bonded together to optimize 
performance. The most predominant examples are alloys of great strength 
protected by corrosion-resistant coatings or claddings. 

Niobium: Its Properties for Use in Superalloys 

In the immediately preceding discussion, it was pointed out that austeni- 
tic (FCC) superalloys are strengthened principally by addition of elements in 
solid solution to strain the lattice, by precipitation of finely divided 
coherent phases such as y '  and y", and presence or precipitation of several 
types of carbide phases, usually incoherent. The behavior of alloying 
elements at grain boundaries and their effects on oxidation and corrosion 
resistance are also important, -often vital. Alloying elements are used to 
form special structures as well, such as in eutectic strengthening. 

In this complex array of factors, the obvious question for us then is 
"What might niobium have to offer as an alloying element?" 

The first consideration is a generality that hardly needs review. 
Niobium is a refractory metal, one of the "big four" together with molyb- 
denum, tungsten and tantalum. All of these elements are added to one super- 
alloy or another, singly or multiply, where they strengthen the alloys by 
either carbide phase formation and by solid solution strengthening or by 
both. With that start, a review of the properties of niobium pertinent to 
superalloy use follows. Niobium will be discussed with considerable reference 
to other refractory metals. 

Periodic, Atomic and Physical Properties 

Figure 10a shows niobium (columbium) in its periodic system relation- 
ships. It is apparent that niobium, positioned in Group VA, is of lower 
modulus and melting point than Mo, W, or Ta. It is also less dense. A s  a 
BCC metal, it forms continuous solid solutions with many other BCC metals, 
including 8-Ti. However, for effective solid-solution strengthening, high 
modulus and high melting point are desirable. 
low melting point and modulus (Figure IOc, Table II), it would not be ex- 
pected to be as effective as the other refractory metals under equivalent 
alloying conditions. Atom size (Figure 10d) is another factor in solid- 
solution strengthening, effecting relative solubility. Table I1 identifies 

. the solubility limit of the major refractory metals in superalloy matrixes, 
showing niobium to be the most limited. The atomic mismatch (calculated from 
Figure 10) confirms that niobium creates too much mismatch to enter solution 
extensively. Figure 6 shows the strong effect of niobium to restrict the 
extent of austenite, and its great tendency to form a variety of phases with 
First Long Period elements. 

Since niobium has relatively 
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Figure lO(a). Periodic System of the Elements. 
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Figure 10. Atomic and Physical Properties and Relationships 
of Niobium (Columbium) to Other Elements. 
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Figure 1O(c). Melting Points of the Three Long Periods of Elements. 
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Figure 10. Atomic and Physical Properties and Relationships 
of Niobium (Columbium) to Other Elements. 

Table 11. Factors Relating to Potential Solid Solution Strengthening by 
Niobium and Other Refractory Metals in Austenitic Matrices. 

Solvate Element 

Solubility Limit w/oL 
at 1000-1200 C 
IN: Fe 

F e - 2 0 0  
c o  
Co-20Cr 
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Ni-20Cr 
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VS: Fe 
c o  
Ni 

Elasticity Modulus, E 
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2 6  
psi x 10 
n/m x 10 

Nb 

2 
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Chemical and Phase-Forming Properties 

The periodic system (Figure 10a) shows that niobium is the most electro- 

Indeed, discussion of 
positive of the refractory metals. 
strong affinity for formation of A B-type GCP phases. 

nickel alloys below will show that niobium substitutes for aluminum iny' 

(Ni Al) in a very similar fashion as does titanium. In fact, its behavior in 
this respect is the most complex of any element added to superalloys. 
Niobium promotes at least 3 different strengthening phases (MC carbides, y ', 
and y ") and clearly is the unique driver in formation of the y ", the BCT 
Ni Nb strengthener in many iron-nickel forging alloys. 

This indicates niobium could have a 

3 

3 

3 
The electropositive nature of niobium also indicates formation of rela- 

tively stable covalent - and ionic-bonded compounds such as carbides, ni- 
trides, and oxides, affecting in turn carbide stability, and also having 
relationships to oxidation behavior. Figure 11 summarizes stability behavior 
of these compounds. 

Niobium Potential; Summary 

As might be viewed by a superalloy development metallurgist from consid- 
eration of its elemental properties alone, the potential of niobium can be 
summarized as follows: 

Its moderate melting point and low modulus suggest little or no 
specific potential as a solid-solution strengthener. Further, its 
large atom diameter mismatch suggests limited solubility potential in 
systems of interest. 

Electropositive position in the periodic systems predicts formation 
of rather stable carbides and nitrides. 

However, low density (for a high-melting metal) means niobium is a 
desirable alloying addition for rotating components. 

Atom size and electropositive position connotes potential solubility 
in established GCP phases, (i.e., - Ni Al) and as a GCP-phase generator, 
Moderate oxide thermodynamic stability identifies that effects on 
alloy oxidation and corrosion resistance may be expected, with niobium 
competing for surface oxide formation. 

3 

Metallurgical Behavior of Niobium in Superalloy Systems 

The role of niobium will be discussed by consideration of nickel-base, 
cobalt-base, and iron-nickel-base alloys in turn, followed by a discussion of 
eutectics and of its effect on oxidation and corrosion. 

Nickel-Base Alloys 

A significant number of conventional nickel-base superalloys contain 
niobium as an alloying element. Niobium is particularly apparent in nickel- 
base casting alloys, where about 50 percent contain about 1.0 to 2.5 percent. 
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Figure Il(a). Stability Relationships of Transition Metal Oxides 
( s o l i d  lines are those of constant standard free 
energy of formation from the elements). 
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Figure Il(c). Stability Relationships of Refractory 
Nitrides (room temperature). 

Figure 11. Stability Maps of Niobium with Co-valent and Ionic Bonding 
Elements (Solid Lines Are Those of Constant Standard Free 
Energy of Formation from the Elements). 
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A lesser p ropo r t i on  of wrought n i c k e l  a l l o y s  c o n t a i n  niobium, but  amounts up 
t o  6 percent  a r e  used ,  and i t s  f u n c t i o n  i s  more broad and e s s e n t i a l .  Tab l e  
111 g ive s  a r e p r e s e n t a t i v e  l i s t  of t he se  n i c k e l  a l l o y s ,  t o g e t h e r  w i th  a 
s e l e c t i o n  of contemporary a l l o y s  of importance t h a t  do not  c o n t a i n  niobium, 
f o r  comparison purposes.  

I n s p e c t i o n  of t he  a l l o y  l i s t  does not  r e v e a l  any obvious p a t t e r n  ( t o  t h i s  
w r i t e r )  of a t t e n t i o n  t o  niobium; i t  appears  t o  have been u t i l i z e d  i n  a r a t h e r  
random manner i n  n i c k e l  a l l o y  development. The o b j e c t i v e  he r e  t hen  is t o  
de termine  t he  f u n c t i o n  of niobium i n  n i c k e l  a l l o y s .  S ince  s t r e n g t h e n i n g  is  
ach i eved  p r i n c i p a l l y  by atom, p a r t i c l e ,  o r  d e f e c t  i n t e r a c t i o n  w i th  d i s l o c a-  
t i o n s  through s o l i d  s o l u t i o n ,  hard  p a r t i c l e  ( c a r b i d e  o r  bo r ide )  and cohe ren t  
p a r t i c l e  e f f e c t s ,  niobium's r o l e  w i l l  be cons ide r ed  f o r  each of t h e s e  l a t t e r  
e f f e c t s  i n  turn .  

However, t h e r e  are two s p e c i f i c  phenomena of major consequence where in  
niobium i s  a key element which must be f i r s t  c l a r i f i e d .  Niobium u t i l i z e d  i n  
i n t e rmed ia t e- tempe ra tu r e  h igh- s t r eng th  Fe-Ni f o r g i n g  a l l o y s ,  such as IN-718, 
provokes a major s t r e n g t h e n i n g  e f f e c t ,  whereby a p r e c i p i t a t i o n  of y "  BCT 
(Ni Nb) occurs  a s  a major s t r e n g t h e n i n g  phase. This  occu r s  only i n  a l l o y s  of 3 
mixed i r o n  and n i c k e l  con t en t .  Fo r  our purposes  h e r e ,  t h i s  e f f e c t  is i n-  
c luded  under Fe-Ni-base a l l o y s .  Secondly,  niobium p l ays  a key r o l e  i n  
c e r t a i n  e u t e c t i c s ,  such a s  y y  '-6 o r  CoTaC-744; t h a t  e f f e c t  i s  a l s o  d i s c u s s e d  
s e p a r a t e l y .  

S o l i d  So lu t i on  St rengthening .  A s  i s  w e l l  known, i n t r o d u c t i o n  i n t o  an  
a l l o y  l a t t i c e  of f o r e i g n  atoms can  create s t r a i n  by l a t t i ce  expans ion  which 
i n t e r a c t s  wi th  d i s l o c a t i o n s .  P e r i o d i c  va lency  e f f e c t  (N ) can create 

s t r e n g t h e n i n g  e f f e c t s ,  a l s o .  A l t o g e t h e r  key f a c t o r s  r e l a t e d  t o  t h e  e f f e c-  
t i v e n e s s  of t he  s u b s t i t u t e  atoms are atom s i z e  mismatch w i th  t h e  l a t t i ce ,  
e l a s t i c i t y  modulus, electrical  d i f f e r e n c e s ,  and/or  t h e  e f f e c t i v e  amount of 
t h e  s o l u t i o n  element hos t ed  by t h e  la t t ice .  

A s  summarized i n  Table  X I ,  n iobium does not  d i s s o l v e  e x t e n s i v e l y  i n  
n i c k e l ,  N i- C r  o r  o t h e r  a u s t e n i t i c- b a s e  systems.  It is l i m i t e d  t o  t h e  range  
5-10 pe r cen t  i n  most c a se s ,  and t o - 7  pe r cen t  i n  Ni-20 C r  at  1200 C (2200 F). 
Atom s i z e  mismatch, r ang ing  from 10-15 pe rcen t ,  is t oo  l a r g e  t o  a l l ow  g r e a t e r  
s o l u b i l i t y .  However, t h e  l a r g e  mismatch does sugges t  t he  s p e c i f i c  e f f e c t  per  
niobium atom might be s i g n i f i c a n t .  The p e r i o d i c  va lence  p o s i t i o n  of niobium 
a t  Nv = 5.66 sugges t s  a s t r o n g  r e l a t i o n s h i p  w i t h  s t a c k i n g  f a u l t  energy.  

The behavior  of niobium i n  Ni-base s o l i d  s o l u t i o n  has  been i n v e s t i g a t e d  
and r epo r t ed  by Gua and Ma (4 ) .  T h e i r  p e r t i n e n t  s t udy  of t h e  e f f e c t  of 
niobium i n  a Ni-20Cr-base a l l o y  i s  t h e  f i r s t  broad a t t emp t  at  a d e f i n i t i v e  
work. A vacuum-melted Ni-20Cr ba se  a l l o y ,  m i ld ly  s t r eng thened  by y ' and 
carbon was a l l oyed  w i th  e i g h t  l e v e l s  of niobium, from 0.5 t o  2.46 W/O. The 
a l l o y s  were f a b r i c a t e d  t o  rod and h e a t  t r e a t e d .  The phases formed were 
s e p a r a t e d  and eva lua t ed  f o r  niobium con t en t ,  wh i l e  l a t t i ce  spac ing  and long-  
range  o rde r  e f f e c t s  were s t u d i e d  by x-ray. 
p r o p e r t i e s  and m i c r o s t r u c t u r a l  s t u d i e s  a l s o  were r epo r t ed .  

Some p h y s i c a l  and mechanical  

Table  I V  summarizes comple te ly  t h e  a n a l y t i c a l  r e s u l t s  ob t a ined ;  i n  
connec t i on  wi th  s o l u t i o n  s t r e n g t h e n i n g  i t  shows t h e  fo l lowing:  

o S l i g h t l y  over  h a l f  of t h e  niobium concen t r a t ed  i n  t h e  FCC y matrix. 
( P a r t i t i o n i n g  t o y ,  y ', and c a r b i d e s  is  shown i n  F igu re  12a). 
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Table 111. Compositions of Selected Nickel-Base Superalloys With and Without Niobium. 

c 
m 
Ln 

Alloy (a) C 

Alloy 7 13C 0.12 
Alloy 713LC 0.05 
Astroloy 0.06 
B- 1900 0.1 
Hastelloy alloy X 0.10 

IN-I00 
IN-162 
IN-738 
IN-597 
Inconel 625 

Inconel X-750 
Inconel 751 
MarM-200 
Mar M-2 I 1 
MarM-246 

Mar M-42 1 
MarM-432 
Rene 95 
SEL 
SEL- 15 

TAZ 8A 
TRW 1800 
TRW 1900 
TRW VIA 

Udimet 500 
Udimet 700 
W aspaloy B 
Nimonic 80A 
Nirnonic 115 

0.18 
0.12 
0.17 
0.05 
0.05 

0.04 
0.05 
0.15 
0.15 
0.15 

0.15 
0.15 
0.15 
0.08 
0.07 

0.125 
0.09 
0.11 
0.13 

0.08 
0.07 
0.07 
0.06 
0.15 

Cr 

12.5 
12.0 
15.0 
8.0 
21.8 

10.0 
10 
16 
24.5 
21.5 

15.5 
15.5 
9.0 
9.0 
9.0 

15.5 
15.5 
14 
15 
I 1  

6.0 
13.0 
10.3 
6 

- 

19 
15 
19;5 
19.5 
14.5 

Ni 
Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 

- 

Bal 
Bal 
Bal 
Bal 
Bal 

Fe Co - -  
- -- 
- -- 
- 15 
- 10 
18.5 1.5 

- 15.0 

- 8.5 
- 2.0 
2.5 -- 

- -- 

7.0 -- 
7.0 -- 
- l o  
- 10 
- 10 

1.0 10 
2.0 20 
- 8.0 
1.0 26 
- 14.5 

- -- 
- -- 
- 10.0 
- 7.5 

- 18.0 
- 18.5 
2.0 13.5 

- 13.2 
- -- 

Mo 
4.2 
4.5 
5.25 
6.0 
9.0 

3.0 
4.0 
1.75 
1.5 
9.0 

- 

- 
-- 
_- 
2.5 
2.5 

1.75 

3.5 
4.5 
6.5 

4.0 

-- 

-- 
-- 
2.0 

4 
5.0 
4.3 

3.3 
-- 

Cb 
2.0 
2.0 

0.1 
- 

-- 
- 
1.0 
0.9 
1.0 
3.65 

1.0 
1.0 
1.8 
2.7 
-- 

1.75 
2.0 
3.5 

0.5 

2.5 
1.5 
1.5 
0.5 

-- 

-- 
-- 
-- 
-- 
-- 

Ti A1 B Zr 
0.8 6.1 0.012 0.10 
0.6 5.9 0.01 0.10 
3.5 4.4 0.03 -- 
1.0 6.0 0.015 0.08 

- - - -  

-- -- -- -- 

4.7 5.5 0.014 0.06 
1.0 6.5 0.020 0.10 
3.4 3.4 0.01 0.10 
3.0 1.5 0.012 0.05 
0.2 0.2 -- -- 

2.5 0.7 -- -- 
2.0 5.0 0.015 0.05 
2.0 5.0 0.015 0.05 
1.5 5.5 0.015 0.05 

2.3 1.2 -- -- 

1.75 4.25 0.015 0.05 
4.3 2.8 0.015 0.05 
2.5 3.5 0.01 0.05 
2.4 4.4 0.015 -- 
2.5 5.4 0.015 -- 
-- 6.0 0.004 1.0 
0.6 6.0 0.07 0.07 
1.0 ' 6.3 0.03 0.10 
1.0 5.4 0.02 0.13 

3.0 3.0 0.005 -- 
3.5 4.4 0.025 -- 
3.0 1.4 0.006 0.07 
2.4 1.4 0.004 0.06 
3.7 4.9 0.16 0.04 

- Form 

C 
C 
W 
C 
W 

C 
C 
C 
C 
W 

W 
w 
C 
C 
C 

C 
C 
W 
C 
C 

C 
C 
C 

c,w 

-- 
c,w 

W 
W 
W 



No. 

Y 

No. 

Table IV. Niobium Behavior in Experimental Ni-Base Austenitic Superalloys Guo and Ma (4). 

Nb Content 
in the  alloys 

wt% 

0.5 I 
1.00 
1.24 
1.53 

-- 

1.72 
1.94 
2.46 

Ni 
9.46 
9.40 

10.40 
10.75 
10.80 
10.90 
11.70 
11.80 

Cr  
0.222 
0.467 
0.532 
0.554 
0.55 1 
0.547 
0.608 
0.580 

y' Content Wt% 

Nb A1 
- 0.666 

0.138 0.710 
0.291 0.710 
0.469 0.702 
0.485 0.705 
0.529 0.700 
0.628 0.710 
0.739 0.745 

Ti 
1.387 
1.404 
1.427 
1.475 
1.476 
1.48 I 
1.489 
1.522 

Total 
11.74 
12.12 
13.36 
13.95 
14.02 
14.15 
15.14 
15.39 

N i  
0.01 
0.01 
0.01 
0.0 I 
0.0 1 
0.0 I 
0.01 
0.0 1 

Carbide Content Wt% 

Ti 
0.023 
0.066 
0.063 
0.055 
0.054 
0.069 
0.06 I 
0.058 

Nb 

0.103 
0.140 
0.181 
0.170 
0.246 
0.246 
0.30 1 

-- 
Cr 

0.520 
0.168 
0.153 
0.126 
0.129 
0.128 
0.122 
0.122 

Total 
0.543 
0.337 
0.356 
0.362 
0.352 
0.443 
0.429 
0.48 1 

Particle Long Range Volume Fraction Shear LatticeoSpacing 

Y' Y € 7  % r7 a Parameter,  S % N/mm 
a Radius Order of y' Modulu3G Mismatch 

1 3.5906 
2 3.5933 
3 3.5951 
4 3.5965 
5 3.5967 
6 3.5970 
7 3.5976 
8 3.5987 

3.5634 
3.5666 
3.567 1 
3.5674 
3.5682 
3.5701 
3.5701 
3.57 13 

0.76 
0.75 
0.78 
0.8 I 
0.80 
0.75 
0.77 
0.77 

84.5 
85.5 
98.5 

101.5 
98.5 
98.5 

105 
I13 

0.79 
0.82 
0.85 
0.86 
0.87 
0.92 
0.95 
1.01 

12.56 
12.98 
14.18 
14.85 
14.84 
14.95 
15.91 
16.21 

3 81.7 x lo3 
82.4 x lo3 
82.8 x l o j  
83.8 x lo3 
83.8 x lo3 
84.2 x 10 

-- 
85.1 lo3 



Nb CONTENT 
IN 

PHASES 
WlO 

LONG RANGE 
ORDER 

PARAMETER S 
OF y' PHASE 

I I I I I 1 
0.5 1.0 1.5 2.0 2.5 

0 '  

Nb CONTENT IN THE ALLOYS 
WIO 

Figure 12. Partitioning of Niobium t o y ,  y ', and Carbides 
in Ni-base Alloys with 0-3.0% Niobium. After 
Gua and Ma ( 4 ) .  
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0 Niobium increased the lattice spacing of y slightly. 

o Lattice mismatch of y to y '  increased from 0.76 at 0 percent Nb to 
0.81 at 1.24 percent Nb; the mismatch then declined to nearly 0.76 
at 2.5 percent Nb. 

3 2  3 o Alloy shear modulus increased from 81.7 x 10 N / m  to 85.0 x 10 , 
-an increase of about 4 percent. 

From these data, it is obvious that niobium has a definite solution strength- 
ening effect', and also generates significant mismatch effects between the 
matrix and y ' .  

yield strength by 44 N/m 
strength gained. Electronic effects were not discussed. 

The authors estimated lattice distortion should increase the 
2 

(- 6,300 psi), one-third of the total yield 

The question still remains as to whether useable solid strengthening 
effects continue up to the solubility limit of about 7 percent Nb, - but it 
may be a moot point. The most useful effect from niobium is in carbide and 
coherent phase strengthening, as discussed subsequently, and effects in 
solution relate principally to effect on coherent phase mismatch. 

Carbide Strengthening. Depending upon carbon and alloy content, a 

2 

relatively complex series of carbides can be found in nickel superalloys. 
Their composition varies over a range from MC (such as TIC) through M C and 
M C to M C. These carbides react constantly with each other and with the 

alloy matrix in heat treatment and in service. They provide a multitude of 
useful services in the alloys, including at least: 

23 6 6 

o Structure refinement during cooling from heat treatment or during 
fabrication. 

o Grain strengthening through matrix precipitation at structural asper- 
s ions .  

o Grain boundary "locking" to prevent slip. 

o General dislocation generation. 

Among the carbides, the MC form is usually found profusely in early alloy 
history. During alloy thermal exposure the MC usually degenerates according 
to the reaction (5): 

M C + y + M  C + y '  23 6 

The M C can be located at grain boundaries, sometimes with a strong tough 

layer of y '  formed over it. An example of this reaction history in alloy 
713C (2.0% Nb) is shown in Figure 13, taken from the classic work of Mihalisin, 
et a1 (6). 

23 6 

Niobium is important in this reaction, since it partitions to the MC 
carbides in favored fashion and is believed to be instrumental in helping 
control the stability (i.e., - reduces reaction rate) of the MC. Decker and 
Bieber (7) have analyzed MC carbide in Inco-713C to be (Nb 
Mo )C, showing the dominant role niobium can play. Beattie (9) has 
identified that the stability of MC carbides varies as follows: 

0. 40Ti0.09Cr0. 33 
0.18 
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U a. As Cast; MC Carbide Particle 

Figure 13. Decomposition of NbC in Alloy 713C 
(2 .0% Nb) During Thermal Exposure, 
Showing Generation of MZ3C6 at  Grain 
Boundaries. A l l  Structures at  about 
10,OOOX. Adapted from Studies by 
Mihalisin, e t  a l .  (6) .  

b. Alloy Exposed at 1040°C (19OOF) for 1000 Hrs. Showing 
Near-Complete MC Solution, with Surrounding M,,C, and 
y’ Formed 

c. M,,C, and 7’ Formed at Grain Boundary 



(most s t a b l e )  TaC-NbC-Tic-VC ( l e a s t  s t a b l e )  

Also, when molybdenum e n t e r s  the  MC s t r u c t u r e ,  - viz .  (Ti ,  Mo)C, - i t  de- 
creases the  s t a b i l i t y  of the  TIC. Conversely, it is genera l ly  held  t h a t  both 
tanta lum and niobium s t a b i l i z e  MC ca rb ide ,  decreas ing the  tendency t o  pursue 
r e a c t i o n  (Equation 1). 
Child (9 )  who i n  a d e t a i l e d  study of carbide- forming elements i n  Fe-Ni-base 
a l l o y s  (discussed subsequent ly)  concluded t h a t  niobium not only formed 
p ro fuse  s t a b l e  carbides  but s i n g u l a r l y  depressed formation of chromium 
ca rb ides  ( i .  e. , M23C6). 

s t a b i l i z e  MC more s t rong ly  than tantalum. I n  development of a l l o y s  such as 
MM-200, niobium c rea ted  such a s t a b l e  MC carbide ,  viz. ,  (Nb, Ti)C, - t h a t  
r e a c t i o n  (Equation 1) could not proceed at a l l .  In these  cases, tanta lum was 
added t o  reduce the  MC s t a b i l i t y ,  s ince  (proper ly  con t ro l l ed )  t h e  r e a c t i o n  is 
considered e s s e n t i a l  f o r  many a l loys .  

This l a t t e r  f a c t  w a s  f i r s t  mentioned by Harris and 

Fur the r ,  Lund (10) r epor t s  t h a t  niobium appears  t o  

Cer t a in  o ther  high-niobium a l l o y s  (such as MarM-421 and Inco-713C) show 
pronounced degeneration of MC ( 7 ) ,  while some non-niobium a l l o y s  (IN-792) 
gene ra t e  very s t a b l e  MC carbides .  I n  those  cases where NbC does form and 
l a t e r  decompose, i t  is highly  poss ib l e  t h a t ,  l i k e  t i tanium,  the  niobium helps  
gene ra t e  more y '  i n  t h e  a l l o y  through r eac t ion  (Equation l ) ,  which can be 
w r i t t e n  t o  include niobium approximately as follows: 

NbC + (Ni,Cr,Al) + Cr23C6 + Ni3Nb 
( 2 )  

I n  the  repor t  of Gua and Ma ( 4 )  15-20 percent of the niobium (Table IV) 
p a r t i t i o n e d  t o  the ca rb ide  phase. While the  s p e c i f i c  type of carbide  was, 
un fo r tuna te ly ,  not r epor t ed ,  its composition suggests  an MC s t r u c t u r e .  

Coherent Phase Strengthening. As discussed near the  beginning of t h i s  
paper,  the  most s i g n i f i c a n t  s i n g l e  me ta l lu rg ica l  s t r eng then ing  phenomenon i n  
superal loys  is p r e c i p i t a t i o n  s t r eng then ing  from the  FCC-GCP phase y ', based 
on the  composition N i  A l .  Mic ros t ruc tu ra l  views of two a l l o y s  wi th  y ' con- 
t a i n i n g  niobium are siown i n  Figure  14 (see a l s o  Figure  13). 
causes s t rengthening through generat ion of coherency s t r a i n s  wi th  the  l a t t i ce ,  
and e f f e c t s  APB energy i n  d i s l o c a t i o n  c u t t i n g ;  s t r e n g t h  of t he  y ' and the  y , 
s i z e  of t h e y  ' and d i f f u s i v i t y  of t h e y  a n d y '  are s i g n i f i c a n t  f a c t o r s .  
I m p o r t a n t l y , y '  forms a broad range of composition and accepts  elements such 
as chromium and cobal t  i n  s u b s t i t u t i o n  f o r  the  n i c k e l ,  and t i t an ium and 
niobium f o r  the aluminum. 

Gamma prime 

Superalloy m e t a l l u r g i s t s  have found t h a t  add i t ions  of t i t an ium and 
niobium t o  a l l o y s  inc rease  the  amount of y '  ( t h e r e  i s  always s u f f i c i e n t  
n i cke l )  and change i t s  s t a b i l i t y  c h a r a c t e r i s t i c s  as w e l l .  Guard and West- 
brook (3) (Figure 5) have shown the l i b e r a l  amount of t i t an ium and niobium 
which can s u b s t i t u t e  f o r  aluminum. I n  f a c t ,  one can s u b s t i t u t e  t i t an ium f o r  
nea r ly  75 percent of t h e  aluminum, s t i l l  r e t a i n i n g y  I. 
extensively  iny ', i nc reas ing  the  y ' volume f r a c t i o n  i n  a l l o y s  such as SEL- 
15, MarM-200, IN-713C and probably inc reases  y ' s o l u t i o n  temperatures  as w e l l  
(12). 

composition (Ni .98Cr.02Mo.004)3(A1.71Nb.10Ti.05Mo.04cr..10). Thus, niobium 

accounted f o r  about 10 percent of t h e y '  p r e c i p i t a t e  on an atom concentra t ion 
bas is .  

Niobium a l s o  d i s so lves  

Mihal is in  (7)  a n a l y z e d y '  i n  713C (Figure 13) showing the fol lowing 
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Figure  14 (a ) .  Alloy MarM421 (2.3% Nb). 
Heated at  87 C (1600F) 

Figure  14(b).  Al loy SM-200 (2.0% 
N.b). As  cast. 5500X. 

f o r  1000 Hours. 4250X. 
A f t e r  Ault  and Donachie (11). 

A f t e r  Lund. 

F igu re  14. Examples of y ' i n  Ni-base Al loys  Containing Niobium. 

Eva lua t ion  of a series of supe ra l loys  (13) showed niobium could reach 3 
percent  of t h e  whole (12% of Al).  While niobium d i d  not i nc rease  y '  hardness 
a t  room tempera ture ,  it could be a s i g n i f i c a n t  s t r eng thene r  at  high tempera- 
t u r e s  (3) .  F u r t h e r ,  Thornton, e t  a1 (14) have demonstrated s p e c i f i c a l l y  
(Figure  15) t h a t  niobium (and t i tanium) doubled t h e  flow s t r e n g t h  of y ' it- 
s e l f  a t  u s e f u l  tempera tures ,  -600-900 C (1100-1650 F). 

The s tudy  of Gua and Ma is  f u r t h e r  i n s t r u c t i v e  he re ,  a l s o  (Table IV) (4) .  
They found t h a t :  

o Niobium concentra ted  i n  t h e y '  i n  approximately 2 : l  r a t i o  t o  t h e  
m a t r i x  

o A s  niobium content  i n  t h e  a l l o y  inc reased  from 0 t o  2.5 pe rcen t ,  the 
amount of y '  i nc reased  3.7 percent  n the a l l o y ,  and t h e  volume f r ac-  
t i o n  of y '  i nc reased  30 pe rcen t ,  - from 12.56 t o  16.21. 

o L a t t i c e  mismatch w i t h y  inc reased  t o  0.8, t hen  decreased t o  near- 
o r i g i n a l  a t  0.77. 

Thus, niobium s i g n i f i c a n t l y  i nc reases  t h e  amount of y ' .  F u r t h e r ,  t h e  niobium 
i n  the  a l l o y  matr ix  decreased aluminum and t i t a n i u m  s o l u b i l i t y ,  a l lowing 
s t i l l  more y ' t o  form. 

Gua and Ma a l s o  evaluated  the  e f f e c t  of niobium on t h e  coherent s t r a i n  
f i e l d ,  and po in t ed  out  t h a t  while t h e  YS increment due t o  coherent s t r a i n  is  
l a r g e ,  l a t t i c e  mismatch change caused by t h e  niobium is not  s i g n i f i c a n t  i n  
i nc reas ing  s t r eng then ing  through coherent  s t r a i n .  However, u t i l i z i n g  the  
value of long- range o rde r  determined, - which inc reased  wi th  i nc reas ing  
niobium, - t h e  APB energy was c a l c u l a t e d  and found t o  i n c r e a s e  by about 60 
percent.  A y i e l d  s t r e n g t h  increment c a l c u l a t i o n  showed up t o  about h a l f  of 
t h e  g ros s  a l l o y  y i e l d  s t r e n g t h  f a c t o r  was due t o  t h i s  f a c t o r .  

Nickel  A l loy  Summary. The s i g n i f i c a n t  s t r eng then ing  e f f e c t s  of niobium 
i n  nickel- base supe ra l loys  appear t o  be as fol lows:  
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Figure 15. Effect of Alloying on Flow Stress of y ' .  
After Thornton, et al. (14). 
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o Niobium concen t ra t e s  i n y  ', i nc reas ing  volume f r a c t i o n  s i g n i f i c a n t l y  

o I n y  I ,  niobium inc reases  the  APB energy, i nc reas ing  r e s i s t a n c e  t o  
d i s l o c a t i o n  c u t t i n g ,  - and thus inc reases  high- temperature s t r eng th .  

o Niobium reacts with carbon t o  form a very s t a b l e  MC; i t  thus  can be 
u t i l i z e d  t o  con t ro l  the  MC degeneration r eac t ion  (Equation 1) .  

Cobalt-Base Al loys  

Niobium has been u t i l i z e d  as a s t r eng thene r  i n  s e v e r a l  commercial cobal td  
base superal loys .  Analys is  of i t s  behavior is r e l a t i v e l y  simple compared t o  
t h a t  i n  n i c k e l  o r  Ni-Fe-base a l l o y s ,  s ince  coherent GCP-type phases (such a s  
N i  Al) are not  formed use fu l ly .  

appears t h a t  niobium's r o l e  is p r i n c i p a l l y  t h a t  of only so l id- so lu t ion  
s t r eng thene r  o r  a carbide- former. Nonetheless,  niobium has been s tud ied  
i n t e n s i v e l y  a s  a p o t e n t i a l  genera tor  of GCP-type phases,  as w i l l  be d iscussed 
below. 

I n  commercial coba l t  supe ra l loy  use,  it 3 

Table V i d e n t i f i e s  s e v e r a l  cobalt- base a l l o y s  con ta in ing  niobium, as w e l l  
as s e v e r a l  t h a t  do not ;  the la t ter  are f o r  base l ine  comparison. While not 
extensive  i n  v a r i e t y ,  10,000-20,000 tons of these  a l l o y s  are u t i l i z e d  annual ly  
i n  i n d u s t r i a l  gas tu rb ines ,  a i r c r a f t  engines,  furnace  components, and o the r  
app l i ca t ions .  X-40, WI-52, and FSX-414 are among the  most voluminous of a l l  
supe ra l loys  c a s t ,  and 5-816 one of the  earliest .  H i s t o r i c a l l y ,  investment- 
cast cobal t  supe ra l loys  were the  f i r s t  success fu l  American j e t  engine a l loys .  

I n  gene ra l ,  t hese  a l l o y s  are cast r ead i ly  i n  a i r  o r  vacuum t o  complex 
shapes,  possess  u s e f u l  creep s t r e n g t h  t o  h igher  temperatures  than most con- 
ven t iona l  nickel- base a l l o y s ,  and o f f e r  e x c e l l e n t  hot- corros ion r e s i s t ance .  
Niobium content  ranges from about 2.0 percent  t o  4.0 percent  i n  t y p i c a l  
a l loys .  The behavior of niobium w i l l  be d iscussed by s t r eng then ing  func t ion  
below. 

Solid- Solution Strengthening. Most of the  cobalt- base a l l o y s  con ta in  
seve ra l  types  of r e f r a c t o r y  metals. These form s t a b l e  ca rb ides  e a r l y  i n  the  
a l l o y  f r e e z i n g  process ,  but are s u f f i c i e n t l y  i n  excess  f o r  s i g n i f i c a n t  so l id -  
so lu t ion  s t r eng then ing  e f f e c t s  a l s o  t o  be apparent.  An important except ion 
may be the  a l l o y  UMCo-51, i n  which most of the  niobium i s  p resen t  only as a 
carbide.  

De ta i l ed  examination of the  behavior of niobium i n  so l id- so lu t ion  s t r eng th -  
ening appears  l imi t ed .  S o l u b i l i t y  limits i n  Co-Cr a l l o y s  appear t o  be about 
3 percent a t  1000-1200 C (1800-2200 F), Table 11. This  is the  lowest of the  
group Mo, W, Ta ,  and Nb. Nb-Co atom s i z e  mismatch is about 14 percent ,  - 
much too g r e a t  f o r  ex tens ive  so lu t ion ing  (Figure 11). F u r t h e r ,  t he  elastic 

modulus (F igure  10) is  low, - about 14 x 10 compared t o  30 x 10 f o r  cobal t .  
A l l  of t h e s e  t h r e e  f a c t o r s  are s u f f i c i e n t  t o  p r e d i c t  poor solut ion-s t rengthen-  
i n g  e f f e c t s .  I n  f a c t ,  molybdenum and tungsten (and even tantalum) are much 
more e f f e c t i v e  s o l u t i o n  s t r eng thene r s  i n  cobal t .  Niobium has a much more 
s i g n i f i c a n t  r o l e  i n  these a l l o y s  as a carbide- forming element. 

6 6 

Carbide Strengthening.  A s  i n  o the r  a u s t e n i t i c  systems, niobium combines 
t o  form s t r o n g ,  s t a b l e  carbides  i n  cobal t .  A prime example is  S-816, where 
niobium is  t h e  p r i n c i p a l  element r eac t ing  t o  form the  primary ca rb ide ,  NbC; 
NbC i n  S-816 is s t a b l e  up t o  1200 C (2200 F), where i t  i s  only very s l i g h t l y  
soluble.  An i n t e rmed ia t e  ca rb ide ,  of the  M C type is  formed a l s o ,  and 6 
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Table V. Compositions of Cobalt-Base Superalloys With and Without Niobium. 

Composition, wt% 
Alloy 

Nameor Tradename C Mo W Nb Ta Ti - 0 - Fe Other Type 

S-816 0.38 20 20 4 4 4 -- -- -- 4 -- Wrought 

WI-52 0.45 21 - -- I 1  2 -- -- -- 2 0.25 Mn Cast 
UM CO-51 0.3 28 -- -- 2 -- -- -- 20 -- Cast 

AiResist 13 0.45 21 -- -- 11 2 -- -- -- 2.5 0.1 Y Cast 

X-40 0.50 25 10 -- 7.5 -- -- -- -- 1.5 0.75 Mn Cast 
FSX-414 0.25 29 10 -- 7.5 -- -- -- 0.010 -- 0.75 Mn Cast 
L-605 0.10 20 10 -- 15 -- -- -- -- -- -- Wrought 

Mar M- 509 0.60 24 10 -- 7 -- 7.5 0.2 -- I -- Cast 

-- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



appears to be principally (Cr,Mo)6C in nature. 

alloy S-816 is a major strengthener and source of carbon for M C, niobium 

appears t o  be the most significant alloy strengthener. Effects of niobium in 
WI-52 and AiResist 13, - while not identical, - are quite similar. All of 
this behavior is consistent with the observations of carbide stability by 
Beattie ( 8 )  discussed above. 

Since MC carbide in the 

6 

It should be clarified that in such carbide-strengthened cobalt alloys, 
the MC can be large and blocky and/or "Chinese Script" in shape. One school 
of thought feels that niobium promotes the blocky type, which is favored for 
alloy ductility. Both MC carbides function principally as stable, thermally- 
resistant sumps of carbon. During heat treatment and service they gradually 
enter solution, with the carbon reprecipitating to form finely-divided lower 
carbides such as M C and M C by reaction with chromium and other matrix 

elements. These carbides can be redissolved solutioned and precipitated. 
The stable, relatively coarse NbC also acts as a grain refiner during cooling 
of castings (it can precipitate in the melt prior to casting) and to refine 
structure during forging, - or during cooling from heat treatments. 
structures of these carbides are shown in Figure 16. 

6 23 6 

Typical 

d .t . \>. .._ 

Figure 16. 
a. Massive NbC Particle in S-816. 10,OOOX. After Beattie 
b. 

Structures Typical of Cobalt-Base Superalloys Containing Niobium. 

General Structure Showing Angular MC Carbides, with Eutectic 
Areas (M23C6> which Tend to be Devoid of Niobium. 500X. 
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An important a p p l i c a t i o n  of Co-base a l l o y s  is  f o r  heavy-duty furnace 
p a r t s ,  such as runners and tubes  i n  the  m e t a l l u r g i c a l ,  chemical and pet ro-  
chemical and petrochemical i n d u s t r i e s ,  where ox ida t ion  and co r ros ion  resis- 
tance ,  e ros ion  r e s i s t a n c e ,  and s t r e n g t h  are needed. UMCO-50 (50 Co, 28 C r ,  
21 Fe, 0.3 C) has been u t i l i z e d  f o r  many yea r s  i n  t h i s  s e rv ice .  Ul t imate ly  a 
niobium-containing ve r s ion ,  UMCO-51 (Table V) was i s sued  (16).  I n  s t u d i e s  t o  
improve t h e  UMCO a l l o y s ,  i t  w a s  found t h a t  a d d i t i o n s  of niobium sys t ema t i ca l ly  
improved the  s t r e n g t h  through i n t e r a c t i o n  t o  form NbC-type carbides  i n  
a d d i t i o n  t o  the  MZ3C6 ca rb ides  a l ready present .  

3000 hours  up t o  800 C (1470 F )  showed inc reases  i n  s t r e n g t h ,  but with no 
tendency towards unwanted a- phase formation, since the Phacomp phase con t ro l  
t o o l  was u t i l i z e d  t o  c o n t r o l  composition. Figure  17 shows the  carbide  
s t r u c t u r e  obtained i n  one a l l o y ,  and i l l u s t r a t e s  the  e f f e c t s  noted from 
sys t ema t i c  inc reases  i n  niobium content .  However, maximum prope r t i e s  (im- 
provement i n  both UMCO-50 and UMCO-51) are obta ined by concurrent ly  r ep lac ing  
a moderate amount of t he  cobal t  with n i cke l .  These NbC-type carbides  probably 
a l s o  con ta in  n i t rogen ,  - becoming ca rbon i t r ldes .  

I n  f a c t ,  aging s t u d i e s  f o r  

Such a l l o y s ,  as noted previously ,  are considered a good example of t he  
n e c e s s i t y  f o r  c r e a t i n g  a major carbide  r e s e r v o i r  by adding Nb t o  form i n i -  
t i a l l y  s t a b l e  and r e l a t i v e l y  coarse  NbC, - t o  subsequent ly  degenerate slowly 
i n  se rv ice .  The constant  supply of carbon i n  t u r n ,  gene ra t e s  the  more 
pervas ive  MZ3C6, which cons tan t ly  d i s so lves  and r e p r e c i p i t a t e s  a t  g r a i n  

boundar ies ,  MC/matrix i n t e r f a c e s ,  s t ack ing  f a u l t s ,  and o t h e r  s t r u c t u r a l  
a spe r s ions  a c t i n g  as a major s t r eng thene r  through % C / d i s l o c a t i o n  i n t e r -  

ac t ion .  The niobium, i n  t h i s  act of the  p l ay ,  w i l l  go back i n t o  s o l i d  
so lu t ion .  

3 6  

Coherent Phase Strengthening. The success  found i n  us ing  coherent phases 
t o  s t r eng then  Ni-base a l l o y s  (e.g., - y ' ,  Ni3A1) has been one of the most 

s t r i k i n g l y  u s e f u l  phenomena discovered i n  a l l  meta l lurgy.  Thus, f o r  years  
a l l o y  developers  have hoped f o r  a similar e f f e c t  i n  coba l t  a l loys .  However, 
t h e  analog t o  N i 3 A 1 ,  Co3A1 per se, i s  not s t a b l e .  

conducted by Drapier ,  et a1 (15) who evaluated the na tu re  and morphology of 
i n t e r m e t a l l i c  compounds formed between coba l t  and the  r e f r a c t o r y  metals, - 
niobium, tantalum, molybdenum, and tungsten. 

A most complete sea rch  w a s  

UMCo-50 UMCO-51 
0 Nb 2.18 Nb 

Figure  17. E f fec t  of Niobium on the  S t r u c t u r e  of UMCo-50. 500X. 
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I n  th is  s tudy,  one cubic  phase, a-Co3Ta, w a s  found t o  p r e c i p i t a t e  ( i n  Co- 

C r  a l l o y s )  i n  an ordered coherent (spinodal)  f a sh ion  akin t o y '  (Ni3A1).  

However, a-Co Ta is  metas table ,  transforming t o  a 6-Co Ta hexagonal form, 

and, has  not  appeared use fu l .  
temperatures .  

3 3 
Co3Ti a l s o  forms, but i t  is not s t a b l e  at high 

For  niobium, a summary of the  poss ib l e  i n t e r m e t a l l i c  components is  
repor t ed  i n  Table V I ,  showing t h r e e  types of Laves phases,  - Co Nb, Co3Nb, 

and poss ib ly  Co5NbZ. 

t a t i o n  of these  i n t e r m e t a l l i c s  i n  Co-base binary a l l o y s  with from 5 t o  25 
pe rcen t  chromium in 5 percent  increments. Al loys  with tantalum, molybdenum, 
and tungs ten  were s tud ied  s i m i l a r l y .  

2 
Some age-hardening tendencies  w e r e  observed by p rec ip i-  

Age-hardening e f f e c t s  were found i n  Co-Cr-Nb a l l o y s  a t  moderate tempera- 

A t  high tempera- 
t u r e s ,  due t o  generat ion of a s u p e r s t r u c t u r e  i n  the  cubic  matr ix ,  and the  
hexagonal Laves phase Co Nb (MgZn2-type) i n  t h e  HCP phase. 

tures (1200 C) t h e  hexagonal MgNi - type Laves phase occurred, appa ren t ly  2 s t a b i l i z e d  by the  chromium. From a l l  of t h i s  work the  authors  concluded t h a t  
whi le  some hardening occurred by add i t ion  of niobium t o  coba l t ,  overaging 
occur s  a t  temperatures too low t o  be of i n t e r e s t ,  and tantalum, tungsten,  and 
molybdenum generated much more provocative r e s u l t s .  F igure  18 shows the  
s t r e n g t h e n i n g  e f f e c t s  of the  r e f r a c t o r y  metals added t o  a Co-Cr base,  and 
i l l u s t r a t e s  w e l l  t h a t  niobium has but poor p o t e n t i a l  as a s t r eng thene r  
through coherent phase p r e c i p i t a t i o n .  However, niobium was not i n v e s t i g a t e d  
as a p a r t i a l  s u b s t i t u t e  f o r  tantalum. 

2 

Cobalt  Alloy Summary. Niobium has been explored r a t h e r  ex tens ive ly  f o r  
p o s s i b l e  use a s  a s o l i d  s o l u t i o n  or  coherent phase-former f o r  s t r eng then ing  
Co-base a l l o y s ,  and found, t o  d a t e ,  not t o  be h e l p f u l  i n  these modes. I t s  
low modulus and l imi t ed  s o l u b i l i t y  is a major f a c t o r ,  and A B-type phases are 
no t  thermal ly  s t a b l e .  3 

However, as f o r  n i cke l  a l l o y s ,  niobium forms s t a b l e  and r e f r a c t o r y  
ca rb ides  i n  coba l t  supera l loys .  These are highly  e f f e c t i v e  s t r eng thene r s  in 
widely-used commercial a l l o y s ,  such as S-816, WI-52 and UMCO-51. 

Iron-Nickel Al loys  

For the  purposes of t h i s  paper,  t h i s  s e c t i o n  r e f e r s  t o  a l l o y s  which are 
based on i r o n  (Table VII).  V i r t u a l l y  a l l  of these a l l o y s  con ta in  a s i g n i f i -  
can t  amount of n i c k e l  and i n  f a c t  a few such a s  IN-718 and Pyromet 860 
c o n t a i n  more n i c k e l  than i ron .  However, a l l  of t hese  a l l o y s  are character-  
i z e d  by m e t a l l u r g i c a l  f e a t u r e s  and use  p a t t e r n s  r e l a t e d  t o  the  presence of 
l a r g e  amounts of i r o n ,  so they are chosen t o  be discussed as iron- nickel- base 
a l l o y s .  There are s e v e r a l  g e n e r a l i t i e s  concerning Fe-Ni a l l o y s  t h a t  should 
be made a t  t h i s  point  t o  c l a r i f y  and shor t en  subsequent d iscuss ion.  

o The Fe-Ni-type a l l o y s  p r i n c i p a l l y  a r e  used f o r  forged o r  wrought 
s t r u c t u r a l  a p p l i c a t i o n s  t o  about 650 C (1400 F). Some are used f o r  
low- strength c a s t i n g  a p p l i c a t i o n s  t o  h igher  temperatures.  

o I ron- nickel  supe ra l loys  u t i l i z e  niobium f o r  s t r eng then ing  more than do 
any o the r  class. I n  some Fe-Ni a l l o y s  niobium can be c a l l e d  the 
p r i n c i p a l  s t r eng thene r .  
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Table VI. Intermetallic Compounds in the Co-Nb System. After Drapier (15). 

% c o  Lattice Parameters, 

a = 4.740 c = 15.45 
Corn ound afo wfo Stabilit Structure a 

74.5-75.2 65-67.3 u&) hexae.. Laves Co:Nb 
(Co3Nb) 

73 63.3 ? 

MgGi; type c/a = 3.259 

cfa = 3.262 
a = 4.738 c = 15.46 

73 63.3 * 

Co2Nb 67.4-72.7 56.8-62.7 UP to 1175 C 
66.7 56.0 ? 
66.7 56.0 ? 

Co2Nb 66.7 56.0 ** 

a = 4.75 c = 15.56 
c/a = 3.27 

c/a = 1.16 
hexagonal a = 5.89 c = 6.83 

cubic, Laves, a = 6.713-6.770 
a = 6.758 MgCu2 type a = 6.767 

hexag., Laves, a = 5.190 c = 8.384 
MgZn2 type c/a = 1.615 

*As stabilized by Cr 
**As stabilized by Ni. 
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Figure 18. Strengthening Effects of Nb, Ta, Mo, and W 
in Co-base Alloys with Appropriate Chromium 
Levels. Adapted from Drapier, et al. (15). 
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Table VII. Compositions of Selected Iron-Nickel Superalloys With and Without Niobium. 

Alloy 

A-286 
v-57 
Unitemp 212 
Inco-901 
Pyromet 860 

IN-718 
"-706 
Inco-903A 
Rene 62 
Udimet 630 

D-979 
CG-27 
H-155 
S-590 
CRM- 180 
G-188 

C 

0.05 
0.05 
0.08 
0.05 
0.05 

0.04 
0.02 
0. I 
0.05 
0.04 

0.05 
0.05 
0.15 
0.43 
0.75 
0.40 

Cr 

15.0 
15.0 
16.0 
13.5 
14.0 

19.0 
16.0 

15.0 
17.0 

15.0 
13.0 
21.0 
20.5 
23.0 
13.0 

- 

-- 

N i  

26.0 
25.5 
25.0 
42.7 
42.5 

52.5 
40.0 
37 -5 
Bal 
Bal 

45.0 
38.0 
20.0 
20.0 
5.0 
13.0 

Fe 

Bal 
Bal 
Bal 
34.0 
Bal 

Bal 
Bal 
Bal 
22.0 
18.0 

Bal 
Bal 
Bal 
Bal 
Bal 
B a1 

- Ti 

2.00 
3.0 
4.00 
2.50 
3.00 

0.90 
1.70 
1.6 
2.50 
1.00 

3.00 
2.50 -- 
-- 
-- 
-- 

A1 

0.20 
0.25 
0.15 
0.25 
1.25 

0.50 
0.30 
0.02 
1.25 
0.60 

1.00 
1.50 
-- 
-- 
-- 
-- 

B 

0.005 
0.008 
0.060 
0.015 
0.010 

0.005 
0.004 

0.005 
0.005 

0.010 
0.010 

-- 

-- 
-- 

0.003 
-- 

Mo 

1.25 
1.25 

6.1 
6.0 

3.05 

-- 

-- 
-- 

9.0 
3.0 

4.0 
5.5 
3.0 
4.0 
1.0 
2.0 

W Nb - -  
-- -- 
-- -- 
-- 0.50 
-- -- 
-- -- 

-- 5.30 
-- 2.75 
-- 5.0 
-- 2.25 
3.0 6.50 

4.0 -- 
-- 0.6 
2.5 1.0 
4.0 4.0 
1.0 2.0 
2.5 3.0 

Form 

W 
W 
W 
W 
W 

W ,C 
W 
W 
W 
W 

W 
W 

W,C 
W 
W 
W 



o Ear ly  a l l o y s ,  such a s  S-590 and N-155, are s t rengthened only by solu- 
t i o n  e f f e c t s  and carbide  p r e c i p i t a t i o n .  I n  t h i s  r e spec t  they are 
s i m i l a r  t o  cobalt-base a l loys .  

o Most s i g n i f i c a n t l y ,  a l l o y s  such as IN-718 show generat ion of a unique 
and v i t a l  coherent s t r eng then ing  phase which depends upon niobium, 
c a l l e d  y ". 

o The amount of n i c k e l  i n  the  a u s t e n i t e  matr ix  is  crit ical.  About 25 
pe rcen t  is required t o  maintain the  FCC s t r u c t u r e  and a l low p r e c i p i t a-  
t i o n  of y '. 

Solu t ion  Strengthening. A s  wi th  n ickel-  and cobalt- base a l l o y s ,  s o l u t i o n  
s t r e n g t h e n i n g  e f f e c t s  occur from add i t ions  of coba l t ,  chromium, molybdenum 
and o the r  r e f r a c t o r y  metals. The behavior of niobium as a s o l u t i o n  s t r eng th-  
e n e r  was discussed i n  some d e t a i l  f o r  nickel- base a l l o y s  above. I n  r ecen t  
measurements (17) a heat  of IN-718 (nominally 5.1% Nb) was  found t o  r e t a i n  
about  3 percent  Nb i n  the  a u s t e n i t e  matr ix ,  - about the  same as f o r  n i c k e l  
a l l o y s  according t o  S to lo f f  (18). Thus, t he  s o l u t i o n  s t r eng then ing  e f f e c t s  
are probably similar. 
s t r eng then ing ,  e f f e c t s  of niobium i n  s o l u t i o n  on t h i s  f a c t o r  probably can be 
ignored.  The r o l e  of niobium i n  the  p r e c i p i t a t e  phases themselves i s  f a r  
more s i g n i f i c a n t ,  as follows. 

S i n c e y y '  m i s f i t  is not an important source  of 

Carbide Strengthening.  The i ron- nickel  a l l o y s  a l l  con ta in  MC ca rb ides ,  
formed p r i n c i p a l l y  wi th  t i t an ium but complexed by niobium and o t h e r  r e f r ac-  
t o r y  metals. Since  most of t he  a l l o y s  are forged and MC carbides  form a t  
ve ry  high temperature,  they can be v i t a l  i n  s t r u c t u r a l  c o n t r o l  such as g r a i n  
refinement dur ing f a b r i c a t i o n  o r  g r a i n  con t ro l  i n  heat  t rea tment .  This  is  
p a r t i c u l a r l y  important as forged a l l o y s  are used f o r  wheels and o t h e r  l a r g e  
parts. Niobium he lps  mainta in  s t a b i l i t y  of the  MC ca rb ides ,  but i t  s t i l l  
degenerates  t o  M23C6 o r  M C carbides  i n  t h e  same fash ion  as f o r  nickel- base 

a l l o y s ,  p a r t i c u l a r l y  dur ing heat t rea tment .  The s p e c i f i c  p a r t i t i o n i n g  of 
niobium t o  the ca rb ides  appears not to  have been s tud ied ,  but i f  behavior is 
s imi la r  t o  n i c k e l  a l l o y s ,  one can expect about 10 percent  i n  MC. 

6 

Among the  Nb-containing Fe-Ni a l l o y s  (Table VII) H-155, S-590, and CRM- 
180 p r e c i p i t a t e  ca rb ides  as their p r i n c i p a l  s t r eng then ing  phases. The high 
carbon l e v e l  f o r  t h i s  purpose is  obvious. MC-type ca rb ides ,  composed of 
niobium, molybdenum, tungsten and chromium dominate; they p r e c i p i t a t e  a t  
g r a i n  boundaries,  and ( a s  ' i n  G-18B ( 9 ) )  on matr ix  d i s l o c a t i o n s  as w e l l  as 
o t h e r  a spe r s ions  i n  t h e  a l loy .  MC ca rb ides  a l s o  are important i n  a l l o y s  
s t rengthened w i t h y  ' and y " ,  where they help  con t ro l  g r a i n  s t r u c t u r e .  

Coherent Phase St rengthening.  Many Fe-Ni supe ra l loys  are cha rac te r i zed  
uniquely by p r e c i p i t a t i o n  of two coherent phases,  y ' and y ". To d i scuss  t h i s  
behavior the  two phases each w i l l  be d iscussed b r i e f l y ,  then covered i n  
d e t a i l  by d i scuss ion  of IN-718 as a leading example. 

Ordered and coherent gamma prime ( y ' )  i s  formed i n  Fe-Ni-base a l l o y s  by 
r eac t ion  of t i t an ium with  n i c k e l ,  not p r imar i ly  aluminum as i n  nickel- base 
supe ra l loys ,  although aluminum p a r t i c i p a t e s  i f  present .  y ' p r e c i p i t a t i o n  
usua l ly  occurs  as s p h e r i c a l  p a r t i c l e s .  St rengthening mechanisms u t i l i z i n g  
y ' have been w e l l  summarized by Muzyka (19) who r e p o r t s  t h a t  p a r t i c l e  s i z e  
and volume f r a c t i o n  are s i g n i f i c a n t ,  while matr ix  coherency r e l a t i o n s h i p s  are 
n o t ;  it has a l s o  been observed (20) t h a t  APB energy c o n t r i b u t i o n  is about 10- 
20 percent. F u r t h e r ,  a major func t ion  of y '  is i t s  c o n t r i b u t i o n  i n  convert-  
i n g  t o y " .  
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Gamma double prime (y ") is a prime s t r eng thene r  i n  s e v e r a l  of t he  most 
important  a l loys .  
s t i l l  con tes t  i t s  exis tence .  
s tacked FCCy' c e l l s ) .  It forms as d i s c s  o r  p l a t e l e t s  i n  the a l loy.  It 
uniquely  depends on t he  presence of both niobium and i r o n  f o r  formation; they 
provide  needed electron- to-atom r a t i o s  and ma t r ix- prec ip i t a t ion  mis-rnatch 
e f f e c t s .  F igure  11 is a summary of leading work showing the  approximate 
quaternary  phase r e l a t i o n s  betweeny , y ', y" ,  and o the r  neighboring phases. 

While i d e n t i f i e d  by a v a r i e t y  of workers (20, 21) some 
In any case, y "  is a BCT-type phase ( l i k e  two 

Gamma double prime has been observed t o  form by e n v e l o p i n g y '  cubes on 
a l l  s i d e s  (21).  Once formed, it is more s t a b l e  than y '. In t u rn ,  the  y " 
even tua l ly  may convert t o  the  most s t a b l e  phase i n  t h i s  series, Ni3Nb ( 6 ) .  

Thus, depending s t rong ly  on s p e c i f i c  a l l o y  chemistry and hea t  treatment a 
series of i r r e v e r s i b l e  (without heat  t rea tment)  r e a c t i o n s  g iv ing  d i f f e r i n g  
phases and e f f e c t s  can be generated (Figure 19). 

y ' (FCC) + y "(BCT) + 6 (Orthorhombic) 
(3)  

II (HCP) 
( 4 )  

These a l l o y s  must be melted,  f a b r i c a t e d ,  and hea t- t rea t ed  wi th  care! 

Non-Coherent Phases. Delta phase ( 6 )  is not coherent wi th  the  matr ix ,  
and fortns as p l a t e s  o r  c e l l s .  Generally,  d e l t a  does not con t r ibu te  t o  
s t r e n g t h  and thus  is t o  be avoided. However, i t  has been found poss ib l e  t o  
create overaged d e l t a  (g lobular  o r  p l a t e l i k e )  by E i s e l s t e i n  (23) which can 
con t ro l  g r a i n  s i z e  dur ing hot working. 

E t a  phase - Table VIII) can form d i r e c t l y  f r o m y '  i n  these  a l l o y s ,  due 
a l s o ,  of course,  t o  the  high l e v e l s  of t i t an ium and niobium. Charac te r i s t i c-  
a l l y ,  it w i l l  occur as p l a t e s  o r  cells ,  the  p l a t e s  o f t en  growing from g r a i n  
boundaries where it reduces d u c t i l i t y  leading t o  undes i r ab le  p rope r t i e s .  
However, c a r e f u l  process ing and heat  treatment can cause a more blocky form 
t o  generate  from c e l l u l a r  s t r u c t u r e ,  u s e f u l  i n  g r a i n  c o n t r o l  i n  a similar 
fashion t o  6 .  Since b o t h q  and 6 conta in  niobium and t i t an ium,  they can 
reduce s t r e n g t h  by robbing y ' and y ," reducing t h e  amount present  and reduc- 
i n g  s t a b i l i t y .  

TCP Phases. In a similar fashion t o  the  format ion of 0 or11 i n  the  N i-  
base a l l o y s ,  t he  Ni-Fe a l l o y s  can form TCP phases and Laves. Laves is a 
common problem, r e l a t e d  again  t o  the  presence of niobium as w e l l  as aluminum 
and s i l i c o n .  0 has  a l s o  been repor ted  i n  these  a l l o y s ,  but the  r o l e  of 
niobium is secondary here ,  s ince  reduct ion of ma t r ix  n i cke l  (by A3B precipi-  

t a t i o n )  is  a major d r i v e r  t o  formu along with chromium and molybdenum. TCP 
phases form i n  areas of high segregat ion of the  forming elements,  so good 
homogenization p r a c t i c e  can ave r t  t h i s  problem. 

In summary, as l i s t e d  by Muzyka (19) t h e  most important p r e c i p i t a t e  non- 
carbide  phases i n  Fe-Ni a l l o y s  are: 
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Nb A 
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’NiNb 

Al 

i 

Figure 19. Sketch of Approximate Relationships Between 
y ’ and y “16 in the Ni-A1-Cr-Nb System. 

1203 



Table VIII. Superalloy Phases Containing Niobium. 

Name 

Gamma or 
Austenite 

Gamma Prime 

Gamma Double 
Prime 

Delta 

E ta  

Nominal 
Chemical Crystal  

Symbol Formula Type 

Y Ni,Co,Fe FCC 
Solid Solution 

Ni3(A1,Ti,Nb) Ordered FCC Y' 
Y" Ni3(Nb,A1,Ti) Ordered BCT 

6 Nig(NbsTi2) Orthorhombic 

17 Ni3(Ti,N b) HCP 

MC Carbide MC NbC Cubic 

M6C Carbide M6C 

Laves - 

Complex 
Cubic 

Estimated 
Niobium 
Content 

u p  to 5% 

Up to 25% 

Up to 25% 

Up to 25% 

? 

Up to 50% 

? 

~'28% 



Symbol Structure Composition 

Y' Ordered FCC Ni3 (Al, Ti) 

Y" Ordered BCT Ni3Nb 

Ni3Ti (or r,) HCP Ni3Ti 

Ni3Nb (or 6) Orthorhombic Ni3Nb 

Behavior of IN-718. Alloy IN-718 is the industrially prominent example 
of Fe-Ni alloys which demonstrate the principles identified above; it was 
developed by 8. L. Eiselstein (26). While alloys such as Pyromet 860, Rene 
62 and Udimet 630 also demonstrate some aspects of this behavior, IN-718 
dominates its present field of commercial application with an absoluteness 
not enjoyed by any single nickel- or cobalt-base alloy in theirs. It con- 
tains about 5 percent niobium as the most prominent strengthening addition, 
and currently is being developed for use in cast components in addition to 
its historically forged condition. 
Here we will attempt to be brief. 

Many studies have been made of the alloy. 

IN-718 (Table VII) is Ni-rich with about 20 percent iron. It is used for 
forged turbine wheels, shafts, supports and cast frame sections in aircraft 
engines. A major effort in all forging or casting is to process the alloy to 
avoid segregation which could cause formation of deleterious Laves, p or a. 

In forging practice IN-718 is usually fabricated by furnace heating to 
about 1100 C (2025 F) then rolled or forged, maintaining minimum stock 
temperatures of about 925 C (1700 F). The alloy is first then heat-treated 
by solutioning at about 950-1000 C (1750-1840 F) then aged at about 720 C 
(1325 F), furnace cooled to 620 C (1150 F) then cooled to room temperature. 
This practice avoids Laves and a formation, generates y '  and y" in optimum 
quantities to provide maximum strength and toughness, and minimizes sub- 
sequent transformation to 6 phase. 

Rizzo and Buzzanell (27) showed that variations in niobium content in IN- 
718 had the most significant effect of all alloying elements. 
(Figure 20) showed found steady increases in strength by increasing niobium 
from 3.5 to about 6.5 percent. However, additions of niobium above about 5 
percent promote Laves phase and orthorhombic Ni3Nb (6), - both deleterious to 
alloy toughness. 

The microstructure of forged IN-718 is shown in Figure 21. A typical 
view of the very fine A B phases appear in Figures 21a and b. Figure 21c 

shows typical phases generated by coarsening the structure. 

Their results 

3 

Cast versions of IN-718 are now being developed following successful use 
in aircraft engine frames. Cast or ingot IN-718 has been unfortunately 
characterized by visible segregation "freckles", now identified as Laves 
phase and porosity. This inhomogeneity affects properties seriously, since 
the Nb (28%) and Mo (12%) locked into Laves is not then utilized for strength- 
ening. It is possible (although difficult) to homogenize the alloy by heat 
treatment alone; Bouse and Schilke (17) found that a combination of hot 
isostatic pressing (HIP) and heat treatment (i.e., - four hours at 1213 C 
(2217 F) and 103 MPa, (15 ksi)) were effective in lowering the Laves to un- 
detectable limits. This resulted in 600 C (110 F) increases of 0.2 percent 
from 780 to 920 MPa (105-125 ksi) with good retained ductility. 
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Figu re  21(a) .  y ' and NixNb (y") a f t e r  FiRure 21(b).  Transformat ion  of y ' t o  - 
NixNb (y ") wi th  Grain- 

Boundary NigNb P la t e s .  

500 h r s .  at 705 C (1300 
F ) .  7500X. 

1 Hour a t  700 C (1400 F) 
i n  Commercial IN-718. 
7500X. 

F igu re  21(c).  SCM of Large NbC P a r t i c l e  ( c e n t e r )  
and Grain-Boundary Laves. 5000X. 

F i g u r e  21. Some Mic ros t ruc tu re s  Typ ica l  of IN-718. A f t e r  
Boesch (24 ) ,  S t roup (28), and B i s s  (29) .  
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Finally for IN-718, a summary of many studies of T-T-T relationships are 
given in Figure 22. 
emphasizes the role of niobium. The messages from Figure 22 are: 

It serves to summarize this brief view of IN-718 and re- 

o MC (i.e., - (Nb,Ti)C) is stable at high temperatures and yields to 
M C at longer times. However, both carbides are relatively unstable 

at service temperatures, and will be entering into chemical reactions. 
6 

o Generation of sufficient y " to provide good strengthening demands 
relatively high niobium content, such that (Ti + Al)/Nb = 0.96. At 
lower Nb levels (ratio = 0.77) formation of y "  is much more sluggish. 

o Laves will form only if the alloy is highly segregated. 

Other Alloys. 
brevity. However, bothy' and y "  occur in several commercial alloys with 
greater iron content, such as IN-706 and IN-903A (Table VII), - a low-expan- 
sion wheel alloy. In fact, some views of y '  and y "  in the latter alloy, 
resulting from a study by Bricknell and Woodford (33) are most clarifying 

Our discussion has emphasized IN-718 for the sake of 

I , I , 1 I , , ,  I I I I I I l l ,  I , , , , , , , I 1 1 '  

- 900 

"C 
- 800 

- 750 

- 600 

"F 

TIME, HOURS 

Figure 22. Time-Temperature-Transformation Diagram for Alloy 
718 after Annealing in the Range 2100-2000 F/1 hr. 
and Water Quenched. Laves is a non-equilibrium 
phase that may appear in niobium-segregated areas. 

Phase Transformations Determined as Follows: 

y ', MC, and M6C - Eiselstein (23) 
y ' ' - Cozar and Pineau (21) 
6 ,  Ni Cb - Boesch and Canada (24) 
Laves - Keiser and Brown (25) 

3 
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(Figure 23). y "  appeared after 5.5 percent Nb was added, and a heat treat- 
ment at 744 C (1375 F) 8 hrs, FC to 621 C (1150 F)/8 hrs was given. The 
cubicy ' in Figure 23a is obvious, with tiny plates of y "  evident between and 
long plates of 6-Ni Nb traversing the photograph. 

presence of y ", showing another reflection. However, it is important to note 
that in this particular alloy, y "  is not believed the principal strengthener; 

Figure 23b reconfirms the 3 

it isy'. 

Iron-Nickel Alloy Summary. Niobium is a vital strengthener in several 
Ni-Fe-base superalloys, such as IN-718 and IN-706. 
a new coherent phase y " is formed at the Ni3Nb composition, which evokes 

outstanding strength for use up to about 650 C (1200 F). 
also forms delta phase (s) ,  which does not contribute to strengthening 
significantly . 

In the presence of iron, 

Niobium as Ni3Nb 

Directionally Solidified Eutectic Alloys 

Through use of the directional solidification process, there have been 
recent significant American and French developments to produce naturally- 
aligned fibrous or lamellar structures of superalloy materials with high 
creep/rupture capability. The structure is achieved by freezing out a stable 
eutectic compound. Typically in a nickel-or cobalt-base alloy matrix, fibers 
(needles) of tantalum carbide (TaC) or niobium carbide (NbC) or lamellae 
(plates) of orthogonal Ni3Nb ( 6 )  are formed. In the case of nickel alloys, 

y' is usually also precipitated, and other carbides can form in most of the 
alloys. 

Table IX gives a listing of some major eutectic alloys. In the general 
sense, these are not commercially available yet, but developments are now 
reaching towards at least extended trial service. For instance Brown-Boveri 
company has tested a chromium carbide fiber alloy in industrial gas turbine 
service for about 15000 hours, (30) and the pressure is on for aircraft 
engine application. 

The leading alloys at present appear generally to be of the following 
type: 

o a. 
matrix. 

o y /y '-6. 

A TaC fiber structure in an austenitic nickel supfralloy 

A lamellar Ni3Nb (6) structure in a nickel y '-strengthened 
alloy. 

COTAC-744. 
(Note: this alloy name is strikingly misleading, - since the word 
COTAC historically refers to TaC fiber cobalt-base alloys, with 
matrixes similar to X-40, on which much early work occurred). 

o An NbC fiber structure in a nickel y'-strengthened alloy. 

The significant role of niobium in these alloys is quite apparent. It is 
the major eutectic phase-forming element, either NbC or g/Ni3Nb, in two of 
the three alloys. 

Structures of eutectic alloys are shown in Figure 24. The fibers (or in 
some cases lamellar plates) are obvious. Formed eutectically, they tend to 
be very stable and well-bonded to the matrix. The structure allows much of 
the potentially great strength of the hard fibers or plates to give great 
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Figure 23(a). IN-903A Showing Cubic y ' , Plate y ", 
and Large Needles of &-Ni3Nb. 

Figure 23(b). Same as 23a, Showing Another Cube ' 
Face of y " and the 6 Needles. 

Figure 23. IN-903A with Over 5.5% Nb, Heat-Treated to Produce 
y "  From Bricknell, R., Personal Communication. 
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Alloy 

Nitac 
Nitac 13 
CoTaC 
CoTaC 3 or 33* 
CoTaC-744 
y/y'- 6 (6%Cr) 
y/y'- 6 (O%Cr) 
y'/y-Mo (AG-34) 
Y- 6 
y'-Ni3Ta 
Co,Cr-(Co,Cr)7C3 

Table IX. Compositions of Some Directionally Solidified Eutectic Alloys. 

Morphology Vf 

F 0.05 
F -- 
F 0.10 
F 0.10 
F 
L 0.3 
L 0.3 
F 0.26 
L 0.26 
L 0.35 
F 0.30 

- 

-- 

Ni Co 

69 -- 
63 3.3 
10 65 
10 56 
64 10 

- -  

71.5 -- 
76.5 -- 
62.5 -- 
66.7 -- 
64.1 -- 
-- 56.6 

Cr - 
10 

10 
20 

4 
6 

4.4 

-- 

-- 
41 

w% Solute 
A1 Nb 

5 
5.4 -- 

- -  
-- 

-- -- 
6 3.8 
2.5 20 
2.5 21 
6.3 -- 
-- 23.3 
4.9 -- 

Mo - Ta - 
14.9 
8.1 

14 
13 
-- 

-- 

C Other 

1.1 -- 
0.54 3.1 W,6.2Re,5.6V 
I 
1 
0.47 low 

-- 
-- 

*1300 C, 2 h; 1000 C, 24 h, A.C. 
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Figure 2 4 .  Structure of a Fiber - Strengthened Eutectic Superalloy, and a Strength 
Comparison of Eutectic Alloys with Conventional Superalloys (32). 



longitudinal creep capacity. Kahn (31) found the NbC fibers in COTAC-744 
showed no visible damage following 2500 3-minute cycles between 1150 C and 
2500 C. The lack of transverse grain boundaries reduces the potential of 
thermal fatigue crack initiation. The capability of some of these alloys to 
maintain load-carrying capability to high temperatures is shown in Figure 24. 
Further, they are vastly superior to conventional alloys in high-cycle 
fatigue (32). 

Early work on carbide eutectics has showed partiality to TaC fiber 
structures. The potential now demonstrated by NbC shows two further advan- 
tages compared to tantalum, - greatly reduced density, and greatly reduced 
cost. Niobium is far more available and thus far less expensive than tanta- 
lum. However, a drawback appears to be limited oxidation and corrosion 
resistance, as discussed subsequently. 

Eutectic Alloy Summary. Niobium is emerging as a key element in both 

3 

fibrous and lamellar eutectic alloys. FCC NbC is the strengthening fibrous 
phase in a recent leading French alloy, CoTaC-744, and orthorhombic 6-Ni Nb 
is the strengthening lamellar phase in the y /y '-6 alloy system. 

Effects of Niobium on Surface Stability 

Discussion of this subject is divided into two sections, oxidation and 
hot corrosion. However, it is important to realize that hot corrosion can be 
considered simply as highly-enhanced oxidation caused by contaminant elements 
in the attacking atmosphere, such as sodium, potassium, vanadium and sulfur. 

Oxidat ion 

The broad, overall behavior of superalloys in oxidation has been noted in 
Figure 9. Their good high-temperature oxidation performance is a hallmark. 
It depends principally upon the ability to develop a stable, tenacious, 
tough, protective oxide film, usually provided by chromium (10-30%) and 
aluminum (1-6%). 

Many of the multitude of elements added to superalloys affect oxidation 
resistance, improving or harming it for a wide variety of reasons. Small 
amounts of alloying elements can be significant. Thus, it is important to 
understand the effect of niobium, added in amounts from about 0.5 percent to 
6 percent. 

Unfortunately, there has been little clarifying study. Further, based on 
the properties of niobium as a pure metal, it is difficult to conjecture 
expected performance. Niobium itself readily forms a solid oxide in air, - 
usually a good sign for protective performance, - but the Nb 0 formed (on 
unalloyed niobium) is of a fluffy, open-structured, nonprotective nature. 
Most superalloy metallurgists considered that niobium, while not observed to 
be harmful in oxidation, has also not been observed to be particularly 
helpful. 

2 5  

However, there have been two or three studies which, taken together, can 
shed some light. First, several years ago Davin, et a1 (34) studied Co-1OCr 
and Co-30Cr alloys to which a series of ternary elements, including 3 percent 
niobium were added. A portion of their results are shown in Figure 25. 
Inspection shows that molybdenum and niobium consistently promoted greatest 
attack. Further, the author singled out niobium as specifically causing 
catastrophic attack at high temperatures. 
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Figure 25. Air Oxidation of a Series of Co-30Cr-X 
After Davin (34). Alloys for 5 Hours. 

In addition, Herchenroeder (35) studied an Fe-22Cr-20Ni-18Co-3.5Mo alloy 
(Haynes 556) as affected by a series of minor element additions. While it 
was found that some elements such as silicon and lanthanum can create a 5X 
improvement in resistance to dynamic oxidation testing conditions, niobium 
had a significantly deleterious effect. For instance, in one test (1093 

C/2000 F, 100 hrs) zero Nb gave 51 mg/cm , 0.24 Nb 111 mg/cm , and 0.70 Nb 
261 mg/cm2. Niobium could overpower a beneficial effect found for tantalum 
but lanthanum could correct the problem. Also Beltran (36) states that 
"Columbium is clearly harmful in oxidation" and feels that poor performance 
of S-816 and WI-52 support the view. 

2 2 

In an interesting test by Meier (37) oxidation of a DS alloy strengthened 
by b-Ni3Nb showed severe preferential attack of the Ni3Nb at 700 C (1290 F) 
but not 1100 C (2000 F). Figure 26 illustrates this, and shows an Ni Nb 
denuded zone protects the alloy. 3 

The message in this information appears clear. Niobium tends to harm 
oxidation resistance, based on laboratory tests, at or above about 2 percent. 
However, when attempts are made to correlate commercial alloy oxidation 
performance with niobium content, the results are not consistent. For 
instance IN-713C and MarM-432 (with 2% Nb) have excellent oxidation resis- 
tance, superior to well-known U-500 and many other alloys. On the other 
hand, U-700 (with no niobium) is excellent, and MarM-200 (1.8 Nb) is poor. 
Inspection of long lists of data for many alloys still generates no correla- 
tion to this writer. To cap the circumstance, IN-718 (with 5% Nb) has been 
found to have better oxidation resistance (as sheet at 1000 C/l800 F) than 
has Hastelloy X, an alloy utilized specifically for its fine oxidation per- 
formance. Undoubtedly, the amount and balance of other elements are gener- 
ally of much more significance in causing oxidation resistance than niobium. 
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Figure  26. Oxidation of N i  Nb - Strengthened DS Alloy at 
1100 C (2000 F) Above, and 700 C (1290 F ) ,  Below. 
Note Attack of Ni3Nb. 

3 

A f t e r  Meier (37). 

Hot Corros ion 

Hot co r ros ion  a t t a c k  is gene ra l ly  con t ro l l ed  i n  supe ra l loys  by keeping 
t h e  T i / A 1  r a t i o  a t  1 : l  o r  better, mainta ining chromium content  at  about 15 
pe rcen t ,  r e s t r i c t i n g  molybdenum t o  1-2 pe rcen t ,  and by adding cobal t  t o  
nickel- based a l loys .  Again, eva lua t ion  of the  e f f e c t  of niobium on hot 
co r ros ion  has  been s p o t t y ,  and i t  is d i f f i c u l t  t o  be s p e c i f i c  from f u r t h e r  
l i t e r a t u r e  s tudy  or  experience.  

No work s tudying the  e f f e c t  of niobium i n  r e l a t i v e l y  simple l abora to ry  
systems (such as Ni/20Cr or  Co-20Cr) has been seen by t h i s  author.  
t h e  behavior of complex commercial a l l o y s  wi th  and without niobium a l s o  has 
been a r e l a t i v e l y  f r u i t l e s s  task.  

Reviewing 

For i n s t a n c e ,  Hosier and Harris (38) s t u d i e d  dry s u l f i d a t i o n  ( a  mild 
corros ion- generat ing condi t ion compared t o  condensing sodium s u l f a t e )  of a 
series of 26 a l l o y s  a t  725 C (1340 F); fou r  of t he  a l l o y s  (IN-625, IN-718, X- 
750 and 347 SS) contained niobium. Their  r e s i s t a n c e  t o  corros ion was evenly 
s c a t t e r e d  throughout t h e  group. On the  o t h e r  hand, i t  has been noted t h a t  
while 4 percen t  Nb-containing S-816 ( a t  870 C/1600 F) performs s a t i s f a c t o r i l y  
i n  hot co r ros ion ,  WI-52 (2% Nb) i s  poor a t  a l l  temperatures  (36).  In a s tudy 
f o r  the U.S. Navy (39) niobium was  p re sen t  in t h e  worst of twenty-four N i -  
base a l loys .  Conversely we know t h a t  widely-used IN-738, un ive r sa l ly  w e l l -  
regarded f o r  i ts  high corros ion r e s i s t a n c e ,  con ta ins  almost 1 percent  Nb. 
Fur the r ,  an examination of the  ex tens ive  informat ion compiled by S t r inge r  i n  
AGARD document No. 200 (40) cont inues  t o  f r u s t r a t e ;  no t rend can be seen. 
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Surface Stability Summary. Niobium can harm oxidation resistance signi- 
ficantly in simple laboratory alloys, but the effect can be masked in many 
commercial alloys. Whether niobium is helpful OK harmful in hot corrosion 
performance is not known, but alloying effects from other elements appear to 
mask its behavior in any case. 

Niobium in Superalloys; Summary of Behavior 

Superalloys are complex FCC austenitic alloys strengthened by alloying 
additions participating in complex interreactions, - including substitutional 
solid solution, alloying effects at grain boundaries, formation of series of 
stable and reacting carbides, and formation of a series of coherent A B-type 

compounds in nickel- and iron-base super-alloys. The alloying additions also 
affect and can control oxidation and hot corrosion properties significantly. 

Niobium has been added in amounts up to about 6 percent to about half of 

3 

the various complex cobalt, nickel and iron-nickel superalloys. Studies of a 
variety of superalloys show that niobium partitions to the austenitic alloy 
matrix, to the carbides, and, -when present, - the A B-type phases. Table 

VIII summarizes the extensive phase partitioning possible by niobium, and 
Figure 27 identifies by microstructure the principal phase locations. From 
this review we find that niobium appears to have the following effect in 
strength and surface stability in these alloys: 

3 

o Solid Solution Strengthening. Due to limited solid solubility and 
unfavorable lattice mismatch, niobium has a small-to-negligible effect 
in simple solution strengthening of superalloys. 

o Carbide Participation. Niobium forms highly stable MC carbides, which 
are significant in helping strengthen all types of superalloys, 
particularly cobalt base. Niobium forms NbC and also enters MC 
titanium carbides (viz., - (Ti,Nb)C) in nickel alloys to affect/con- 
trol their stability, and allow needed MC degeneration reactions to 
occur. However, the complex composition of these carbides prevents 
identifying whether niobium always acts as a stabilizer. In nickel 
alloys, 15-20 percent of the niobium present partitions t o  carbides. 

o Coherent Gamma Prime (y ' )  Phase. In nickel alloys which formy', 
niobium has been found to increase the volume fraction as much as 30 
percent. Niobium in solution in both the gamma matrix and the y ' 
increases AF'B energy, causing a significant increase in alloy yield 
strength, - vital in dislocation particle cutting by they ' particles. 
Niobium also strengthens the y ' particles themselves. 

o Coherent Gamma Double Prime (y" )  Phase. Niobium at levels up to about 
6 percent is the principal strengthening element in Ni-Fe- OK Fe-Ni- 
base alloys. 

unique and important strengthener in these superalloys. Upon over- 
aging, excessive Ni Nb &-phase also can form, but it is not considered 
a strengthener. 

It forms y ' and orthorhombic Ni3Nb (y "), - the latter a 

3 

o Surface Stability. Niobium appears to have a mixed or n u l l  effect on 
the oxidation and corrosion resistance of commercial resistance of 
commercial alloys and as tested in simple laboratory compositions. 
Some alloys which contain niobium demonstrate good OK excellent 
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Figure 27. The Role of Niobium (Columbium) in Conventional Superalloy Microstructure. 



oxidation and hot corrosion behavior, although such behavior is 
usually ascribed to other alloying elements. Other alloys containing 
niobium can demonstrate very poor oxidation or hot corrosion resis- 
tance. In general there appears to be no evidence that niobium 
improves oxidation or corrosion resistance and simple laboratory alloy 
tests tend, more often than not, to show that niobium can be deleteri- 
ous. 

The Future in Superalloys 

Perception 

Over the years metallurgists have made small-to-medium additions of 
niobium to conventional superalloys; these additions have been significant, 
but have not been made on a systematic basis, or from broad and deep know- 
ledge about its behavior. Nonetheless, advancing technology, such as that 
evident in DS eutectics for very high temperature service, is generating an 
increased role in the superalloy sun for niobium. 

The major reasons are the high-temperature stability of niobium metallur- 
gical compounds, and its availability. FCC NbC and orthorhombic 6-Ni Nb form 

strengthening fibers or plates in eutectic alloys. In addition, the coherent 
complex hexagonal phase y"  Ni Nb, which provides outstanding intermediate- 

temperature strengthening in iron-nickel alloys, appears prone for a greater 
role in high-performance alloys. 

3 

3 

Action 

These phenomena may be the top of a small iceberg, which should be 
exploited. For instance, it is perceived that: 

y"-Ni3Nb, singularly and modified by alloying, should be studied for 
application in a wider range of alloy base than up until now. 

Co Ti is moderately stable in cobalt austenitic alloy systems. 
Modifications with niobium might increase Co3TI stability. 

NbC will become a key fiber component in DS eutectics. Fundamental 
studies of its behavior, in both the "pure" and "alloyed" state are 
essential. 

3 

6-Ni Nb may have a future as a lamellar DS eutectic phase in austeni- 
tic superalloys. The fundamental properties of 6 should be investi- 
gated thoroughly, and then studied for use in other alloy systems, and 
in combinations with NbC and y". 

Oxidation and corrosion behavior will be harmed by niobium additions. 
The fundamentals of the effects of niobium on these properties must be 
established, so that clear definition of the role of niobium, both 
combined and uncombined, is obtained as a guide to the next item. 

Alloying of alloy systems and of the niobium compounds in them should 
be studied, - with the objective of countering negative atmospheric- 
resistance effects, 

3 
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