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ABSTRACT 

The carbide phases occurring in Inconel 718 were 

s tudied with reference to the i r identi ty, 

distribution and morphology. It was found that 

the predominant carbide phase in this alloy is a 

niobium-rich MC phase. Carbide precipitation 

during ageing was observed to be confined 

exclusively to the austenite grain boundaries. The 

formation of intermetallic precipitate free zones 

(PFZ) in the vicinity of the carbide decorated grain 

boundaries was examined, and two distinct types 

of PFZ were noticed. The formation of these zones 

is discussed in light of solute depletion and 

vacancy depletion mechan i sms . A t ime-

temperature-precipitation diagram pertaining to 

carbide prec ip i ta t ion du r ing ageing was 

cons t ruc ted based on the micros t ruc tura l 

observations made in this work. 

1. INTRODUCTION 

Inconel 718 is a well-known precipitation 

hardenable niobium-and molybdenum-bearing 

nickel-iron base superalloy which was introduced 

in the early sixties as a high strength, wrought 

alloy intended for service at temperatures up to 

about 975 K. It has a good corrosion resistance in 

a variety of aggressive environments and is 

resistant to oxidation up to about 1250 K. The 

alloy possesses good fatigue strength and its 

s t r ess r u p t u r e propert ies are excellent at 

temperatures up to about 975 K. Inconel 718 can 

be used at cryogenic temperatures also. Its 

response to age hardening is sluggish and this 

property enables it to be welded and annealed 

with no spontaneous hardening. Due to these 

Carbide Precipitation in Inconel 718 

at tract ive properties, Inconel 718 has been 

extensively used in gas and steam turbines as 

discs, blades, shafts, casings and fasteners, in 

pump bodies and parts and in spacecraft, rocket 

motors and thrust reversers. 

The major intermetallic phases known to 

precipitate in Inconel 718 are the metastable γ' 

and y phases and the equilibrium δ phase /1 -5 / . 

Precipitation strengthening is derived mainly from 

the γ" phase / I / . In this regard, this alloy is 

distinct from the majori ty of precipitation 

hardenable nickel base alloys in which the γ' 

phase is primarily responsible for the age 

hardening effect. Both the Y'and the δ phases are 

based on the composition Ni3Nb. However, the 

former has the tetragonal DO22 structure while 

the latter has the orthorhombic DO a s t ructure 

/6 ,7 / . Besides these intermetallic phases, carbide 

precipitation also occurs in this alloy. 

The occurrence of primary MC carbide 

particles has been reported in Inconel 718 / 7 / . 

The appearance of niobium rich MC precipitates 

at austenite grain boundaries during ageing has 

also been observed in this niobium-bearing alloy 

/ 8 , 9 / . According to Boesch and Canada / 3 / , 

besides niobium, t i tanium is a major metallic 

constituent of the MC phase in Inconel 718. Evers 

et. al / 5 / have reported that MC particles in this 

alloy contain niobium, titanium and aluminium. 

There are conflicting opinions regarding the 

occurrence of the M23C6 / 8 , 1 0 / and MßC 

/2 ,3 ,11 ,12/ phases in this alloy. It has been 

reported / 8 / that a continuous MC carbide film at 

grain boundaries, flanked by γ" precipitate free 

zones, reduces the notch ductility of the alloy. 

Optimum heat t rea tment procedures have, 

therefore, been developed to inhibit grain 
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boundary carbide precipitation. However, no 

systematic study of the precipitation of carbide 

phases at grain boundaries consequent to ageing 

at different temperatures has been reported. 

The work reported in this paper formed a part 

of a detailed study on precipitation reactions in 

Inconel 718 and was undertaken with a view to 

examining the precipitation of carbide phases in 

this alloy with special reference to their preferred 

nucleatlon sites, morphology, distribution, identity 

and temperature regimes of occurrence. The 

formation of Intermetallic precipitate free zones in 

the vicinity of carbide precipitates was also 

examined. Another aspect investigated - the 

influence of grain boundary carbide precipitation 

on the mechanical properties of the alloy - will be 

reported elsewhere / 1 3 / . 

High Temperature Materials and Processes 

TABLE 1 

Chemical Composition of Inconel 718 

Element Amount 
(w/o) 

Ni 52.67 

Cr 18.37 

Fe 18.06 

Nb 6.00 

Mo 2.91 

Al 1.00 

Ti 0.45 

Mn 0.21 

C 0.04 

Si 0.29 

2. EXPERIMENTAL PROCEDURE 

The alloy came in the form of a 7mm thick 

sheet. Its composition is shown in Table 1. The 

sheet was cut into strips and cold rolled, with one 

intermediate annealing, to yield thinner strips of 

0.3 to 0.5mm thickness. Pieces of suitable 

dimensions were then obtained from these rolled 

strips for heat treatments. For all heat treatments 

used in this work, samples were sealed in silica 

capsules under a helium atmosphere. Solution 

annealing a s well as ageing treatments were 

followed by water quenching. 

Specimens for optical microscopy and X-ray 

diffraction were prepared by mechanical polishing 

followed by chemical or electrochemical etching. 

Swabbing with a warm solution 320 K) 

containing Ave parts of hydrochloric acid and one 

part of nitric acid was employed for chemical 

etching. Electrolytic etching was carried out in a 

saturated oxalic acid solution for 30-60 seconds at 

3-5 volts, using a stainless steel cathode. 

In order to prepare samples for transmission 

electron microscopy fTEM), appropriately treated 

samples were first ground to thicknesses of about 

100 - 150 μπι. Discs punched from these ground 

samples were thinned by the dual jet electro-

polishing techn ique , u s ing an electrolyte 

containing one part of perchloric acid and four 

parts of ethanol. Electropolishing was carried out 

at about 20 volts and the temperature of the 

electrolyte was maintained in the range 220-230 K. 
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3. RESULTS 

3.1 Carbide Precipttates In the Solution Treated 
Alloy 

Solution treatment was carried out at 1375 K. 

The solution treated and quenched alloy consisted 

essentially of the austenite phase. X-ray 

diffraction did not show peaks corresponding to 

any other phase. However, microscopy revealed 

that coarse particles, often Irregular In shape, of a 

second phase were distributed In a non-uniform 

manner within the austenite grains and also at 

grain and twin boundaries (Flg. 1). In the 

transmission electron microscope, many of these 

Fig. 1 Typical mlcrostructure of Inconel 718, 
solution treated at 1373 Κ for 1 hour; 
(a) light micrograph, (b) scanning 
electron micrograph. 
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particles appeared to be quite massive and 

impenetrable with respect to the electron beam. 

However, selected area diffraction (SAD) patterns 

could be obtained from some of the smaller 

particles. These patterns could be matched 

reasonably well with various reciprocal lattice 

sections corresponding to the B1 structure of MC 

carbides in terms of both interplanar spacings 

and interplanar angles (Fig. 2). The lattice 

parameter of this precipitate phase (a = 0.444 nm), 

Pig. 2 SAD patterns from primary carbide 
particles in solution treated Inconel 
718, demonstrating the absence of any 
definite crystallographic orientation 
relationship between the carbide and 
the austenite phases. 
Zone axes: (a) <110>MC and <120>γ 

(b) <11 2>MC 311(1 <361 >γ 
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calculated with respect to that of the surrounding 

austenite (γ) phase (a = 0.360 nm, as determined by 

X-ray diffraction), was found to lie between the 

reported lattice parameters /14/ of the 

isostructural NbC and TIC phases, being closer to 

the former. In view of this observation and of the 

composition of the alloy, it could be concluded 

that while niobium was the major metallic 

constituent of the observed MC phase, some 

amount of titanium was also incorporated in it in 

conformity with the results obtained by some 

earlier workers /5,15/. SAD patterns obtained 

from these carbide particles and the adjacent 

matrix regions showed that these precipitates did 

not bear any definite crystallographic orientation 

relationship with the surrounding austenite. The 

size of these particles appeared to vary over a wide 

range. 

3.2 Carbide Precipitation during Ageing 

The primary MC particles were observed in 

the aged samples also. It was seen that the shape, 

size and distribution of these particles did not 

undergo any conspicuous change during ageing. 

No fresh nucleation of carbide precipitates of any 

type appeared to occur within the grains due to the 

ageing treatments used in this work. Grain 

boundaries, however, appeared to be the preferred 

nucleation sites for carbide precipitation during 

ageing and copious precipitation occurred at 

these structural singularities. These grain 

boundary precipitates were often very small and 

were identified principally on the basis of SAD 

patterns. 

3.2.1 Morphology. Distribution and Identity of 
Grain Boundary Precipitates 

Following is a brief description of 

observations pertaining to the morphology, the 

distribution and the identity of the grain boundary 

precipitates that evolved on ageing at different 

temperatures in the range of 923-1173 K. 

Ageing at 923 Κ 

Samples aged at this temperature for periods 

extending to 168 h showed homogeneous 

precipitation of the γ and the γ" phases. These 

intermetallic precipitates were distributed 

uniformly throughout the grains, right up to the 

grain boundaries (Fig. 3). Apart from the non-

uniformly distributed primary carbide particles 

mentioned in the previous section, no fresh 

precipitation of any carbide phase was observed 

to occur at the grain boundaries. 

* 9 H H H H | 
jdif iSS^v· '*^. 

Jm 

"" « Ο Λ μ π Ί I 
4 

Fig. 3 Carbide precipitate free grain 
boundary in Inconel 718, aged at 923 Κ 
for 168 hours. The occurrence of 
intermetallic precipitates right up to 
the boundary could be noticed. 
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Ageing at 973 Κ 

No grain boundary carbide precipitation was 

observed in samples aged at 973 Κ for periods up 

to 90 h. The microstructure was essentially 

similar to that shown in Fig. 3. However, in 

specimens subjec ted to still longer ageing 

t r ea tmen t s (e.g., 168 h), profuse carbide 

precipitat ion was observed a t some grain 

boundaries (Fig. 4a), while many boundaries were 

completely devoid of such precipitates (Fig. 4b). 

Distinct SAD patterns could be obtained from the 

grain boundary carbide particles. Most of these 

pat terns could be satisfactorily matched with 

various reciprocal lattice sections of the NbC 

phase with regard to interplanar spacings and 

interplanar angles, using the lattice parameter of 

the austenlte matrix for the calibration of the 

camera constant of the microscope. A typical SAD 

pattern Is shown in Fig. 4c. The carbide decorated 

grain boundaries were flanked on both sides by 

well defined intermetallic precipitate free zones 

(PFZ), as illustrated In Fig. 4a. The fraction of 

grain boundaries at which carbide precipitation 

occurred Increased with increasing ageing time. 

On prolonged ageing (e.g., 336 h), in addition to 

NbC particles, large , chunky precipitates of a 

different phase with a unit cell much larger than 

that of NbC were frequently observed (marked in 

Fig. 5). SAD pa t te rns obtained from these 

precipitates could be satisfactorily indexed in 

terms of M23C6 as well as the MßC phases . 

Although the space groups of these two carbide 

p h a s e s a re d i f fe ren t (Fm3m and Fd3m 

respectively), they correspond to the same Bravals 

lattice (face centred cubic). Moreover, the lattice 

parameters of these two phases differ only slightly 

Fig. 4 (a) MC precip i ta t ion at grain 
boundaries in Inconel 718 sample aged 
at 973 Κ for 168 hours. PFZ could be 
seen adjacent to the boundaries. 
(b) Typical micrograph Illustrating the 
absence of grain boundary carbide 
precipitation. 
(c) SAD pattern corresponding to (a), 
showing NbC reflections (<110> zone 
axis). 

0.2>im 
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Fig. 5 MC and M23.Ce precipitation at grain 
boundaries in Inconel 718 aged at 973 
Κ for 336 hours. The SAD pattern in the 
insert shows M23C6 superlattice 
reflections. MC and M23C6 particles 
are indicated by arrows. 

(about 4%). In the present context, however, it was 

not unreasonable to assume that the SAD patterns 

corresponded to the M23C6 phase since the 

molybdenum to chromium ratio in Inconel 718 has 

a much smaller value as compared to those known 

to promote MßC precipitation in nickel based 

alloys /16/. Although mention has been made of 

the occurrence of MßC precipitation in this alloy 

at ageing temperatures higher than those 

employed in the present study /17/, later 

investigations have not confirmed the 

precipitation of this carbide phase in Inconel 718 

/5,9/. Moreover, in an experimental alloy of a 

composition largely similar to that of the 

commercial alloy, Kirman and Warrington /10/ 

have observed the occurrence of the M23Cg phase 

only and they have not obtained any evidence of 

MßC precipitation. 

Ageing at 1023 Κ 

Ageing at this temperature even for quite 

High Temperature Materials and Processes 

short periods caused the precipitation of discrete 

carbide particles at some grain boundaries (Fig. 6). 

As in the case of ageing at 973 K, the fraction of 

such grain boundaries Increased with increasing 

ageing time. After 100 h of ageing, nearly all grain 

boundaries were seen to be decorated with almost 

contiguous carbide precipitates which gave the 

appearance of a continuous film of the carbide 

phase at these boundaries. These carbide 

decorated grain boundaries were flanked by 

clearly defined γ" and γ' precipitate free zones on 

both sides (Fig. 7). The grain boundary carbide 

precipitates were identified by SAD analysis to be 

of the NbC phase. These particles could be imaged 

in the dark field by using suitable NbC reflections 

(Fig. 8). In samples aged for still longer periods 

(e.g., 192 h), large, chunky M23Ce precipitates were 

occasionally observed in addition to the NbC 

particles (Fig. 9). 

Ageing at 1073 Κ 

On raising the ageing temperature to 1073 K, 

coprecipitation of the NbC and the equilibrium δ 

phases was observed to occur at grain boundaries 

(Fig. 10). These two phases appeared to compete 

for grain boundary nucleation sites at this 

temperature. In specimens aged for extended 

periods (e.g., 96 h), some grain boundaries were 

found to be decorated with δ particles only (Fig. 
Φ 

11). Zones free of γ" precipitates were observed 

around these boundaries. 

Ageing at 1173 Κ 

Ageing at this temperature led to the 

precipitation of the δ phase at the grain 

357 



Vol. 11, Nos. 1-4, 1993 Carbide Precipitation in Inconel 718 

Fig. 6 P r e c i p i t a t i o n of d i s c r e t e c a r b i d e 
p a r t i c l e s a t g ra in b o u n d a r i e s in 
Inconel 718, aged at 1023 Κ for 2 hours. 
The inse t s h o w s the p r e sence of 
carbide spots in the SAD pattern. 

Fig. 7 Almost contiguous carbide precipitates 
a t a grain boundary in Inconel 718, 
aged a t 1023 Κ for 100 hours . The 
o c c u r r e n c e of a n i n t e r m e t a l l i c 
precipi tate free zone ad jacen t to the 
boundary could be noticed. 

Fig. 8 D a r k field image, us ing a carb ide 
reflection, showing a nearly continuous 
carbide layer a t a grain boundary in 
Inconel 718, aged at 1023 Κ for 100 
hours. 

boundar ies . The δ precipi ta tes had needle 

shaped or blocky morphologies. Grain boundary 

carbide precipitates were almost totally absent . 

An approximate t ime-temperature-precipita-

tion (TIP) diagram with regard to grain boundary 

prec ip i ta t ion on ageing in Inconel 7 1 8 was 

constructed on the bas is of the observations made 

Fig. 9 A large , c h u n k y g ra in b o u n d a r y 
precipitate of the M23C6 phase at a 
grain boundary in Inconel 718, aged at 
1023 Κ for 192 hours . The inset shows 
a part of the SAD pattern obtained from 
this precipitate. 

and is shown in Fig. 12. The curve shown by 

broken lines gives an approximate idea of the 

shortest time required, at different temperatures, 

for the grain boundary precipitates to attain the 

m i n i m u m size detectable in the t ransmiss ion 

electron microscope. The incubat ion time was 

taken to be the shortest time corresponding to the 
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Fig. 10 (a) and (b) show coprecipitation of NbC 
and equilibrium δ precipitates in 
samples aged at 1073 Κ for 48 hours. 
Some of the particles are indicated by 
arrows in (b). 

appearance of detectable grain boundary 

precipitates at the most favoured grain 

boundaries. The time required for the occurrence 

of such precipitates was found to vary consider-

ably from boundary to boundary. It could be seen 

from Fig. 12 that the nose- of the T-T-P curve, 

corresponding to the shortest incubation time. 

Iligh Temperature Materials and Processes 

Fig. 11 Typical micrograph illustrating distinct 
γ" free zones around needle shaped δ 
particles at a grain boundary in a 
sample aged at 1073 Κ for 72 hours. 
There is no distinct y free zone near the 
boundary. 

X NO CARBIDES IDENTIFIED 
1300 ~ Ο NbC IDENTIFIED 

. θ NbC AND M23 C6 DENT1FIED 
© NbC + S IDENTIFIED 

1200 

- · 

6 IDENTIFIED « • 

1100 - - - e r -
-

/ 0 A I \ 0 0 0 \ θ 
1000 ~ X -•«-Ο—Q\. θ 

- X X X Β 

900 ~ 1 1 1 ι ι 
10 100 1000 

AGEING TIME ( HOURS) — 

Fig. 12 Time-temperature-precipitation (TTP) 
diagram for the nucleation of MC and 
M23C6 phases at grain boundaries in 
Inconel 718. 

occurs around 1023 Κ for NbC precipitation. The 

line segment AB gives an idea of the minimum time 

required for the appearance M23C6 precipitates. 

3.2.2. Matrix • Precipitate Orientation Relationship 

SAD patterns, belonging to various zones 

obtained from carbide precipitates nucleated at 
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the grain boundaries were used to determine the 

matrix - precipitate orientation relationship. In 

the case of the grain boundary MC precipitates, a 

nearly cube to cube orientation relationship with 

the austenlte was observed. Two illustrative SAD 

patterns are shown in Fig. 13. The MC particles 

precipitated during ageing were thus quite 

different from the primary MC particles in the 

matter of bearing a definite orientation 

relationship with the austenite matrix. 

It was noticed that each grain boundary MC 

particle had a parallel orientation relationship 

with one of the two austenite grains flanking the 

boundary and was embedded in that grain to 

which it was crystallographically related. In many 

cases all the grain boundary precipitates, or at 

least a very large majority of them, appeared to be 

oriented with respect to only one of the grains. On 

the other hand, there were also Instances where 

some MC particles on a grain boundary were 

related to one grain while some others were 

related to the other. However, even in situations of 

the former type, well delineated carbide lamellae, 

suggestive of the occurrence of a discontinuous 

precipitation reaction, did not appear to form even 

on prolonged ageing. In situations of the second 

type some carbide precipitates grew into one of 

the neighbouring grains while some others, 

nucleated on the same grain boundary, grew into 

the other grain. Some of these features are 

illustrated in Fig. 14. 

A cube to cube precipitate - matrix 

orientation relationship was found to hold in the 

case of the M23C6 grain boundary particles also 

(Fig. 15). 

Carbide Precipitation in lnconcl 718 

Fig. 13 SAD patterns illustrating the approx-
imately cube to cube orientation 
relationship between the austenite and 
the grain boundary MC phases in aged 
Inconel 718; (a) <001> zone axis and (b) 
<110> zone axis. 

3.23 Intermetalllc Precipitate Free Zones 

It has been mentioned earlier that extensive 

precipitation on a grain boundary was accom-

panied by the concomitant formation of inter-

metalllc precipitate free zones (PFZ) in the matrix 

regions adjacent to it. The widths of many of these 

PFZ's were measured and the results are 
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Fig. 14 The bright and dark field pair (a) and (b) shows that not all the grain boundary carbide 
particles are orientationally related to a single grain while the dark field micrographs (c) 
and (d), obtained with a matrix reflection and a carbide reflection respectively, indicate that 
all the grain boundary carbide particles are orientationally related to the grain at the top. 

summarised in Table 2, in which the average sizes 

of the grain boundary precipitates are also 

indicated. The error in the measurement of the 

particle size, due to specimen tilting effects, was 

estimated to be within ± 20%. The large scatter in 

the widths of the PFZ's corresponding to the same 

ageing treatment reflected the differences in the 

widths of the PFZ's associated with different grain 

boundaries. However, it could be seen that at a 

given ageing temperature the average PFZ width 

increased with increasing ageing time, or in other 

words, with increasing grain boundary precipitate 

size. 

Fig. IS SAD pattern from a large, chunky grain 
boundary carbide precipitate (different 
from MC) In Inconel 718. This pattern 
could be matched with a <001> SAD 
pattern from the M23C6 phase. 
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TABLE 2 

Precipitate free zones widths after different ageing treatments 

Ageing Treatment Identity of 
grain boundary 
precipitate 

Grain boundary 
precipitate 
size (nm) 

Precipitate free zone 
width f rom grain 
boundary (nm) 

γ " Y 

A 973K-168h 

A 973K-336h 

M C 

MC+M23C6 

38 ± 9 

54 ± 9 

173 ± 3 2 

202 ± 1 

A 1023K-2h 

A 1023K-20h 

A1023K-100h 

A1023K-192h 

M C 

M C 

M C 

MC+M23C6 

16 ± 3.5 

17 ± 2.5 

30 ± 5.0 

240 ± 28 

49 + 8 

146 ±31 75 ± 17 

260 ± 5 9 121 ± 2 3 

272 ±102 

A 1073K-24h 

A1073K-72h 

A 1073K-96h 

MC + δ 

MC + δ 

most ly δ 

36 ±11 

131 ± 3 6 

255 ± 5 6 

265 ± 3 1 

550 ±18 

854 ±191 

Note: Widths of the two different types of PFZ's were separately measured when these widths were not 
very small and when only MC particles precipitated at the grain boundaries. 

For some ageing treatments, it was found that 

in the vicinity of the grain boundary NbC layers 

two distinct PFZ's formed - the first denuded of y 

(spherical) as well as of y (ellipsoidal) particles 

and the second depleted of y particles only (Fig. 

16). The larger widths of the latter as compared 

with those of the former implied that the enhanced 

solubility of the intermetallic phases in the 

austenite, brought about locally by grain boundary 

carbide precipitaUon, extended to larger distances 

in the case of the y phase than in the case of the y 

phase. 

No intermetallic precipitate free zones were 

normally observed in the vicinity of the primary 

MC particles located within the grains (Fig. 17). 

This indicated that after their formation during 

alloy solidification, these precipitates did not grow 

during the subsequent heat treatments. 

4. DISCUSSION 

4.1 Primary Carbides 

The observation that niobium-rich, MC type 

primary carbide particles occurred in this niobium 

bearing alloy was consistent with the findings of 

earlier investigations. Apart from niobium, 

titanium was another highly reactive metal 

present in the alloy, though at a much lower 

concentration. TiC is thermodynamically more 

stable than NbC and is a very commonly occurring 

MC phase in nickel base superalloys /18/. 
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Moreover, Μ atoms are known to substitute for 

each other in MC phases. It would be expected, 

therefore, that titanium would partly substitute for 

niobium in the MC precipitates in Inconel 718. 

This surmise was supported by experimental 

evidence pertaining to the lattice parameter of the 

primary MC phase in this alloy. 

The primary MC particles observed in this 

work exhibited the commonly observed features 

associated with such particles in nickel base 

alloys- irregular and blocky morphologies, non-

uniform distribution at intragranular as well as 

intergranular locations and absence of any 

definite crystallographic orientation relationship 

with the surrounding austenite matrix /18/. 

Fig. 16 This micrograph shows the existence of 
two distinct precipitate free zones 
(marked by arrows) in the neighbour-
hood of grain boundary carbides in 
Inconel 718. It could be seen that the γ 
free zone is narrower than the γ" free 
zone. 

4.2 Carbide Precipitation During Ageing 

The solubility of carbon in the austenite is 

reduced by the presence of strong carbide forming 

elements /14/. The presence of such elements in 

significant amounts in Inconel 718 indicated very 

restricted carbon solubilities in the γ phase. On 

solution annealing and quenching, this phase 

would be supersaturated with respect to carbon. 

On subsequent ageing at temperatures at which 

atoms of the carbide forming elements were 

sufficiently mobile, the carbon supersaturation of 

the austenite would be relieved by the formation of 

carbide precipitates. Merrick /6/ has pointed out 

that in nickel base alloys carbide precipitation 

appears to occur mainly in a heterogeneous 

manner, involving defects like grain boundaries 

and dislocations. 

4.2.1 Preferred. Nucleation Sites 

The observations made in the present work 

Fig. 17 Typical micrograph showing the 
absence of a PFZ around a primary 
carbide particle in an aged Inconel 718 
specimen, indicating that the particle 
did not grow during the ageing 
treatment. 

clearly indicated that grain boundaries were the 

preferred nucleation sites for carbide precipita-

tion in Inconel 718. This was in keeping with the 

general observation /18/ that carbides prefer 

grain boundaries as location sites in nickel base 

alloys unlike in cobalt base and iron base alloys 
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and in other alloy matrices characterised by 

higher electron vacancy numbers, where intra-

granular precipitation sites can be quite common. 

The free energy activation barrier for nucleation 

can be reduced by two mechanisms if nucleation 

occurs at a grain boundary / 1 9 / . The first one is 

that when a nucleus forms at a grain boundary, a 

part of the boundary disappears and the grain 

boundary energy released contributes to the 

energy required for forming the nucleus. Secondly, 

grain boundary nucleation can bring down the size 

of the critical nuc leus as compared with 

homogeneous nucleation. The efficiency of a grain 

boundary nucleation site depends on the relative 

magnitudes of the volume of the nucleus formed 

and the area of the grain boundary replaced. Two 

other factors that promote preferred nucleation at 

grain boundaries are: (i) certain types of solute 

atoms segregate to grain boundaries, facilitating 

the process of assembling sufficient number of 

atoms to form the critical nucleus and (ii) diffusion 

is more rapid along grain boundaries. 

It was observed in the present work that the 

extent of grain boundary carbide precipitation 

varied from boundary to boundary. This is a 

commonly observed feature of heterogeneous 

precipitation at grain boundaries /20-24 / . The 

contact angle between the precipitate and the 

boundary depends on the energy of the boundary 

as well as on the orientation of the precipitate with 

respect to the adjoining grains / 2 0 / . This angle 

increases as the energy of the boundary decreases 

and as a result of this the advantage of grain 

boundary nucleation is reduced / 2 5 / . Two con-

sequences of the coincidence lattice description of 

grain boundaries are very important in the context 

of grain boundary precipitation. The first is that 

the energy of a high angle grain boundary is 

strongly influenced by the misorientation across 

it, depending on whether or not the misorientaion 

is close to a coincidence site relation. Secondly, 

the energy density of a grain boundary is not 

constant along the boundary plane since the 

boundary would normally have a zig-zag structure 

with low energy segments, which follow close 

packed planes in the coincidence site lattice, 

connected by high energy ledges / 20 / . Unwin and 

Nicholson / 2 1 / have found that the rate of 

precipitate nucleat ion a t grain boundar ies 

depends markedly on the type of the boundary, 

especially at small undercoolings. According to 

them boundaries can be divided into two classes 

from the point of view of heterogeneous 

nucleation. The first category comprises very low 

angle boundaries and high angle boundaries with 

misorientations near a coincidence site relation. 

In the second category are included low angle 

boundaries of moderate misorientaions and 

random or disordered high angle boundaries. 

Boundaries of the first type show a very low 

precipitate nucleat ion rate compared with 

boundaries of the second type. They have 

attributed the variations in the number density 

and the morphology of grain b o u n d a r y 

precipitates from boundary to boundary mainly to 

deviations from boundary coincidence and to 

changes in the grain boundary plane. Pumphrey 

111/ , on the other hand, has suggested that 

s t ruc tura l fea tures of grain boundaries , as 

expressed by the coincidence lattice site model, 

are of secondary importance in the context of 

he te rogeneous nuclea t ion of precipi ta tes . 

According to him, the most important structural 

factor that promotes grain boundary precipitation 
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Is the existence of a low energy precipitate - matrix 

Interface lying paral le l to the gra in b o u n d a r y 

plane. Butler and Swann / 2 3 / also have concluded 

t ha t the r e l a t i o n s h i p be tween the prec ip i ta te 

habit plane and the grain boundary plane plays a 

significant role in grain boundary precipitation. 

4.2.2. Nature of Carbide Precipitates 

The p redominan t grain bounda ry precipitate 

p h a s e in Inconel 7 1 8 could be u n a m b i g u o u s l y 

identified a s a niobium-rich MC phase . In nickel 

base alloys, high niobium con ten t s a re known to 

favour the formation of the MC phase / 1 8 / . The 

s ign i f i can t n i o b i u m c o n t e n t of Inconel 7 1 8 

appea red to be respons ib le for promot ing the 

precipitation of th is phase . However, it is known 

/ 1 8 / tha t in alloys conta in ing several refractory 

metals , a t oms of different species can subs t i t u t e 

for each o the r a n d t h a t when mo lybdenum or 

tungsten subs t i tu tes for t i tanium or niobium In the 

MC p h a s e s , the s tab i l i ty of t h e s e p h a s e s Is 

reduced. When this happens , they become prone 

to decomposition, leading to the formation of other 

types of carbides s u c h a s M23C6 and MßC / 1 8 / . 

The observat ions made on the carbide p h a s e s in 

Inconel 7 1 8 sugges ted t ha t the formation of the 

M 2 3 C 6 p h a s e a t relatively low ageing tempera-

tures might correspond to such a situation. 

4.2.3 Intermetalllc Precipitate Free Zones 

Intermetallic precipi tate free zones are often 

observed in age harden ing alloy sys tems including 

austeni t lc s ta in less steels and nickel base super -

alloys. Their occurrence is generally due either to 

solute depletion a n d / o r to a deficiency of sui table 

lhKh It nif't ruiurc Maicrittls und I'rccrxscx 

nucleation si tes for precipitation in the vicinity of 

the boundar ies . Nucleation site deficiency could 

arise d u e to various reasons, the most important of 

w h i c h is v a c a n c y dep l e t i on c lose to g ra in 

b o u n d a r i e s which ac t a s vacancy s inks . Site 

de f i c i ency cou ld a l s o a r i s e , p a r t i c u l a r l y in 

s i t ua t ions where the intermetal l ic p h a s e preci-

p i t a tes on d is locat ions , from the movement of 

adjacent matr ix dislocations into the boundary. 

In the present work, a significant observation 

in re la t ion to PFZ fo rma t ion c lose to gra in 

b o u n d a r i e s was the occu r r ence of two dis t inct 

zones, one showing the absence of y a s well a s of γ" 

particles and the other denuded of only γ' particles. 

Both the y and the γ" phases In Inconel 718 could 

be expected to contain niobium. In the y phase , 

which is ba sed on the composi t ion Ni3(Al,Ti) , 

n iob ium could s u b s t i t u t e , to some extent , for 

a luminium and t i tanium / 6 / . The γ" phase, on the 

o ther h a n d , is based on the composition Ni3Nb. 

Though o ther a tomic species in the alloy could 

subs t i t u t e for n iobium to a limited extent , these 

precipi ta tes were likely to ma in ta in a significant 

n iob ium c o n c e n t r a t i o n . In fact , it h a s been 

reported tha t γ" part icles in Inconel 7 1 8 contain 

about 19 a tom per cent niobium / 2 6 / . In view of 

these considerat ions the niobium content of the y 

p rec ip i ta tes could cer ta in ly be expected to be 

m u c h higher t han t ha t of the y precipitates. In 

such a s i tuat ion, the greater widths of the γ" free 

zones a s compared with those of the γ' + γ" free 

zones would Imply t ha t solute (niobium) depletion 

played an important role In the formation of these 

zones . This deple t ion w a s obviously b r o u g h t 

a b o u t by the precipi ta t ion of n iob ium rich MC 

part ic les a t the grain bounda r i e s . The observed 

variation in the Incubation time for and the extent 
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of grain b o u n d a r y carbide precipi tat ion from 

boundary to boundary was also indicative of the 

operation of the solute depletion mechanism with 

regard to PFZ formation. It ha s been suggested 

that in a situation where solute depletion controls 

the PFZ width, this width would depend on the 

s t r u c t u r e a n d the misor ientat ion of the grain 

boundary itself in view of the influence of these 

fac tors on the nuc lea t ton of grain b o u n d a r y 

precipitates / 2 7 / . However, vacancy depletion 

also might contribute to PFZ formation in Inconel 

718 , a s t he following c o n s i d e r a t i o n s would 

suggest. The MC carbide phase was an oversize 

misfit phase with respect to the auslenite, having a 

lattice parameter misfit of more than + 20 per cent 

and an increase of over 70 per cent in atomic 

volume per metal atom / 1 4 / . This implied that a 

flux of vacancies into a growing carbide particle 

was needed to reduce the local internal s t resses 

that would be developed dur ing its growth / 2 8 / . 

Such particles would, therefore, be surrounded by 

vacancy depleted shells and this local scarcity of 

vacanc ies would inhibi t the prec ip i ta t ion of 

intermetall ic p h a s e s in these regions since the 

precipitation of these phases is promoted by the 

excess vacancy concen t ra t ion in the mat r ix 

/ 1 0 , 2 9 / . However, if vacancy depletion were to be 

the major cause of PFZ formation in this alloy then 

following Kirman and Warrington / 1 0 / , γ" particles 

close to the PFZ should be larger in size a s 

compared with those within the grain interior. 

Such a variation in γ" precipitate size was not 

observed in the present work as a general feature. 

It can a lso be ment ioned in this context that 

Raghavan / 3 0 / , on the bas is of his s tudy on γ" 

prec ip i ta te free zones ad j acen t to the gra in 

boundar i e s in a Cu-30Ni- lNb alloy, where the 

grain boundary precipitates are of the 8-Ni3Nb 

phase , h a s a t t r ibu ted the occurrence of these 

zones to solute depletion. On the bas is of the 

observations made in the present work and the 

preceding discussion, it was not unreasonable to 

conclude that so lu te depletion was the major 

reason for the formation of PFZ in Inconel 718. 

No at tempt was made in the present work to 

correlate the measured PFZ width to the product of 

the diffusion coefficient of the solute (niobium) In 

the austeni le and the ageing time because of the 

following reasons: (i) proper data on the diffusion 

of niobium in nickel or in dilute nickel-niobium 

alloys do not appear to be available; and (ii) for 

the same ageing treatment, the incubation time for 

a s well as the extent of the precipitation of the 

grain boundary phases were different for different 

grain boundaries. 

5. CONCLUSIONS 

The following conclus ions could be drawn 

based on observations made in the present work: 

(i) The primary carbide particles in Inconel 

718 are of a niobium rich MC phase. 

(ii) Carbide prec ip i ta tes tha t form in th is 

alloy during ageing nucleate exclusively on 

grain boundaries . These grain boundary 

carbide part icles are predominantly of a 

niobium rich MC phase and maintain a 

cube to cube orientation relationship with 

the neighbouring matrix. 

(ill) The growth of the grain boundary carbide 

p a r t i c l e s is a c c o m p a n i e d by the 

concomi tan t format ion of intermetall ic 

precipitate free zones in their immediate 
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neighbourhood. Two types of PFZ's occur -

one denuded of γ' as well as of γ" 

precipitates and the other depleted only in 

y precipitates. 
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