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ABSTRACT 

This dissertation reports an investigation involving a thorough characterization of the 

microstructural response of cast IN-73 8 to a variety of pre-weld heat-treatment schexnes. 

The as-received matenal showed cored dendritic microstructure, containing coarse grains, 

about 0.5% casting micropores, 0.7% primary carbide particles, and 42% primary y' 

particles respectively. The volume-fiaction of primary y' panicles decreased continuously 

from 20.1% to about 5% for solution-treatment temperatures (STT) in the range of 

1 1 2 0 ~ ~ - 1 2 2 5 ~ ~ .  The volume-fraction analysis indicated that the solvus of primary y' 

particles was higher than the 1 160'~- 1 175'~ range suggested by Steven and Flewitt[27]. 

The brine quenched samples fiom the STT manifested an extensive intergranular cracking, 

primarily due to quenching stresses and the aging contraction stresses due to an inherent 

fast precipitation of the secondary y' particles. Aging resulted in coarsening of primary 

and secondary y' particles, degeneration and dissociation of primary carbide particles to 

form secondary y' particles and fine MzCs carbide particles on the grain-boundaries, which 

were initially present as discrete particles and changed to a continuos distnbution with 

continued aging. Only long terni aging showed the presence of these secondary carbide 

particles in the grain interiors. Aging at 84s0c, after solution-treating at 1 1 2 0 ~ ~  showed a 

distinct bimodal distribution of y particles, consisting of primary cuboidal y' particles of 

about 420nm edge length and spheroidal secondary y' particles of 9Onm diameter. The 

overaged microstructure for the 1 175 '~  and 1225'~ consisted of a unimodal distribution 

of degenerate y' particles. The activation energy for the coanening of secondary y' 



particles using the LSEM theory was 241 WmoK and is in a reasonable agreement with 

the value of 259KJ/molK calculated by Henderson etai. 1451. Grain-boundary Mac6 

carbide particles have a solvus of about 1025'~ and liquateldissolve at higher 

temperatures. The iiquation of low melting continuously linked h e  carôide panides on 

the boundaries was another sole cause for intergranuiar quench cracks in this material. The 

coherency strains are usually responsible for heat affected zone microfissuring in this 

material and were found to be always lower for the overaged material as compared to the 

peak-aged and the underaged material. 
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Chapter 1 - 

INTRODUCTION 

The mechanical, physical and chemical properties of the multi-component, multi- 

phase, cast Ni-base superalloy IN-738 used in the criticai parts of gas turbines are 

determined by a precariously baianced composition and microstructure produced by 

appropriate casting and pre-heat treatment practices. The alloy derives its strength by the 

precipitates of y' (NitAI,Ti) phase, but other phases such as MC and &C6 carbides are 

also present in the austenitic, y, matnx. The strength of the alloy is dependent on factors 

such as volume-fiaction, particle size and distribution, coarsening rate, and the lattice 

rnisfit of y' phase. Al1 of these factors can be controlled to varying degrees by heat- 

treatments; but since the standard heat-treatment practice has evolved empirically, linle is 

known quantitatively about the influence of time and temperature on the y ' ,  MC and 

MyCs particles and what is known is not very reliable. It has been suggested that the 

solvus of y' is in the range of 1,160°C - 1,17S°C but specimens solution-treated at 

1,l 7S°C and 1,22S°C during the course of this study contained a measurable volume 

fraaion of primary y' precipitates. 

The microstructure of IN-738, even after an optimizing heat-treatment is 

freguently metastable at elevated temperatures. This is due to the fact that aging heat- 

treatments are performed in the same temperature range as the operating temperatures for 

the components made fiom M-738. This metastability accounts for changes in 



morphology, composition, distribution and mechanical properties of various phases( major 

and minor) during exposure at elevated temperatures and stressfil conditions. In addition, 

reactions between phases will tske place which may result in the occurrence of undesirable 

phases. These factors lead to an undesirable situation of heat affecteci zone(HAZ) cracking 

in cast IN 738 during weld repaûs. 

Therefore, a project was designed with the aim of developing a suitable 

microstructure through an appropriate heat-treatment scheme, which would resist HAZ 

cracking during weld repain of cast IN738 components. This particular research is a 

precursor to the larger problem of developing weld repair techniques and it involves a 

thorough characterization of the microstructural responses of LN 738 to a variety of heat- 

treatment schemes. Very little information is anilable on this topic in the open literature. 

This research work aims at addressing microstnictural aspects of variously heat- 

treated IN-738 in a systematic manner. Firstly, the microstructural response of IN738 

subjected to a spectrum of heat-treatments was established. The next step was the 

formulation of the coarsening kinetics of secondary y' particles at a standard aging 

temperature foliowing the solution-treatments at various temperatures, and the calculation 

of activation energy for coarsening. This was followed by establishing the role of grain 

boundary M& carbides in crack initiation and propagation in heat-treated specimens. 

Finally, the precipitation strengthening contribution was evaluated utilizing established 

formulations. This contribution led to the back calculation of coherency strains, which 

result due to the precipitation of secondary y' particles. These strains cm be cntical in 

determining the eacture behavior of the material. 



These results have provideci a better understanding of rnicrostnictural behavior in 

IN 738 specimens and should help in designing a specific heat-treatment scheme which 

wouId result in a more desirable microstructure. Such a microstructure would rninimize, if 

not eliminate, the HA2 microfissuring during weld repairs. In this dissertation the physical 

metallurgy, especialiy the microstructural aspect of IN-738 superalioy is first reviewed. 

The effect of various heat treatmemts on the microstructures and precipitation of various 

phases studied by various mdographic techniques are then presented. 



The Inconel-738 is a cast Ni-Cr-Co base superalloy developed at the Paul D. 

Merica Research Laboratory [Il. The objedive of its dewlopment was to produce a 

stnicturaUy-stable cast d o y  combining the strength of IN-713 with the oxidation and 

sulfidation resistance of Udirnet-500. It is a vacuum-melteâ, vacuum-cast precipitation- 

hardenable Ni-base superalloy possessing excellent high temperature creep-rupture 

stmrgth combined with hot corrosion resistance supenor to that of many high-strength 

superalloys of lower Cr content. It can be used effectively up to a temperature of 980°C. 

The tensile properties of IN-738 are superior to, and elevated temperature stress-rupture 

properties are comparable to those of the widely-used alloy IN-713 C dong with 

substantidy better sulfidation resistance[2]. 

The largest use of this alioy is in the industrial gas turbine industry for engine parts 

that are requùed to withstand high temperature and stress combined with corrosion 

resistance(3]. Applications of the alloy are primarily for components, such as blades, 

vanes, and integral wheels [1,3]. 

A signifjcant feature of IN-738 superalloy is its therrnodynamic metastability which 

results in changes in morphology, composition, distribution and properties of various 

phases (major & minor) during exposure at elevated temperatures, with or without 

superimposed stresses, and varying environments. In addition, reactions betwan phases 



can take place which may r d t  in the occunence of undesirable phases, which may lead 

to cracking [SI. Welding is one of the commoniy u d  methods of repairing the gas 

turbie components made fkom IN-738. Howewr, cast IN-738 is very sensitive to hot 

cracking during welding and to the dmlopment of cracks in the weldcd metai and heat- 

Sêcted zone duriag pst-weld heat-treatments. One of the k y  factors in detennining the 

susceptibility of an Plloy to hot cracking or H M  cracking is its microstructure. The 

rnicrostnicture of IN 738 is very complex and is infîuenced by composition, presence of 

trace elements, heat-treatment, melting and casting route used, as weli as senice 

exposure. Therefore, the effe* of these factors an microstructure of IN738 is reviewed 

next. 

2.1 Melting and Casting Practices 

IN-738 is normally vacwmmelted and vacuum-investment-cast with procedures 

similar to those used for other cast Ni-base superalloys. Typical casting conditions are: 

200-4009 superheat above the liquidus temperature and a mold preheat 1,500-1,800? 

161. This d o y  is prone to the formation of microporosity during solidification. Hot 

isostatic pressing (HP), which involves the application of isostatic pressure in argon at a 

high temperatwe, can be used to partially eliminate microporosity and its detrimental 

effects. 

2.2 Composition 

Two versions of cast N B 8  alloy are produced: a high carbon version (C 



- 0.15-0.20 W.%) designated as IN-738C and a low carbon version designated IN-738 

LC (C - 0.û94.13 wt%). Low carbon is needed in this d o y  for improvm castability in 

larger sections. Tende and stress-rupture propenies are not appreciabiy a&cted by the 

lower carbon content [2]. The material used in the present investigation was a low carbon 

version and its nominal composition is given in Table 1. 

Table 1. M o y  IN-738 Nominal Composition 

* low 

Carbon (C) 

Cobdt (Co) 

Chrornium (Cr) 

Molybdenum (Mo) 

Tungsten 

Tantahm (Ta) + Niobium m) 
Titanium (Ti) 

Aluminum (Al) 

Iran (Fe) 

MwPl- W) 
Phosphorous (P) 

S u k  (S) 

Silicon (Si) 
as possible, Boron could be present in the materid 

The composition was designed using the elmon vacancy number critena in order to 

achieve a reasonably stable microstnicture fkee from the brittle sigma (O) phase. 

The physical and mechanical propenies of the cast ailoy IN-738 are listed in Table 2. 





2.3 Strengthtning mecbiaisms for IN-738 

The high straigth of IN-738 is due to the followiag mechanisms: solid-solution 

strengthening &om chromium, molybdenum, tungsten and cobalt; precipitation hardening 

fkom a gamma prime (f) phase consisting of Ni3(Ai,Ti) ; and grain boundary 

strenpt&ening by carbides. 

2.3.1 Solid Solution Sbcngthening 

Co, Cr, Mo, W, Ti and Al are ail solid-solution hardeners in Nickel. The elements 

M e r  with Nickel in atomic diameter and concentration fiom 1% to 13%. The change in 

lattice parameter, depeudimg on the atomic diameter of differerit species, cm be related to 

the hardening observed in the doy. Solute atoms interact with a moving dislocation and 

stacking f d t s  during the dislocation glide (short range obstacles). Introduction of a 

substitutional solute atom into the crystal produces a lattice distortion that typicdy gives 

nse to a spherically symmetricai stress field surrounding the solute atom. The stress field 

of the atom can interact with the stress field of a dislocation, giving rise to sdute atom- 

dislocation interaction. The modulus of a substitutional solute atom relative to that of the 

solvent also plays a role in solid-solution strengthening . 

Both the size and the modulus effects produce a dislocation-solute atom 

interaction energy that is elastic in nature. It is surprishg that a 'soft' atom will harden a 

crystal to a greater degm than a 'hard' one [SI. The strength of solid solution 

strengthening can be estimated by taking ail the precipitates into solution and measuring 

the increase in hardness over that of pure nickel. 



2.3.2 Pneipitatioo Hardtning Mechanisms 

The main strength of IN-738 is due to the precipitation hardening by Nt3(AdTi) 

gamma prime intennetallic compound. Precipitate particles can impede the motion of 

dislocations through a variety of interaction mechanisms [9]. Those for wbich theories 

have been developecl include: 

1) chernical strengthening, which results hom the additional matenal-precipitate intefice 

created by a dislocation when it shean through a coherent particle; 

2) staclnng-fault strengthening, which occurs when the stacking-fadt energies of the 

precipitate and matrix phase are different; 

3) modulus hardening, which occurs when the shear moduli of the m a t h  and precipitate 

phase are different; 

4) coherency strengthening, which arises by the elastic strain within the mat& lanice and 

a coherent precipitate. 

5) order strengthening, which operates when the crystal structure of a coherent precipitate 

is a superlattice and the material is a disordered solid-solution. 

Two or more of these medianisms can be operative simultaneously. Nevertheless, in IN- 

738 coherency strengthening and order strengthening appear to be the dominant 

mechanisms. 

In a large number of age hardening alloys, precipitation occurs by non- 

homogeneous nucleation, fobwed by particle growth and coarsening. The precipitation 

of y' precipitates occun by homogeneous nucleation and the growth stages nonnally 



transpire very rapidly, i . s ,  the strength increases with aging the, during the coarsening 

stage, durine which the volume M o n  of precipitate remains essentiaiiy constant. The 

precipitate particles with the following characteristics generally provide a good level of 

a) Volume M o n  of at least 30%, 

b) Interparticle spacing of the order of 500 A ,  

c) A strength p a t e r  than tbat of the math to immmize 

dislocation cutting through, 

d) Relatively small lanice mismatch (within 1%) with ma& to 

promote stabitity, 

e) Sac ient  ductility to prevent formation of easy tiactue path. 

The Merent phases present in a cast IN-738 alloy are listed in Table 3. 

TABLE 3: Microstructure of cast IN-738 (LC) supedoy 

Major P h w  

-+ Ni3(Ai, Ti) based 

Minor Phase (Carbides) 

- 

Gommaprime (y') 

- 

MC + Tantalum based 



2.3.2.1 Gamma Mme (y3 

When the sdubiüty of Ti and Ai is exceeded, a precipitate is formed which is based 

on the Ni3N phase in the b i w y  N i 4  system. Ti can nibstitute extensively in this phase 

which is genesaly r e f d  to as Ni3(Al, Ti) or y' which is an ordered, LIz based phase. It 

has ban mggesteci [12] that the composition of y' in IN-738 is, 

with a lattice rnismatch of about 1% with the gamma(y) matrix(NLCr-Co based austenite). 

This close match in the lattice parameters results in a complete accommodation of the 

. srnall lattice rnisfit by elastic coherency oaains and low surface energy. Also, the 

similarity in the crystal structure of the precipitate and matrix causes a quick aging 

response and the growth of the precipitates occurs largely by the growth of large particles 

at the expense of smd ones (Ostwdd npening), thus rendering the precipitate very stable 

at elevated temperatures. 

A pseudo-ternary phase diagram, constmcted on the results of the constitutional 

studies, which illustrates the phase-relationships in the simple Ni-Cr-Al-Ti system, is 

shown in Figure 1[13]. Depending on the casting conditions large arnount of segregation 

can result in y- y' eutectic islands with a coarser y' structure. The y- y' eutectic islands 

consist of IarneUar structure as ÊUK and contimious y' platelets, or rafts. They promote 

inhomogeneous defonnation & in that region the deformation mechanism comprises of 

dislocation climb rather than dislocations shearing the precipitate [14]. 



Figure 1. Pseudo Ternay Phase Diagram for Ni-Cr-Ti41 Aiioys. 

2.3.2.2 Carbides (MC AND M&) 

The majority of carbides in the as-cast structure are of MC type with a sue ranging 

fiom one micron to a hundred microns and has an irregular morphology. This 'Ta' based 

carbide is generally very stable and is fonned during the melting practice. The Tac 

precipitates are usudy difncult to dissolve in the solid y phase, however, their size and 

volume fiaction distribution dong the grain boundaries can be controlled which cm 

restnct the grah growth of the alloy during the solution treatment stage. It has been 

suggesteâ that these carbides have the foilowing formula [12]: 

( ~ i . 5 ,  Ta.2, Nb.2, W .  Mo.03, Cr.o2)C 

Any fne carbon not used in the formation of MC, when the cast ingot cools 

through the MuCs solvus range (l,OOO°C - 1,050°C) will precipitate out as fine M A  

carbides. Generally their volume fraction is very low but a noticeable amount can form 



during subsequent heat treatment, which is usually aging. 

2.4 Effkct of Alloying Ekments on the Microstructure 

Table 4 briefly lias the role of various alioying elements present in IN-738. 

TABLE 4 : Funetions of various Alloying Elemtats in cast IN 738 



Some other observations that have been d e  are as follows: 

(a) 'W' is more effective than 'Mo' in increasing the resistance to deformation. Thus the 

newer trend is for a higher concentration of 'W' and a reduction in 'Mo' concentration for 

increased soüd-solution hardening and greater resistance to the ripening of the procipitate 

particles of y' . 

(b) The trend in the more recent version of the alioy is for somewhat lower amounts of 

'Al' but increased concentration of 'Ti', 'Nb' and 'Ta' to produce slightly lower volume 

fiaction of y' with increased anti-phase boundary, and greater mismatch between 

precipitate and the rnatrix. 

2.5 CommerciriYStandard Heat Treatment 

Ailoy IN-738 achieves the best combination of mechanicd properties &er the 

following heat-treatment: 

a) Partial solution heat treat for 2 hours at 1,120°C * 10°C in vacuum/Ar foliowed by 

cooiing to room-temperature at the rate equivalent to air cooling. 

b) Age for 24 hours at 84S°C * SOC in ArgonNacuum followed by air-cooling to room- 

temperature. 

This commercial heat-treatment produces a bimodal distribution of y' precipitate particles 

in sphencal and cuboidal shapes with approximately 0.45 pm mean edge length for the 

cuboids and approximately 0.1 pm mean diameter for the secondary spheroidal y' 

particles. 



2.6 Microstructurai Stabüiây of IN 738 

The fhct that the aging heat-treatments are pedomed in the same temperature 

range as the operating temperature of this material, redts  in a metastable microstructure. 

The prominent microshictwal damage includes y' coarsening and agglomeration, 

disintegration of MC carbides ,bath dong the grain boundary and in the matrix , excessive 

generation of brittie grain boundary M& carbides, the straightening of sarated grain 

boundaries and formation of a y' network along them. Secondly, the standard solution 

heat-treatment temperature of 1, 120°C does not completely homogenize the 

microstructure, Le., it takes ody 50% of the primary y' into solution (the volume fraaion 

of fin cast IN738 is 40% ) and leaves behind most of the eutectic y' islands. The 

inhomogeneous microstructure provides for deformation of the ma th  when stressed 

during a deformation process. Therefore, there is stili some scope for mod-g the heat- 

treatments for IN-738 in order to produce a more controlied and stable microstructure. 

The particle size distribution and the morphology of y' precipitates play an 

important role in detemiining the microstructural stability, including resistance to particle 

coarsening. From the view point of kinetics, microstmcturd coarsening can be modified 

and e\ cii impeded by the elastic interaction between misfitting precipitates. During 

coarsening, changes in the elastic interaction energy between precipitates owing to 

changes in particle sue can be'of the same magnitude as the corresponding changes in the 

interfaciai energy. If certain spatial distributions of the precipitates give rise to a negative 



interaction energy, then the elastic interaction energy can dominate the interfacial energy 

and a distribution of similarly shed particles that are resistant to coarsening could give a 

minimum in the h e  energy. In addition, the misfit strains can induce changes in 

precipitate morphology and lead to strong spatial correlation's between ptecipitates in 

those crystallographic &directions for which the particles have a negative interaction energy. 

Thus by controlling misfit, it rnay be possible to stabiie a two phase microstnicture 

against coarsening [3]. 

2.7 Heat Treatments and Their Efftcts on Cnst IN 738 

The response of the y' precipitate morphology to heat-treatment varies 

considerably between the interdendritic regions and the dendritic regions. The extent of 

these regions for a given heat treatment is dependent on the size of the casting and casting 

conditions. A f a e r  cooting rate in thin castings prevents the formation of secondary y' 

particles. hiring heat-treatment the difference in response results fiom the much h e r  

grain-sUe, and conseqiiently the dendrite spacing in the thin castings. The h e r  dendrite 

sue means that the amount of segregation is reduced so that the ease of solutionizing the 

y' in the inter-dendntic regions also gets reduced. Therefore, a higher solution- 

treatment temperature would be required to achieve an equal degree of homogenization 

for the same heat treatment tirne [15]. 

2.7.1 Standard H a t  Trcitpent Conditioii 

On solution-treating cast IN-738 for two hours at 1,120°C foiiowed by a f s t  air- 

cool, ody the y' in the dendntic core regions is taken into solution. The size of these 



regions is dependent upon the size of casting and the resultant grain size. These regions 

ocav owing to the effècts of segregation during solidincation on the concentration of 'Al' 

and 'Ti' in the various parts of each grain. In the dendritic core regions the concentration 

of 'Ai' md 'Ti' is bdow tkir sohibiiity product in the gamma (y) matrix at the soltition- 

treatment temperature, thus allowing the solutionizing of y' precipitates. The dendritic 

core regions are outlined by a ring of very large y' particles (Figure 2) due to very rapid 

padcle growth immediately before solutionizùig[l5]. 

This rapid growth results from the local 'Al' & 'Ti' concentrations being higher 

than in the dendntic core regions. Therefore, an increase in the solution-treatment 

temperature is requiml. 

F i e  secondary precipitates form uaifonnly throughout the sample during cooüng 

fiom the solution-treatment temperature. Funher, fine tertiary precipitates form in rings 

m n d  the primary y' precipitates. These rings of tertiary precipitates form at the same 

time as the secondary precipitates but are restncted in size owing to the low concentration 

of 'Al' and 'Ti' in the ma& in the imrnediate vicinity of primary y' particles. D u ~ g  the 

aging treatment (24/16 hours at 845OC) the rings of tertiary precipitates coalesce ont0 the 

primary particles and the fine secondary particles increase in size. Thus' the fÙUy heat- 

treated alloy has two distinct regions as show in Figure 3; the interdendritic regions 

contain two size distribution of y' particles and the dendritic core regions contain only a 

single sue distribution of y' p&~les [ i 5 j . 



Figure 2. Extent of Primary y ' -~ree  Zones (dendritic eores) After Standad 

Heat-Tmatment. 

Figure 3. y' Pmipitate Morphology and Distribution in a Fully Heat-Trtated Aiioy. 



2.7.2 Solution-Tmted Condition 

in most precipitation hardened superaüoys, and especidy IN-738, it is almost 

impossible to suppress Y' precipitation upon cooling &er solution heat-treatment (even 

by rapid quencbiog) because of the high de- of supersaturation of solutes, coupled with 

the inherently rapid rate of formation of y' precipitates. Therefore, Mead of behg soft 

and ductile, the solution-treated microstructure consi3ts of relatively high strength grain 

rnatrk containhg a large volume-fiaction of y' particles in combination with relatively 

wealc, precipitate-fiee grain boundaries [ 161. 

Another suggestion is that the solution-treated material has considerably less 

tende ductility than the fiiiiy heat-treated material at temperatures up to the y-y' solws. 

The low-ductility at elevated temperatures is apparently caused by the absence of large 

grain-boundary particles needed to inhibit grain-boundary sliding. The y' -strengthened 

grains resist deforrnation, while the precipitate-fne grain-boundaries (as the secondary y' 

panicles and fine MaCs carbides dong them dissolve) can slide relatively eady resulting 

in stress-concentrations and inter-granular crack initiation at iow rnacroscopic piastic 

strains. In the fuly heat-treated alloy, the large inter-granular y' particles are effective 

obstacles to grain boundary sliding. Therefore, deformation is more uniformly distnbuted 

throughout the grains and the resulting hi&-temperature ductility of the material is greater 

rw- 



2.7.3 Solution-Treated and A g d  Condition 

The standard aging temperature for IN 738 is 845OC but it is dso possible to age it 

at temperatures around the M& solvus, i.e., 950°C - 1,025'C. The variation in room 

temperature vickers hardness, Hv30, with isochronal (16 hrs) aging temperature is shown 

in Figure 4a. 

It is seen that after aging at 773K, the hardness is the same as that of the solution 

treated material. However, as the aging temperature increases, the hardness rises to a 

maximum (Hv 4 485) at 1,100K (827OC). At higher aging temperatures the hardness first 

decreases and then reaches another maximum value of Hv = 440 at 1,467K (1,194OC). 

The second increase in hardness is attributed to an increase in strength due to the 

dissolution of coarse degenerate Y' cuboids which brings about a redistribution of solid 

solution hardening elements[27]. 

Figure 4b shows the weight fraction of electrolyticaiiy extracted Y', after 

correction for the carbide contents, as a function of isochronal aging temperature. A 

maximum fraction of - 0.45 results from aging at 1,10OK, which coincides with the 

maximum hardness. The primary y' cuboid size remains f d y  constant at 450 ntn in the 

material aged in this temperature range of 1,000 - 1,300°K. The combined volume 

fraction of carbides rernained constant over the entire aging temperature range [27]. 
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Figure 4. Variation nith bochrond (16 h) Aging Temperature of (a) Hardnas (b) 

total Y' Precipitnte Fracîion. 



The basic microstructure of aged IN-738 comprises y' precipitates, MC and 

other carbides distributed within the grains and dong the grain boundaries, grain-boundaq 

serrations, precipitate fia zones and dislocation substructwes. Aging affects various 

phases and grain structure in the foliowing maMer : 

2.7.3.1 Gamma Prime ( y ' )  Prdpitates 

in his review on precipitation hardening, Ardeii [9] concluded that for nickel base 

ailoys the y' precipitation occurs by homogeneous nucleation followed by particle 

growth an? cozrse?iing. The nucleation and growth stage transpires veiy rapidly in the 

heavily supersaturated (y' forming elements ) alloys, so that aging occun very rapidly. 

. i.e., the strength increases with aging time. During the coarsening stage, the volume 

fraction of precipitates remains constant. Footner and Richards[l7] found that the 

variation of y' size with exposure time was complex owing to the initial partial solution- 

treatment and the following aging which resulted in the presence of two distinct Y' 

populations. In other words, a 'bimodai distribution' of cuboidal and spheroidal y' 

particles occurred. On aging, the mean size of the larger population (pnmary particles) 

was observed to remain sensibly constant at a value of about 350 nm, whilst that of the 

smailer size population (secondary particles) increased, the rate of increase dependent on 

the aging temperature. The subsequent growth of the primary particles occurred only 

when the overd sue distribution appeared to be unimodal and this growth rate again 

obeyed a 'd-t'"' law. The maximum size attained by the secondary y' panides was about 

140-160 nm and fùrther aging resulted in their rapid codescence and disappearance. The 



initial partial solution-treatment resuited in cuboidal particles which is a consequence of 

the high degree of mismatch between the matrix and y' phase, but once the growth of the 

primary particles has b a n  initiated they transformeci to roughly spherical or even 

'shapeless' particles[ 171. 

The driving force for the growth of primary particIes is the reduction in total 

mismatch strain, and this process did not become operative untii the sezondary solute y' 

particles had attained a size and a surface concentration comparabie with those of the 

primary particles. Subsequently, the single population of (primary) particles experienced 

normai growth Okinetics. As the growth proceeded, aging changed the maviv composition 

(e-g., the concentration of Al and Cr, etc.) and hence decreased the mismatch and 

promoted spherodization[l7]. 

According to ArdeU[9], the alignment of y' particles along the elastically soft 

[100] directions of the matrix phase gets more pronounced with increasing aging time. 

The particle alignment is due to the minimization of elastic interaction energy between 

precipitates. Although the elastic interaction energy between two precipitates generally 

depend on anisotropy, the difference in elastic constant between phases and both the sign 

and magnitude of rnisfit strain, the leading term in the interaction energy is proportional to 

the square of misfit strain. With aging the misfit is reduced due to compositional 

adjustments and therefore the elastic energy term is also decreased resulting in enhanced 

alignment . 

2.7.3.2 MC and MnC6 Carbidea 

In cast IN-738 the primary MC carbides are aiigned along the growing dendrites 



during solidification as shown in Figure 5. 

Figure 5. Optical Micrograph showing the dignment of MC carbides along the 

growing dendritic direction ,50X. 

Because of their relative coarseness, they generally do not contribute to the 

strength of the matrix in the dispersed state.The size of MC carbides is important and a 

reduced volume and size results in a reduction in the number of pre-cracked carbides 

which are potential sites for crack initiation. Although there is little documentation, it is 

fkequently assumed that non-carbide forming elements do influence the formation of 

carbides. Cobalt for example, has been suggested to modfi the MC carbide morphology 

[18]. Although the solvus of MC is well above 1,200°C, the MC particles consistently 

degenerate at the aging temperatures via the following reactions 11 91: 

y (Ni, Cr, Al, Ti) + MC (Ta, Ti, Nb C) + 
Y '(Ni 3 (Al, Ti) ? + M 23 c 6 ((CrMo ) 23 C 6)  -_--(j) 



In accordance with equation (2) it is expected that the nucleation and growth of 

copious amounts of grain-boundary MDCs carbides would deplete the adjacent regions of 

'Cr' and 'Mo' (y+y*), which in turn would relieve solute supersaturation and thus 

causing the dissolution of prirnary y' in this region. Despite the denudation of material 

around boundaries of primary Y' precipitates, the grain-boundary y' precipitates remain 

undissolved in these microstructures as show in Figure 6. It is suggested that the solvus 

temperature of prirnary y', secondary y' and the grain-boundary y' precipitates can be 

considerably different since the chernical composition and consequently their solubility 

rates differ iiarkedly [2 51. 

Figure 6. Primay y' Denudation Adjacent to the Grain Boundaries. 



With decreasing MC carbide particle sue there is an increased tendency for f3.m 

m e  rather than globular M& carbide to form at the grain boundaries, which is related to 

kinetics. With srnaIl and finely dispersed MC particles, the surfsce area per unit volume is 

larger and the difisional distance for carbon to move to the surface of a grain is smaller 

than for a materiai containing coarse and widely dispersed MC carbides. Both these 

factors tend to acceierate the transformation of MC to M&, in the material containing 

fineIy dispersed MC. Thus, the carbon content in IN-738 is an important parameter in 

deterrnining the amount of these carbides [20]. 

M& carbide has a solvus in the range of l,OOO°C - 1,050°C. During the 

solution-treatment of the alloy. MuCs particles if any, are dissolved. They reprecipitate 

during heat-treatment or exposure at lower aging temperatures. Aging induced 

degeneration of primary MC carbides provides a reservoir of free carbon for added 

precipitation of grain boundary MuC6 and this eventudy (with over-aging) lads  to the 

formation of a continuous film of carbide dong the grain-boundary. Othenvise if there is 

a high supersaturation of carbon then there is a tendency for cellular grain-boundaiy 

M& to form, which is continuous in nature. At higher temperatures of aging, 950°C - 
1,025OC, M U C ~  tends to form as globules dong the grain-boundaries [21]. 

Grain-boundary M& carbides are known to have either a beneficial or 

detrimentai effect on mechanical properties such as creep and these effects are largely 

govemed by their morphology, size and distribution. The presence of a heavy andlor 

continuous network of grain-boundary MuCs carbide particles can facilitate grain- 

boundary sliding and crack-propagation by boundaiy-matrix decohesion. Discrete .grain- 



boundary MuCs particles on the other hand are hown to irnprove creep Me and ductility 

by hindering the nucleation and growth of cavities by deactivating the nucldon-sites and 

increasing the intercavity distance and also by suppressing the grain-boundary-sliding by 

reducing the dinusion rates along grain-boundaries. Thus grain-boundary M& 

interparticle spacing plays a very cmciai role in deteminhg the optimum mechanical 

properties of the material 1221. 

Another important aspect to be noteâ is that the conthous carbide film along the 

grain-boundaries provides a h o u s  constraint while attempting to rejuvenate the degraded 

microstmcture. This is because the degenerated pnmary MC carbide cannot be 

reprecipitated in the original morphology. Any attempt to reprecipitate the free carbon as 

MC carbides will lead to a fine MC carbide dispersion within the matnx and these fine 

carbides will subsequently degenerate to fom MEC6 carbides at a much faster rate than 

the original primary ;MC carbides present in the unexposed matenal [23]. 

A high resolution transmission electron microscopy has revealed Mu& carbides 

along grain boundaries to be discontinuous, irregular shaped precipitates[24]. Lanice 

imaging revealed that each carbide particle was acnially composed of several subgrains, 

formed by separate nucleation of carbides on the same matrix grain and subsequently 

impinging together to form a pariicle [24]. 

2.7.3.3 Grain Boundaries and Serrations 

Cast IN-738 in general has a coarse grain size. The grain boundaries indirectly 

control the extent of MuCs precipitation along it. The larger the grain size, the smailer is 



the grain-boundary area available for the formation of precipitates. A given volume of 

precipitate of a phase üke Mac6 w u  therefore fonn a thicker and more continuous tilm as 

grain size inmeases. This film cm be deleterious to fatigue, ductility and impact 

properties. On the other hand if grain ske is too fine, the density of M& becomes so 

smaü that a ioss in rupture life occurs [10]. 

Serrated grain-boundaries are hown to provide a more favourable balance of 

intragranular strength and grain-boundary strength. The grain-boundas, serrations are 

said to impede the grain-boundary sliding and thus promote intragranular deformation. 

One direct impact of this is for the we1ding process to include a suitabie pre-weld heat- 

treatment that produces serrated grain-boundaries in base-metal. Therefore the cracks that 

initiate in the heat-aEected-zone will be inhibited from propagating into the base metai. 

Cast IN-738 is perhaps the most extensively studied superalloy in tenns of serrated grain- 

boundary formation. In this dloy, serration amplitude and wave length increase with 

decreasing cooling rate until an optimum cooling rate is reached 1261, as shown in 

Figurei. 

Grain-boundary serrations can be produced either through slow cooling from the 

solution-treatment temperature or during the aging heat-treatment. In the former case it is 

essential to have a y' solvus temperature higher than that of SOIVUS which is true 

for IN-738 [26]. During the aging treatment, coarse serrations can aiso develop due to 

I of grain-boundaty MuCs and the coarsened grain-boundary y' 

8 shows the two mechanisms for cellular precipitation of MUC( 

cellular precipitation 

precipitates. Figure 

carbides. 



Figure 7. Opticil Micrographs Showing Semted Grain Boundiy Formation in IN- 

738 (a) Cooling Rate of 2j30CIMinute (b) Cooling rite of O.S°CIMinute [7]. 

Figure 8 (continud) 



Aging Time - 

Figure 8: (a) Tu-Turnbull- Mechanism of Svnted Grain Boundiry Formation 

Involving Celiular Precipitation, (b) Fouradle-Clark Mechanism for Sematcd 

Grain Boundary Formation by Cellular Precipitation, (c) A General Mode1 for 

Serrnted Grain-Bounday Formation by Cdlular Precipitation in Steels where 

30 



Mt3C6 Particles are Assumed to Gmw fmm one Grain into the Matris of Adjacent 

Grain 126). 

Serrations are basicaüy specinc boundary conditions, with regard to grain- 

boundary y' particle size ' r ,  ', its interfacial energy ' ya ', the particle matrix misfit %', 

and the matrix shear modulus 'p' for maintaining stabiiity of these serrations. These 

boundary conditions are related by the expression of the forni, 

A slow coolmg (2-40°C/rninute) from the solution-treatment temperature can produce 

grain boundary 7' particles (r > rBb) and will result in serrated grain-boundaries due to 

cooling. The development of serrations with aging at lower temperatures can be 

attnbuted to grain-boundary y' coarsening, and for a cntical grain boundary 7' size, that 

exceeds theoretical ffi (equation 4), the grain boundary y' particles can pin the migrating 

grain-boundary resulting in the development of well rounded peaks and valleys with a 

large wavelength[26]. 

A contrasting theory fiom Koul and Castiiio[ZS] suggests that it is not possible for 

a grain boundary to migrate between the primary y' particles considering the tirne and 

temperature dependence of the grain size. The grain size is established by the solution 

treatment temperature, but it- is possible for the boundaries to migrate at a lower 

temperature when sufficient time is availabie, i.e. of the order of few hours. Koul and 

Castillo[25] found that for alloy iN 738, the time spent at a given temperature is far too 



short to infiuence the boundary migration in this material. They suggested that y' 

nucleates on one side of the grain boundary on coolkg through the y'precipitation 

temperature range. Due to the presence of a grain boundaxy with certain width adjacent to 

the y'precipitate, the coherency strains on the boundary side of y'are easily 

accommodated. A net strain energy differential between the interface provides a driving 

force to move the y' particle in the direction of the boundary. The y' particle movement 

will however, be opposed and haliy stopped by the line tension of the boundary, thus 

creating serrations in the grain boundary . 

These serrations can, however, disappear with prolonged aging or d u ~ g  long 

service exposure. With over-aging there is a cornpetitive increase in 'y,' and a decrease in 

' 6 .  This is due to a partiai loss of the coherency of grain-boundary y' precipitates which 

would naturally be accompanied by a decrease in '6' in the y' -matrix interfacial plane on 

the rnatrix side of the grain-boundary y' precipitates. So altogether 'r&, the minimum 

grain-boundary y' particle size required to support grain-boundary serrations, will aiso 

increase with aging. Therefore with prolonged exposure serrations become metastable as 

rBb exceeds the size of existing grain-boundary Y' particles and the grain-boundary line 

tension is expected to straighten the serrated grain-boundaries [25]. 

2.7.3.4 Precipitate Free Zones (PFZ) 

The complex and high Y' volume fiaction alloy like Di-738 does not show 

signifiant PFZ effects, probably because of its higher saturation with regard to y' 



fonning elements [18]. The possibility arises due to the precipitation of Chrornium rich 

M& carbides along the grain-boundaries. This results in a reduction of the amount of 

'Cr' in the matrix along the boundaries. As a resuit, the solubüity of 'Al' and 'Ti' 

increases so that the secondary y' does not precipitate out in this region and a zone is 

fonned next to the grain boundary containhg oniy coarse prUnary grain-boundary y' 

[33]. Consequently, aging at M& solvus temperature wiil d u c e  the extent of this PFZ. 

2.7.3.5 Precipitation Witbin y' Particles 

The presence of fine precipitates within coarse y' particles has been observed by 

~ e x h c k  [19, 341 in cast LN-738 with a- as show in Figure 9. According to him the 

fine precipitates are clustered near the central region of the coarse y' particles resulting in 

a precipitate free zone (PFZ) at the periphery. This observation explained why not al1 of 

the coarse primary 7' particles exhibit fine precipitation within theq since some of them 

will have been sectioned through the PFZ. No evidence of this fine precipitation was 

found within the small y' particles. Furthemore, he aiso found that these fine particles 

were not a carbide of the MC or M&j type, and noted that y' and MuCs show the same 

relationship to the shadowing media but opposite to the fine precipitate within the coarse 

y' in an carbon extraction replica. The dark field TEM studies also revealed the presence 

of particles as dark spots, but were not identified. 



Figure 9: Structure of FuUy Heat-Tmated IN-738 Showing the Presence of Fine 

Precipitation with in Coane y', 14,000 X. 

A ükely explanation for the presence of these fine particles was given to be that these fine 

precipitates are simply the y phase134 1. 

2.7.4 Extnmely Long Aging at 84S°C 

M e r  approximately 30,000 hours or more of aging, the microstructure of the alloy 

compnsed of 100% degenerate cuboids where the dissolution of the spheroidal Y' was 

vimially complete as shown in Figure 10. 

In other areas of the same matenal, the original serrated boundaries had completely 

disappeared as shown in Figure 6 and on one side of these straight grain boundaries 

extremely large y' precipitates, approximately 3,000-4,000 nxn in size, had also forrned. 

On either sides of these straight grain-boundaries a much reduced density of primary 

cuboidal y' within the matrix was also noted. The volume fraction of MC carbides had 



dropped significantly. A degenerated pnmary MC had a lot of debris surroundhg it which 

was extremely rich in Chromium. The rnajority of the gain boundarïes contained copious 

amounts of M& precipitates [22]. 

Figure 10: SEM Micrograph Showing the Microstructure of Service Exposed IN-738 

for 30000 hrs. 

2.8 Analysis of Preeipitation Reactions in Heat-Treated Cast IN-738 

The mechanical properties of IN-738 strengthened by y' precipitates pnmady 

depends on the following factors: 

a) volume-fraction of y', 



b) the precipitate-particle spacing, shape, size, and distribution, 

c) the coherency mains due to lanice misfit between y and y' phase, 

d) the &CS carbides at grain-boundaries, 

e) formation and disappearance of the grain boundary serrations, 

f) grahsue. 

Grain size uusdy doesn't contnbute signilïcantly to the overall strength since it is 

generally too large (in mm's). The beneficial and deleterious effect of grain-boundary 

carbides and serrations have been discussed earlier, in this review section. 

2.8.1 y' Volume Fraction Features and Estimation 

For phase characterization in high temperature 'Ni' base superalioys, 

electrochemical extraction of the precipitate b y anodic dissolution has been successfUy 

used to determine the composition, structure, lattice constants and volume fiaction of y' 

and various carbides. Techniques were developed by Kriege and Suilivan[35] for the 

extraction and analysis of y' fiom Udimet 700. The extraction of carbides is relatively 

sirnpler because carbides are chemicaily dissimilar fiom y and y'. The traditional 

approach for the extraction of y' precipitates has been to use an electrolyte consisting of 

phosphoric acid in water, methanol or ethanol. However, in this technique, a sigdcant 

portion of the y' is dissolved by the electrolyte. When separating y' by anodic 

dissolution it is desirable to work in a region of high current density so that a reasonably 

large amount of sample can be collected for analysis in a comparatively short period of 

tirne. In the snidy by Kriege and Sullivan[3S], a high current density near the potential of 



oxygen evolution was used. 1% solution of citric acid and 1% ammonium sulfate in water 

was found to be the best electrolyte under these experirnental conditions. Carbides aiways 

accompany the extracted y', therefore in order to make a correction for theu presence a 

separate anodic dissolution using a 10% HCl-Methanol electrolyte was carrieci out. The 

second dissolution preferentially removed carbides only [35].  

The above experiment is usuaiiy conducted to precisely evaluate the volume- 

fiaction of y' in Nickel base superdoys. The numencal value is then used to evaluate the 

mean y' particle spacing and subsequently the strengthening due to its presence. 

2.8.2 Lattice Mismatch 

If a, and ayn are the unconstrained lattice constants of the respective phases, and 

art can be measured by using powders of y'-phase extracted electrolytically, then 

unconstrained lattice misfit parameter 6 is defined as11 41 : 

S = (a, -a,.) la, 

Nembach and Neite[42] in their review on precipitation hardening of superalloys described 

y' -precipitates as fine coherent particles embedded in a y-matrix that are nomally 

constrained. These particles are forced to adjust their lattice constants somewhat to that 

of the matnx. The relative difference in lattice constant of such constrained particles is 



caiied the constrained lattice misfit E, or the coherency strain. Motto and Nabarro, in a 

review[36], related E to 6, the bulk modulus K of the precipitate and the shear modulus 

of the matrk by the followir~g expression: 

A good approximation for e is 2/3 61361. Coherency strains or rnismatch between crystal 

lanices of the austenite matrix ( y )  and the y' precipitates have been consistently used to 

explain the hardening of y' strengthened superalloys. At higher working temperatures 

. (2 0.6 Tm), low coherency strain would be desirable to rninimize y- y' surface energy and, 

thus, to maximire phase stability. Therefore IN-738 is designed with elements like Mo 

and Cr to raise the lattice constant of y and thus reducing the misfit. Space morphology of 

they' particles depends on the value of rnisfit 6 and their radius r. In case of cuboidal 

precipitates, r is half the cube length. As 6 and/or r uicreases, the morphology changes 

fkom spheres to cuboids, to cuboidal arrays, and tinaiiy to dendrites 1361. 

2.8.3 Ostwald Ripening of y' Particle: 

Principaily one cm distinguish three stages in a continuous precipitation process: 

1) nucleation, 

2) growth of the nuclei until the matrix reaches its equilibrium concentration of 

solute, 



3) Ostwald ripening. 

in practice generally, at least two processes occur concurrentiy: 1 and 2, or 2 and 3. 

In stage 3, the sufiace energy of the precipitates is reduced by coarsening: srnail ones 

dissolve and large ones grow at the expense of the former. 

in the early stages, deformation of the doy occurs by shearing of the fine precipitates and 

the r, (respective contributions of secondary y' particles to the total shear stress) 

increases with the.  Mer long annealing treatments, when the precipitate particies are 

large, the particles are bypassed by dislocations during deformation and t, decreases with 

fbrther annealing. These two aged conditions are formaîiy known as underaged and 

overaged conditions. The optimum state yielding the maximum value for s ,  is called the 

peak aged condition and material usually deforms by a combination of shearing and 

bypassing mec hanisms. 

2.8.3.1 LSW Theory of Ostwald Ripening 

The most widely recognized theory that deals with Ostwald npening is the one 

developed independently by Lifshitz and Slyozov, and Wagner, or the LSW theory. 

However, the original LSW theoly dedt with the case where precipitate particles were 

assumed to be sphericd, dispersed with separations much larger than the average particle 

diarneter in a liquid matnx with a constant equilibrium concentration. The particles were 

thus essentially assumed to have very small volume fiaction in the matnx. In this situation, 

the mean particle radius was show to Vary with time as follows: 



where ;, is the mean particle radius at the onset of coarsening 

and k is a constant given by: 

where D is the composite difftsion constant, 

Ce is the solute equiïbrium concentration, 

y is the particldmatrix interficial energy, 

V is the atomic volume of the precipitate, 

K is the numerical constant depending on particle distribution and 

T is the temperature and g is the acceleration due to gravity 1371. 

2.8.3.2 MLSW Theory of Ostwald Ripening 

A very important assurnption in the LSW theory of lattice difision controlled 

particle coarsening is that the volume fiaction (VF) of Y' precipitates is vexy small, i.e., 

the interparticle spacing is very large compared ta the particle size. This Unplies that there 

is no interaction between neighbouring particles dunng the coarsening process. However, 

in most Ni base superalloys and especidly in IN-738, the volume fraction of y' 

precipitates is not very small (up to 0.5). which does not satisfy this assumption. 

Intuitively, it is expected that as the volume fiaction increases the coanening rate should 

increase as the diffusion paths get shorter for a aven particle size system. According to a 

thesis[38], Ardell first modified the LSW theory (MLSW) by considering the effect of 

volume fraction on the coarsening behaviour. The central idea behind the theocy was that 



when VF is not negligibly small the interparticb ~ ~ a c i r i ~  Â cairiot Be çor~sideied as Uifinity 

compared with the particle size. The coarsming kinetics by Ardell's MLSW theory was, 

thus, given by, : 

the constants being the sarne as in the previous theory except for which is a funaion of 

VF only; 

when W + O, w, + 1, 'n' is the growth constant and can be calculated by plotting 

- 
In ( r - ) verses ln(t). The variation of K. with VF is show in Figure 1 1. 

In Ardeil's mode1 w, is a strong fbnction of VF whereas later models, 

however, yielded weaker dependences. Mclean, in a review by Neite and Nembach[36], 

has compared various results. For VF = 0.2 ,the following values exist for K,,, : 7.90 

(according to Ardell, 1972), 2.19 (Brailsford and Wynblart, 1979), 1.30 (Davies et al., 

1980). The other models allowed for the effects of stress and strain, which cause the 

precipitates to align and influence the shape of the particles (cubes instead of spheres). 

They also considered the non-linearity of the Gibbs-Thompson equation and the time 



dependence of VF 136,381. 

Figure 11. Variation of tc, (VF) with VF in a Diffusion ControllCd Coarsening 

Procas. 

2.8.3.3 Interface Controlled Coarsening 

Coarsening rate equations have also been denved assurning that the most difncult 

step in the process is for the atoms to go into solution across the precipitatdmatrix 

interface; the growth is then termed interface-controlled. The appropriate rate equation 

is[39], 

where C is an interface constant. Thus the particle coarsens in this case obeying a 



2.8.3.4 LSEM Theoy of Oshvild Ripening 

The Lifshitr-Slyozov encounter modified theory (LSEM) has been developed by 

Davies et d[38]. They mated the lattice diffusion controUed coarsening process in the 

foUowing manner. In the case of appreciably large volume fiaction, when a particle is 

growing its boundary expands outwards and may approach or even touch another one. 

Therefore, very rapid difnision will occur, which causes the two particles to coalesce h o  

one. It has ben  observed that this effect will increase the growth rate and also broaden 

the particle size distribution. The coarsening rate by the LSEM theory is given by: 

where, 

and & is a function of VF. Usually & = 1. When Q = O, y=27/4 and i; = 1, which then 

becomes the LS W theory [38]. 

D is the composite coefficient of diffusion of several atom species and is given by 

D=Do exp (-Q/RT); Do is the. fiequency factor and Q is the activation energy, which is 

dependent primarily upon the activation energy for diffusion of Al and Ti in the matrix, but 

is also influenced by the inter-related diffusion of Co, Cr, and Mo away from a growing 



y' particle, Ce is the concentration of solute (7' forming elements) in equiiibrium with a 

particle of infinite radius, V is the molar volume of the precipitate, and R is the gas 

constant. By rearranging the above equation one cari anive at, 

against l/T where K is the dope of the plot of '8-ro3 ' and t[36]. 

Both the MLSW theory and LSEM theories still follow t'" law of the LSW theory, 

the only difference being they give the effect of volume fraction on the growth rate 

constant and particle size distribution. The effect of encounters in the later theory is to 

increase the growth rate although effect is nat signincant; the rate constant varies by a 

factor approximately three over the entire volume-fraction range. It has been found that 

the LSEM gives the best fit to the experimental data. 

2.9 Modelling of Bardening Mechanisms as a Result of y- y* Interaction in IN-738 

The y' -precipitating materials are chiefly strengthened by two mechanisms: 

particle hardening by the y' -precipitates and solid-solution hardening of the matrix. The 

respective contribution to the total critical resolved shear stress t, (index t for total) are r, 



(p for particle) and r, (s for solid-solution). if there are no precipitates, equals n. It is 

not possible to produce specimens for which r, is finite and r. vanishes. Models of particle 

hardening relate r, to the properties of the particles. 

In precipitation hardened alioys, the matrix dislocations are known to overcome the 

preciptate barriers by one of the foiiowing mechanisrns: 

(a) bypassing the precipitates by Orowan mechanism 

(b) shearing of precipitates 

(c) climbing over the precipitates 

2.9.1 Bypassing the Precipitates by Orowan Mecbaaism 

Here it is envisaged that dislocations remain in their glide planes and cm penetrate an 

array of particles by an Orowan bowing mechanism when a critical shear stress rc is 

exceeded where[8] 

and, 

A(8) is the geometncal factor - 1, ro is the dislocation core radius, b is the Burgers vector, 

p is the shear modulus and is the inter-particle spacing in the glide plane if the 

particles form a sequential array, and is given by: 

2.9.2. Cutting of Particles 

According to Henderson and Mclean, when particle and matrix have similar crystal 



structures and orientations, as in IN-738, the matrix dislocations can shear the particles 

when the stress is sufficiently high to generate anti-phase boudaries (APB's) in particles. 

The minimum threshold for particle cutting r, occurs when pairs of dislocations are 

propagated, the second destroying the APB created by the first. Depending on the 

dislocation shape, 

- =, - 

where y is the APB energy and fis the volume fiaction of particles[48]. 

2.9.3 Climb Around Particles 

Henderson et.d.[48] have argued that when a gliding dislocation is arrested at an 

array of particles, its delay is only temporary if it can by-pass these obstacles by extending 

a part , or al1 of the dislocation by clirnbing out of the gîide plane to avoid the particles 

during creep. The corresponding climb can be of two types, the first being the localised 

climb where most of the dislocation remains in the glide plane and a small segment profiles 

the particle. The other mode is terrned as general climb where al1 of the dislocation moves 

out of the glide plane. These two processes lead to two different threshold stresses[48], 

viz., 

for localized climb 

PR 
Os = - 2s/4 r b  for general climb 



where the subscripts ' fc' stands for local climb and 'gc' for general climb, 'j' is the volume 

fraction of gamma prime particles and O is the Orowan bowing stress. It is argued that 

the localireci climb can occur more rapidly because it involves less mass transport and wiil 

be the dominant climb mechanism when activated[48]. 

If the precipitates are incoherent and large, dislocations circumvent them by 

Orowan looping. The same holds true for coherent particles, if they are widely spaced. 

Fine, closely spaced, coherent secondary y' precipitates in IN-738, which are a dominant 

barrier to dislocation bowing are sheared during the room temperature deformation[46]. 

Dislocation climb is a thermally activated process, and therefore would not contribute 

significantly to the precipitation hardening during room temperature deformation in this 

material. Dislocations in IN-738 also interact with the Y' precipitate strain field due to the 

misfit between the precipitate particles and the matrk[3 21. 

2.9.4. Evaluation of Incnment in Flow Stress Resulting From ~islocation-y' 

Precipitates Interaction During Room Temperature Deformation 

A coherent, shearable y' precipitate may interact with a dislocation via more than 

one interaction mechanism. Two types of elementary interactions have been 

distinguished[3 61, 

i) energy storing interactions, 

ii) elastic interactions. 

Energy is stored in the particle during th .e shearin g process if th e particle surface area is 

increased or if an anti-phase boundary (APB) is created. Elastic interactions are due to 



difference in lattice constant, the modulus or the stacking fault energy between the particle 

and matrix. In Ni base superalloys containhg coherent shearabie y' precipitates, the 

surface energy hardening or the chernical hardenhg and modulus rnisrnatch hardening are 

weak and therefore, the energy storing interaction is rnainly by the creation of APB in the 

precipitatesp61. The Burgers vecton of perfea dislocations in ordered precipitates of y' 

phase with LI2 crystal structure are twice the length of (or the magnitude ot) those in the 

conesponding fcc matrix (y mauix). Therefore shearing of y' precipitates by matrix 

dislocations lead to planar defects in y' phase e.g. APB and stacking faults[46]. The 

shearing mechanism by pairs of 6 2 4  10> type matrix dislocation , coupled by APB is 

relatively weil understood[47]. Mukherji et-al. have observed stacking fault formation in 

y' phase dunng monotonie deformation at elevated temperatures[32]. None of the 

existing models are sufficientiy accurate to calwlate the contribution of stacking fault 

hardening to the criticai resolved shear stress(CRSS). This contribution, is likely to be 

small at room temperature deformation of Ni base superalloys[36]. 

It is worth noting that the numerical factors appearing in the formulae relating the 

contribution of particle hardening to the flow-stress(t,,) to the characteristic parameters of 

the particle dispersion are not reliable unless these factors have been verified 

experimentally. Even slight inaccuracies of the averaging procedures may introduce 

appreciable errors. Thus, the two major contributions to the CRSS of y' hardening of 

IN-738 are rnisfit hardening and order hardening(shearing of y' and the associated APB 

formation). A critical strain eC has been defined as[36], 



where y is the APB energy and is equal to 1 7 0 x 1 ~ ~  Um2, GF is the shear modulus of the y 

matrix and b is he Burgers vector. If b 1, coherency strain exceeds E, misfit hardening 

outweighs order hardeniagr3 O]. 

It has been recognized that the y'/y lattice mismatch is one of the main factors 

affecting the mechanical strength of Ni-base superaUoys[5]. A coherent particle, whose 

lattice constant difFers from rhat of the matrix, produces a strain field which interacts with 

dislocations. Since it yields a vanishing interaction force between a screw dislocation and 

a rnisfitting particle, oniy edge dislocation interactions are significant. As discussed in 

section 2.8.2, the unconstrained lattice misfit parameter is represented by 6. Fine coherent 

y' -precipitates embedded in a y matrix are nonnally constrained. The relative difFerence 

in lattice constant of such constrained particles is called the constrained lattice Msfit 

strain(e). A good approximation for E is (2/3)6[36], and is also termed as the coherency 

strain. The morphology of y' precipitates depends on e and the radius r of the particles. As 

t increases the morphology changes from spheres to cuboids, to cuboidal arrays, and 

finally to dendrites. 

Gerold and Haberkom[28], and Janson and Melandar, in a review[36],found the 

dependence of r,, ( particle hardening contribution) on the coherency strain in the 

following way, 



GFb2 
using S = 7 

The three groups appiied süghtly diierent averaging techniques, Le., the flow-stress could 

be the square root of the sum of the squares of its components, or the method of mixtures, 

in which the flow-stress is a weighted average of its components. Therefore the three 

values derived from 'a', the averaging constant, dEer by f 16%: 

respective1 y for the three groups. 

2.10 Scope and Nature of Present Investigation 

Cast IN-738 superalloy has long been considered to be difficult-to-weld, 

3.0, 3.7 and 4.1 

due to the 

occurrence of heat-afTected zone microfissuring during the welding cycle or &er the post- 

weld heat-treatments. The heat-treatment schemes proposed in the open Literature consist 

of a solution heat-treatment at 1 1 20° C, which is now known to provide a partial solution 

treatment only. The metastability of various phases in this material is a known fact but no 

comprehensive study has been undertaken to characterize the microstructural response of 

this material to a variety of heat-treatment (pre-weld) schemes. The objective of the 

present study was to gain a comprehensive understanding of the microstructural behavior 

and the strengthening response of cast Incoloy 738. Hence the pnmary focus of the 

present investigation was a thorough micros~uctural charactenuition of the various 

specimens using optical microscopy, X-ray diBadion, scanning X-ray microanalysis and 



- 
analytical electron microscopy. This was pefiorrned to give an understanding of the 

following aspects: 

(i) the grain-structure, morphology of various phases in the as-received materid; 

(ü) the composition and the lattice parameter of major and minor phases; 

(iii) microstructure as a function of solution-treatrnent temperatures; 

(iv) microstructure of solution-treated and aged specimens; 

(v) lattice constant, volume-fraction, morphology, and distribution of precipitate phases; 

(vi) coarsening rate of secondary y' particles and activation energy for coarsening; 

(viü) estimation of coherency strains in the heat-treated specimens; 

(ix) nature of grain boundaries in the heat-treated specimens; 

(x) rnicrostructural inhcmogeneity in the fonn of eutectic islands using carbon extraction 

replicas; 

(xi) quench cracks in solution-treated samples. 

Since primary focus of the present investigation was to under stand the rnicrostructural 

response of IN-738 to heat-treatments, no welding was carried out in this first phase. This 

investigation characterizes the metastability of the various phases in this material thereby 

giving an insight in the metallurgical mechanisms responsible for the liquation and cracking 

of the grain boundaries and the minor phases. These results would be used in the next 

phase to fom a basis for the design of suitable pre-weld heat-treatments. It is expected 

that the resulting microstructure would resist heat-aected zone micro fissuring during the 

welding . 



Chapter 3 

EXPERKMENTAL TECHNIQUES 

3.1 Material 

The material used in this investigation was a commercial IN-738 superaiioy 

provided by Specid Metals Corporation. The matenal was provided in the fomi of a cast 

cylindricai bidet, 8.5 cm in diameter and its chernical composition is given in Table 5. 

Table 5. Alloy IN-738 Composition 

Etement 

3.2 Simple Pnpantion & Heat-Treatments 

Cuboidal samples were cut out of a circular slice at a constant distance from the 



periphery. The surface perpendicular to the dendritic growth was used to characterize the 

grah-structure. These samples were then solution-treated at various tempera- ranghg 

fiom 1, 120°C to 1,22S°C. These samples wêre further aged at 84S°C for various lengths 

of t h e  in order to produce conditions of under-aging, peak-aging and over-aging. Heat- 

treatment samples were seaieci in vycor capsules, partiaiiy fiiled with argon to prevent 

oxidation. 

3.3 Hardness Measuremtnts 

The hardness of the sample was measured using a 30 kg load on a standard 

Vickers hardness tester. Six to ten measurements were taken per sample and hardness- 

aging curves for various solution-treatment temperatures were plotted. 

3.4 Optical and Scanning Electron Microscopy 
. 

Sarnples were observed in an optical microscope for its grain structure after 

polisbing and etching using standard metaiiographic techniques. The etchant was a 

solution containhg 7.5 gms. each of ferric and cupric chloride, 100 ml of hydrocholonc 

acid, and 17 ml of nitric acid. The distribution and morphology of MC and MuCs carbides 

were observed in a JEOL-840 scanning electron microscope using the secondary electron 

image, back-scattered electron image, and the combined image. The composition analysis 

of particles was carried out using Noran 5500 EDS system equipped with light element 

analysis detector. The quantifkation was done using Noran micro-Q analytical sofbvare 

and the standard semi-quantitative analytical software. 



3.5 Pnparation of Thia FOL and Transmission Eketron Micmscopy 

One mm thick strips were cut out fiom the beat-ueated samples using the electric 

discharge machine and were reduced to 100prn tbickness using a 600 grit abrasive paper. 

3mm diameter disks were punched from the stnps . Six samples were prepared per heat- 

treatment for electropolishing. These dixs were thinned with a jet electropolishing unit 

using a solution of 8% perchioric acid in ethanol at -20°C. The eleanc current used was 

in the range of 1.4- 1.6 amperes which resulted in well polished thin foils. The foils were 

observed in a JEOL-2000FX transmission electron microscope for the general 

microstmcture, especially, the distribution of y' precipitates, and carbides. 

3.6 Volume Fraction Determination 

The volume fiaction of Y' precipitates was detemiined using electrochernical 

extraction technique by performing anodic dissolution of the precipitates in a solution of 

one percent citric-acid and one percent ammonium sulfate in water. 

The samples (anode) were suspended by a fine platinum wire passed through a 

hole drilled in each sample, and 4 cm2 of platinum foi1 served as the cathode. The 

electrolysis was camed out using 200 ml of electrolyte, 100-200 mA current (current 

density - 0.01-0.08 arnp/cm2), at a potential difference of 20 volts and above. The 

electrolysis was continued for three hours at ambient temperature and the electrolyte was 

stirred slowly using a magnetic stirrer. Most of the y' particles retained on the surface of 



the sarnple and the rest were recovered h m  the solution by centrifuging. 

Following dissolution, the solid sample to which vimally ail the y' particle 

adhered was removed to a stirred beaker and leached for five minutes to remove the 

adsorbeci electrolyte. As estaMished by Kriege and SuUivan[35], it was asaimed that 

minimal y' was loa dunng washing. The specimen plus adhering y' was then dried 

under a heat lamp for thrty mulutes and weighed. Any coasse y' which did not adhere to 

the sample was removed £tom the electrolyte by centrifuging. Following this, the y' was 

first washed with water, then with methanol, and then dned in a centrifuge tube under a 

heat lamp. The dned y' was then removed fiom the sample disc by scrapping with a 

scalpel. The total y' dust was then weighed with a precision electronic balance. 

Carbides always accompany the extracted y' and a correction for this 

contamination was made by performing a second anodic dissolution on similar sarnples 

using 200 ml of 10Y0 HC1-methanol solution containing 1% tactaric acid as the electrolyte. 

The anode and cathode material and configuration was identical to that used in the y' 

extraction. About 200 ml of electrolyte was carefully decanted and allowed to senle 

overnight. The remaining electrolyte, which contained the bulk of the separated material, 

was centrifbged and the insoluble particles were washed successively with 10% HCI- 

methanol, methanol and finally with water. The fines which settled out of a decanted 

portion of the electrolyte overnight were treated in the sarne manner and added to the 

major fraction of the separated phases. The residue was dried and the weight percent of 

carbide pariicles (MC + M&) was calculated. This value was then subtracted from the 



amount of y' + carbides to obtain the net amount of y' recovered. 

3.7 X-ray Diffictometer and Lattice Parameter 

Phase identification of the electr01yticaUy extracted particies and the lattice parameter 

analysis was canied out using a Rigaku X-ray difltiactometer in a continuous scanning 

mode using Cu-Ka radiation. The extracted particles were placed as a thick paste on the 

concave side of a glas slide using a few drops of acetone. The lattice parameter was 

evaiuated using a celi-refinement software. 



Chapter 4 

RESULTS & DISCUSSIONS 

4.1 Macrostructure of the IN-738 Casting 

Figure 12 shows the macrostniaure of the cast IN-738 billet. As can be Sem, 

many grains fom at or near to the surface of the chili zone. It has been observed by 

Gandin and CO-workers that Born this outer "equiaxed region", a few columnar grains 

grow preferentially in < 100B crystailographic directions[4]. The columnar grains give way 

to a zone of equiaxed grains when the constitutional supercooling in front of the columnar 

grains becornes large enough, thus providing plenty of independently growing nuclei ahead 

of the columnar grains. 

1 cni 

Figure 12 Cross-sectional microstructure of cast IN-738 billet, 3.4X 



The optical microstructure in a direction perpendicular to the growing columnar 

grains is shown in Figure 13. It was found that the grain sue increased fiom 1 IO prn 

(Figure 13a) to 700 pm (Figure 13c), which in Nm depended on the distance fiom the 

outer periphery at which the sarnples were ~ i o n e d .  Therefore it was necessary to cut 

heat-treatrnent specimens out of  the billet at a fixeci distance flom the periphery in order 

to have an identical starting microstmcture. 

Figure 13 (continued) 



Figure 13: Transverse microstructure of the billet cross-section with a (a) grain size 

of llOpm, at a distance of O.lem from outer periphery, (b) grain size of 400pm, nt a 

distance of O.km from outer periphery, (c) grain size of 7OOpm, at a distance of 



l.Ocm from outer periphery. 

4.2 Transverse Microstructure 

Figure 14(a) shows the cellular dendritic segregation and the a l i w e n t  of the 

primary MC carbide partides, that appear as black dots in the micrograph, also confimed 

by EDS-SEM analysis. The secondary dendritic anns can be observed in the optical 

micrograph in Figure 140). The EDS (SQ analysis) for the dendntic and interdendntic 

regions is presented in Figures 14 (c) and @).The interdendritic region in 14(b) has less 

Tungsten and more Aluminum and Titanium. Even though the analysis is semi- 

quantitative it provides a relative compositional di&rence between the two regions. 

Figure 14 (continued) 
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Figure 14:(a) Opticai image showing solidification macrastructure and the 

alignment of MC carbides in IN-738, SOX, (b) microstructure sbowing secondary 

dendntic arms and the interdendritic regions, 2OOX (c) EDS spectrum (SQ analysis) 

for the dendritic regions, (d) EDS spectrum (SQ analysis) for the interdendritic 

regions. 

4.3 Casting Micropores 

Micropores were observed in the matenai. An example is show in Figure 15. 

However, these micropores do not adversely affect mechanical properties of IN-738 

owing to their smd volume fiaction and large grain size of the material. The usual 

fiacture mode of this matenal is intergranular and large grain sites imply minimum grain 

boundary area, and since these micropores rarely occur at the boundaries hence they can 



not become site for crack initiation. 

Figure 15 Optical micrograph from as polished sample sbowing casting micropores, 

SOX. 

4.4 Microstructure of As-Received Material 

The as received cast IN-738 microstructure is shown in Figure 16. The optical 

niicrograph (Fig. Ma) reveals a cellular dendritic structure with a coring at the ceii boundaries 

due to elemental segregation. The grain boundaries in the SEM micrograph are fke of any 

M& carbide precipitation as shown in figure 16 (b). The TEM dark field rnicrograph in 

figurelqc) shows a unimodal distribution of cuboidal shaped particles, which was found to be 

primary y' partides by the selected area düli-action pattern analysis discussed later. 



Figure M (coatinueci) 
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Figure 16:(a) Optical micrograph from the as meived sample revealing cellular 

dendritic structure, 50X (b) SEM micrograph showing primary MC carbides and a 

grain bounday free from the presence of Mac6 mides, (c) and (d) TEM, centered 

bright field and dark field respectively from a superlattice spot along [OOl] beam 

direction from as received sample. 



4.5.Heat Treatments and Resulting Microstructures 

The standard solution heat-treatrnent of IN738 consists of 2 hours at 1, 120°C. 

This solution treatment temperature results only in a partial dissolution of second phase 

precipitates[27]. It has been suggested that the y' solvus is in the range of 1,16O0C- 

1, 17S°C[27] but experiments showed that the specimens solution treated for two hours at 

1,I 75OC and 1 ,22S°C had primary y' (measurable volume fiaction for the 1,175OC 

sarnple) in them. Therefore for ail practical purposes three dEerent solution treatment 

temperatures were used to determine the heat treatment response of cast IN738, narnely, 

1,120°C, 1, lE°C and 1,225"C following which the sarnples were cooled to room 

temperature and then aged at 845°C for various lengths of tirne as indicated in Table 6. 

Table 6 Schedule for Heat Treatments 

Solution Treatment Temperature Aging HOUA at 84S°C 

O*, O**, 8, 12, 16,24, 72, 120 

* - Brine Quenched, ** - Air Cooied 

1,1 50°C and Brine Quenched 

t,1 7S°C/2 hrs. 

4.5.1 Solution Treated Microstructure 

-O 

O**, 2, 12, 24, 72 



The solution-treated samples were brine quenched or air cooled. These were then 

observed opticaiîy, through SEM and TEM foUowing the hardness measurements. The 

micrographs are show in Figure 17. Figure 17(a) shows an optical micrograph for a 

sample solution treated and brinequenched from 1 1 2 0 ~ ~ .  Figure 1% is a SEM 

micrograph of the same sample showing linear grain-boundaries fiee from secondary 

precipitation. The TEM dark field image (Fig. 17c) fiom a superlattice spot along the 

(0011 bearn direction shows the undissolved primary y' particles. The optical rnicrograph 

of the air cooled wnple was similar. Figure 17d is another TEM dark field image using 

sarne operating conditions Born an air-cooled sample from the same solution-treatment 

temperature. The slower cooling rate resulted in the precipitation of fine secondq 

precipitates. Figure 17e is a TEM dark field image from a sample solution-treated at 

1 175 '~  and bnne-quenched, using a (00 11 superlattice spot, showing the existence of 

partialiy dissolved primary y' particles. 

The samples were brine quenched to avoid the precipitation of secondary y' 

precipitates during cooling. The high quenching stresses resulted in the tearing along the 

grain boundaries, both on the surface as well as in the bulk, for the sarnples solution 

treated at 1150'~ and above. This aspect will be discussed later. Thus the only sample 

that could withstand the quenching stresses was the one solution treated at 1120'~. Due 

to the quench cracks, another set of samples were air cooled from various solution 

treatment temperatures and were found to be fiee fiom cracking. For accuracy and ease of 

measurements, thin foils obtained from the brine quenched samples were used to measure 

the y' size. The shrinkage stresses due to fast cooling resulted in generation of interfacial 



dislocation around the primary y' particles, which are the y' particles that form on 

solidification and did not dissolve during solution heat treatment, as seen in the bright field 

image, figure 17(f). 

A higher solution-treatment temperature (STT) of 1175'~ dissolved more of 

prirnary y' than ai 1, 120°C STT. The sue of the primary y' particles was aiso reduced 

due to dissolution and resulted in an unimodal distribution of what is known as degenerate 

y' particles, Le., particles which are somewhere in between a cuboid and a spheroid. A 

fùrther increase in the STT to 1225' C enhanced the dissolution process. The TEM 

examination suggested that the volume m i o n  of primary y' phase got reduced 

Figure 17 (continued) 
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Figure 17: (a) Optical micrograph of a sample solution treated at 1 120°c/2 hrs. 

brine-quenched,SOX, (b) SEM micrograph of a sample solution treated at 1120°c/2 

hrs, brine-quenched, (c) TEM micrognph, centered dark field along [OOl] 

superlattice spots of a sampk ST at 1120°c/2 hrs.(brine quenched), (d) TEM 

micrograph, centered dark field along [OOl] superlattice spots of a sample ST at 

1120°c/2 hm. (air cooled), (e)TEM micrograph, centered dark tield along [O011 

superlattice spot of a sample ST at 1175O~/2 hr~ . (bhe  quenched), (f) TEM 

micrograph, centered bright field aloog [O011 superlattice spots of a sample ST at 

1120'~/2 hrs.(brine quenched). 

4.5.2 Solution-Treatment and Aging 

As reported in the previous section the standard heat-treatrnent of IN-738 consists 

of a solution-treatment at 1,120°C for two hours that results only in a partial solution 

treatment of the sample. Samples were therefore, solution treated at three different 

solution treatment temperatures, namely, 1,l 20°C, 1,1 7S°C and 1 ,22S°C, following which 



the sarnples were aged at 84S°C for various lengths of time and their hardness was 

measured. 

4.5.2.1 Hardness Aghg Curvcs 

Hardness-Aging curves after the solution-treatment at 1,l 20°C. 1,175OC and 

1,22S°C are shown in Figwes 18(a-d). It appears that for 1,120°C solution treatment the 

peak-aging thne is in the range of 16-24 houn. For 1, 17S°C and 1,22S°C solution- 

treatment the peak bardness was achieved after 60-90 minutes of aging at 84S°C. The 

peak hardness values are although higher for 1 .2Z°C solution treatment than 1,1 7S°C 

solution treatment and aging. The peak-hardness value for the 1,l 20°C and 1,22S°C 

solution treated and aged (STA) samples were in the range of 480-485 Hv. 1,22S°C STA 

samples overaged to a greater extent than 1,17S°C STA in the same length of tirne. Thus 

one observes hardness values of 455 and 425 respeftively after 72 hours of aging for these 

two ST material. 

Inspite of the fact that the y' precipitation occurs extremely rapidly, it is possible 

to suppress the y' formation to a sign;ficant extent by brine-quenching fiom the solution 

treatment (ST) temperature. This is show in Figure 18(d) where it is seen that hardness 

value of the solution treated and bnne quenched specimens are lower than those of the 

solution treated and air cooled specimens. Also noticeable is the fact that hardness drops 

with increasing solution-treatment temperature. This feature is more pronounced for the 

bnne quenched samples due to the much reduced precipitation of secondary y' particles 



during coohg, thus reveaiing the softening &ect due to the dissolution of primary y' 

only. Therefore for the ST and brinequenched samples the amount of primary y' 

particies together with its sia detemines the strength ofthe materid 

If the thm agi% c w c s  are comparai, it is scea that the peak hardness in the 

materiai ST at 1, 120°C occurred afkr 24 hou as comparecl to 60-90 minutes of aging for 

1,17S°C and 1,22S°C specmiens. Thus it appears that the precipitation and ccanening 

rate of secondary y' phcles in 1,120°C STA sunples is signScantly influenced by a 

reduced solution treatment temperature and the presence of a large volume &action of 

primary Y' particles i.e. the amount of solute that form y' are in considerabiy smaiier 

quantity . 
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Figurel8: Hardness-aging plots at 845% for solution trcatment (a) at 1120°c, (b) at 

1175'~. (c) at 1225%, (d) Hardness as a function of solution-treatment 

temperature(no aging) for two different cooling rates. 

4.5.2.2 l,12O0C Solution-Treated and Aged Microstructure 

The heat-treaîed samples were observed optically, and by SEM and TEM 

foliowinq the hardness meanirements. The rnicrographs are shown in Figures 19 and 20. 

Figure 19(a) is an optical micrograph of an underaged sample(8 hn. aging) with a gain 

size of approltimateiy 7 0 0 ~ .  Figure1 9(b) is the SEM micrograph of the same sample 

showing discrete grain boundary MoG carbides and mmix  MC carbides, as estabiished 

by the phase analysis seaion presented in section 4.7. Figure 19(c) is the dark field TEM 

image of the same sample showing a bimodal distribution of cuboidal primary and 

sp heroidai secondary 7' precipitates, also established by the phase andysis presented in 



section 4.7. The opticai, SEM and TEM dark field micrographs of the samples in the peak 

aged condition (aged for 24 hm.) showed similar features as compared to the underaged 

sample. The SEM miaograph examination, however, revealed the presence of a p a t e r  

amount of discrete grain boundary M& carbides. 

Figure 20(a) illustrates the SEM rnicrosmictw of an overaged sample (72 hn. 

aging). The microstructure comprises of a few primary MC carbides, M& carbide 

particles dong the grain boundaries, and local y' -y eutectic islands, as marked on the 

figure. These microstmctural features were identified using SEM EDX-ray analysis and 

TEM anaiysis detaibd in the phase anaiysis section, 4.7. The distribution of grain 

boundary MuCs carbides changes fiom a discrete network for an underaged sample 

(Figure 19b) to a continuous one as obsezved in figure 2Oa. Also noticeable is the reduced 

size of primary MC carbides due to their dissociation, as explained in a later section, and 

the presence of eutectic islands. Figure 20@) shows the microaructure of highly overaged 

sample (168 hrs.). The grain-boundaries contain weli M e d  secondary carbide 

precipitates. The grain interior shows a complete disintegration of pnmary carbides into 

smder MC carbide paxticles (confirmed by SEM analysis, and discussed later). These 

finer MC carbides then followed the usual dissociation reaction to generate fine MuCs 

carbide particles in the grain interior. A TEM dark field image of the overaged sample 

containing coarser y' precipitates is show in Figure 25(a) in the phase analysis section. 

The bimodal distribution of y' precipitates continued to exist with increased sites of 

cuboidal primary and spheroidal secondary y' precipitates. 



Figure 19 (continued) 



Figure 19: (a) an optical micrograph of ao underaged sample with a grain size of 

I approsimately 7OOpms following a solution treatment of 1120~~,50~(b) SEM 

micrograph of an underaged sample showing discrete grain bounda y Mac6 

carbides,SOX, (c) TEM dark field image from an underaged sample showing a 

bimodal distribution of cuboidal primay and rpheroidal secondary y' precipitates. 

Figure 20 (Continued) 



Figure 20 :(a) SEM micrograph of an overaged umple showing continuous grain 

boundary M& carbides, (b) SEM micrograph of an highly overaged sample 

(168hrs.) showing MuCs carbide particles on the boundaries and the grain-interior. 

4.5.2.3. 1 1 7 ~ ' ~  Solution-Treatment and Aging 

A higher solution-treatment temperature(STT) of 1 175 '~ took more of primary 

y' into solution than the 1, 120°C STT (the results are presented in the volume fraction 

measurement section 4.9). The size of the primary y' particles also got reduced due to 

their dissolution (Table 9), and resulted in a shape change of primary cuboidal y' particles 

to degenerate y' particles as seen in figure 2 1 c. Figure 2 1(a) is a micrograph of an 

underaged sample(l0 minutes aging) showing reduced coring due to compositional 



homogenization , when compared to figure 19(a). The SEM. micrograph in figure 21@) 

shows the presence of very few grain boundary MuCs carbide particles and some coarse 

mat& MC carbides. Figure 21(c) is a TEM dark field image showing a bimodal 

distribution of degenerate primary y' and very fine spheroidal secondary y' precipitates. 

These precipitates were systematicaily characterimi and identifled. The phase analysis is 

presented in section 4.7. 

The peak aged sample(2 hn. aging) showed a simiIar microstructure except for the 

increased size of y' precipitates. In the overaged sample(72 hrs. aging), the grain 

boundaries delineated linking of MuCs carbide particles to produce a continuous network, 

similar to that observed in figure 20. The y' precipitate distribution appeared to be 

degenerate and coarse, as shown in the TEM dark field image of the sample show in 

figure 22. 

Figure 21 (continueù) 



Figure 21: (a) Optical micrograph of an underaged sample foltowing 1 1 7 ~ ~ ~  

solution treatment(l0 minutes aging) showing reduced coring,SOX, (b) SEM 

mierognph showing the presence of v e y  few grain boundary MuCd carbides and 

some coarse matris MC earbides, (e) TEM dark field image showing a bimodd 



distribution of degenerate primay y' and ve y fine spheroidd seconday 7' 

precipitates. 

Figure 22 TEM dark IkM image showing a unimodai distribution of coarse, 

degenerate y' particles of an ovenged sample solution-trcated at 1175'~. 

4.5.2.4 1225 '~  Solution-Treatment and Aging 

As reported in the previous section, the 1225'~ solution-treatment (2 hours)also 

did not cornpletely dissolve the primary y' precipitates. The grain size increased from 

700pm to about 900pm. The y' precipitate distribution appeared to be unimodal, 

degenerated, and finer (Table 9) in the underaged wnple as seen in the TEM dark field 

image of figure 23. Overaging, following a 1 tZOc solution treatment, resulted in 

modifying the y' precipitate morphology which changed from a degenerate distribution to 

near sphencal as observed in Figure 24. 



Figure 23 TEM dark field image showing liner unimodal degenerate y' distribution 

in an underaged sample solution-treated at 1225'~. 

Figure 24 TEM dark field image showing coane, unimodal, and near spherical 7' 

distribution in an overaged sample solution-treated at 1 2 2 ~ ~ ~ .  



4.6 Phase AndysW of Prtcipitates and Microstructures 

4.6.1 y' Partictes 

Figure 25(a) is a dark field electron micrograph taken with the aid of (001) y' 

superlattice reflection to eliminate contrast effécts due to coherency strains in the mat* 

and is superimposed with the selected area âiiaction pattem from the sarne region. The 

figure shows a bimodal distribution of y' precipitates in a sample aged for 72 hours at 

84S°C &er solution-treating at 1, 120°C for two houn. The SADP, dong the 100 11 beam 

direction, shows the prirnary matrix spots and the secondary y' superiattice refleaions. 

The lanice constant of y' precipitates calculated from the diffraction pattern was about 

3.594 and is close to lattice constant of y' precipitates[l9]. Figure 25(b) show the 

convergent bearn electron dmaction (CBED) pattern fiom y' particles dong [O011 bearn 

diiection. A four fold syrnrnetry represents a face-centered-cubic structure for the y' 

particles. Figure 25(c) shows the TEM image of an extraction replica 60m a region 

containing purely secondary spheroidal Y' particles from a sample aged for seventy two 

hours following the same solution-treatment. This figure shows the sphencal morphology 

of secondary y' particles. 

The size of the primary cuboidai y' was in the range 350-500 nm (mean cubic 

edge length) and that of the secondary spheroidal y' (diameter) was in the range of 50- 



120 nm. That is, the y' particles had a bimodal distribution. The volume fraction of y' 

phase in a hl1y heat-treated ample was rneasured to be in the range of 4O-45%. 

Figure 25 (continued) 



Figure 25: (a) TEM bright field micrograph showing primary y' from an overaged 

simple following 1 1 2 0 ~ ~  solution treatment, (b) CBED from Y' precipitates dong 

the [O011 zone axis, (c) TEM bright field nplica image showing secondary Y' from 

an overaged simple following 1 1 2 0 ~ ~  solution treatment. 

4.6.2 MC Carbides 

The primary MC carbides occur in various morphologies and sizes which depend 

on the rnelting and casting practice, as shown in Figure 26(a). Figures 26(b) and (c) show 

a TEM bright field image dong a [O011 zone axis of a primary carbide on a grain boundaiy 

and the SADP fiom the carbide panicle respectively. The analysis of the SADP (Figure 

26c) suggests it to be MC type carbide with an FCC structure. The CBED of the 

precipitate was similar to one obtained in figure 25(b) confinning that this is an FCC 



phase. The composition of this primary carbide phase as determined by EDS s p e m  is 

given in Table 7. The EDS spectrum is show in Figure 27(b). 

Figure 27(a) shows a primary MC carbide in the back scattered image. The 

comparative EDS spectra for the carbide bulk and center is show in figure 27 @) and 

(c). MC appears to be a tantaiun, niobium, and titanium based carbide. The cents of the 

carbide has a diierent composition than th9 bulk, and is extremely rich in titanium and 

aiuminum and relatively poor in heavy elements like niobium, tantalum and tmgsten, as 

compared to the average bulk composition of the carbide. The composition of carbide 

center is given in Table 7. 

Figure26 (continued) 



Figure 26: (a) Optical micrograph from as meived cast IN738 showing primary MC 

carbides in various morphologies, 400X (b)TEM bright field image of grain 

boundary MC carbide, (c) SADP from a primary MC carbide along [O011 beam 



direction. 



0.000 VFS = 8192 10.240 

Figure 27: (a) SEM micrograpb showing a back scattered image of a primay MC 

carbide, (b) EDS spectrum from an MC carbide partide bulk, (c) EDS spectrum 

from an MC carbide partide cuiter. 

Table 7:Composition of MC Carbides detennined by Micro-Q EDX-Ray analysis 



MC carbide is not a very stable phase in IN-738 and it dissociates with tirne at 

the aging temperature of 845°C to form fine MuCs debris around it[12,42]. This process 

occurs within the grains and dong the grain boundaries as shown in Figure 28(a) and (b). 

The foilowing mechanism has been proposed[42]: 

MC + y + + y' (fine) 

Figure 28(a) shows MC carbide particle that has transfomed into MuCs, with the M23C6 

precipitates al1 dong the penphery of the special grain. The analysis of the particles 

observed in the figure 28a is described later in this section. The original MC carbide 

particle was located at the center of the grain. Carbon fiom the primary carbides could 

have d i i sed  out in al1 directions and picked up suitable elements to fonn M&, with a 

fine tertiary y' on its outer side. Figure 28@) shows a couple of partiaily dissociated 

grain boundary MC carbides in a peak agcd sample . The carbide particles in the grain 

interior appeared to have remained unchanged. Figure 29 is a carbon extraction replica 

showing a completely dissociated primary carbide particle. This micrograph demonstrates 

that the above mentioned reaction scheme for the dissociation of MC carbide is operative 

in this alloy. A dense precipitation of secondary y' sphencal particles and an impression 

of a continuous M2& carbide film dong the periphery of the already dissociated MC 

carbide particle can be observed. 

The composition of MC and carbides computed by EDS using the micro-Q 



program is given in Table 8 and the EDS spectrum obtained from the fine grain boundary 

particles is shown in Figure 30(a). The particles are chromium, molybdenum, and tungsten 

rich carbides. Figure 30@) is a carbon extraction replica showing MSCs carbide particles 

present in the grain interior. The carbon extraction repüca image of figure 30(c & d) 

shows M& carbide particles along the grain boundary as discrete particles and as ünked 

particles, respedvely. The SADP fiom these particles, along the [O0 11, [O 1 11, and [ 1 1 ] 

beam direction are show in figures 3 l(a, b, and c). The analysis suggested these particles 

to be MUCo carbides. 

Figure 28 (Continucd) 



Figure 28:(a) Optical microgriph of an overaged sample 1) showing partiaUy 

dissociated m a t h  prima y carbide, 2)compktely dissociated primary MC carbide, 

. into MuCr cirbidc partides dong its ptdphey, as identifid in the ligure, 2OOX (b) 

SEM microgrrph of a pcak aged umple showing partial dissociation of grain 

boundary primary MC carbides into MuCs carbide particles along the grain 

bounda y, 1500X. 

Figure 29 Carbon extraction nplica of an overaged sample after solution treatment 

at 1120'~ showing a fully dissociated primary MC carbide. 
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Figure 30: (a) EDS spectrum from fint grain bounday particles; carbon extraction 

replica showing MUG urbide particla (b) present in the grain interior, (c) dong 

the grain boandaq as discrete partich, and(d) dong the grain boundarg as linked 



Figure 31 SADP from M& carbide particles dong (a) [O011 beam direction, (b) 

[O1 11 beam direction, (c) [i 1 1 ] beam direction. 



Table8 :Composition of carbide partides using micro-Q EDX aaalyris. 

- 4.6.4 Hetemgeneous Euttctic Islands 

Figure 32 TEM extraction Replica showing a general heterogeneous microstmcture 

of an overaged simple. 



Figure 32 reveals the microstructural inhomogeneity that persisted in an overaged 

sample after solution treatrnent at 1120'~. The extraction replica contained secondaq 

y' precipitates, and some scattmd primary and grain boundary y' particles which 

were identified by carrying out a phase analysis. The replica contaiwd impressions fkom 

the near-square primary y' precipitates and grain boundary M& carbide film. The 

secondary y' precipitates are seen to be concentrated ail dong the grain boundaries. The 

impressions of corne grain boundary y' parîicles and a continuous grain boundary 

carbide fiim should also be noted. Figure 33(a-d) shows the presence of 

heterogeneous eutectic islands containing randomly oriented y' precipitates in various 

morphologies even after over-aging (1 1 20°c/2 hrs.(~.~.) /845*~/72 hrs. A.C .). These 

microstmctures are likely to deform heterogeneously as cornpared to the matrix when 

subjected to senrice stress. 

Figure 33(a) shows an eutectic island boundary containing elongated primaiy y' 

particles. The island contains an uneven distribution of spheroidal secondary y' 

particles. Figure 33(b) shows another eutectic island boundary pinning elongated 

primary y' particles on the outside. The interior of the eutectic island consists of 

dtemate layers of pnmary and secondary y' particles. Figure 33(c) shows tear drop 

shaped primary y' particles contained within the eutectic island. Figure 33(d) shows 

eutectic islands containing stair shaped primaq y' particles. 



Figure 33 (continued) 



Figure 33:(a) TEM replica showing eutectic island bounday containing elongated 

pnmary y' particles, (b) TEM replica showing eutectic island boundary pinning 

dongatcd primav Y' particles that are on the outside, (c) TEM replica showing 



showing eutectic island containing stair shaped prima y Y' particles. 

4.6.5 Grain Boundaries 

In cast IN-738, the grain boundary ara per unit volume is s d  owing to its large 

grain sire (running from hundreds of microns to mm's). The boundaries still play a crucial 

role in the deformation process because the fracture mode in IN738 is intergranular. 

Fracture in service at high temperature is via nucleation, growth and coalescence of grain- 

boundary cavities forming intergranular cracks that ultimately lead to fiacture [22]. The 

standard heat-treatment produces straight grain boundaries, whereas it should be possible 

to produce serrated grain boundary structures which would be able to accommodate more 

strains(defom to a greater extent), such as welding strains. To evaluate this a sample was 

heated to 1,200°C and then cooled to 1,090°C at a rate of 1°C/minute and then water- 

quenched. Water-quenching restricted the precipitation of MztC6 carbides dong the grain- 

boundaries. Figure 34(a) shows grain boundary serrations fonned due to either migration 

of grain boundary segments between the coarse grain-boundary y' particles or due to the 

movement of these coane y' particles. in order to accommodate coherency strains, 

against a stationary linear grain boundary locaiiy generating serrations[26,40]. Another 

sample was prepared using a similar heat treatment procedure, the only diierence was that 

the sarnple was cooled at 1°C/minute to 950°C instead and then water-quenched. The 

precipitation of continuous fine M ~ C ~  particies (soivus of IOZS'C is seen to have 

enhanced the serrated nature of the grain boundary as show in Figure 34(b). 



Figure 34: SEM Micrographs showing semted grain boundaries in a simple 

fumace cooled (a) to 1 0 9 0 ~ ~  and water quenched, (b) to 9 5 0 ' ~  and water quenched. 



4.7 y' Partide Sue D i b u t i o n  as a Funetion of Heat-Tmtment 

Table 9 üsts variation in the Sue of p h a q  and secondary y' particles in aii the heat- 

treatments attempted. These particle sizes have been mea~u~ed korn the dark field TEM 

negatives by an optical image analyzer using two micrograpbs f?om 2 cent regions per 

sample. It is observed that a distinct bimodal distribution of y' particles prevaüed for 1 120'~ 

STA only. The si= ofprllnaiy y' increased by only 35% atter 72 hours of aging as compared 

to at least lW! increase for the secondary y' particles. The average size of primary and 

secondary y' particles for the standard heat treated sample was about 425nm and 96nm 

respectiveiy. ïhe 1175'~ STA samples mainly consisteci of degenerated Y' particles with a 

very fine dispersion of secondary y' particles. It was not possible to get accurate ske 

measurements for these secondary 1' precipitates. The average y' particle size increased 

6om 184nm to 267nm over a 72 hour aging peiod. Solution treatment at the higher 

temperature of 1225'~ r d t e d  in an increased dissolution of prirnaiy 7' particles and the 

average size &er solution treatment was 102nmAgain, it was not possible to measure the 

secondary y' precipitates size in this case. 

The underaged and peak aged samples showed a smaii area fiaction of secondaiy Y' 

particles suggesting a possible highly cornpetitive growth betweai the seccndary Y' particles. 

The successfÙl precipitates eventually joined the primary y' particles and grew together. 

Therefore the overaged specimens contained only unimodal distribution of y' particles. 



Table 9: Variation in y' size with heat treatments 

KEAT-TREATMENTS j y'  prima^ Cuboids j y' Secondary Spheroids 
1 

No. 

S.T. = Solution Treated and Air Cooled, O.Q.= Oil -Quenched 
It w;zs difficult to memure secondary y' size which \vas usually less than SOnm with any 

accuracy for 1 1 7 5 ' ' ~  and 1 2 2 5 " ~  solution treamd and aged samples. and is thrrrfore not 
reported here. 
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h rs. 
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- 190 

104- 129 
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4.8 Determination of Volume Fmtbn of y' in the Matrix and the Lanice Constants 

of Various Phases. 

The volume hction of y' precipitates was observeci to rernain M y  the same in 

the as received and in the standard heat-treated sample. The only ciifference was in the 

morphology and distribution of y' particles. As received material containeci degenerate 

cuboids with no secondary y' spheroids whereas the standard heat-treated sample had 20- 

25% of its volume ocaipied by secondacy Y' precipitates. This implied that 1,120°C solution- 

treatment dissolveci only hai€ of the primary y' precipitates. With increasing solution- 

treatment temperatures, the volume fiaction of y' in the matrix continued to decrease as 

shown in Figure 35. It was difIicult to meauire the y' volume 6action in the 1,22S°C ST 

sarnple but the TEM micrograph showed the presence of a few prirnary particles. Thus it can 

be concluded that the solws of y' particles is weii above 1, 17S°C, and not in the range of 

1,160°C and 1,17S°C as cited in the Literature[25]. 

It was not possible to separate MC fiom M& carbides during electrochemical 

extraction of precipitates but the combinai volume M o n  of these two carbides in the matrix 

of the standard hat-treated sample was about 1%. M e  was a slight increase in volume 

fiaction of these carbides fiom the as  receiwd state. This could be due to the precipitation of 

MzC6 carbides which are non existent in the as received materiai. 

The lanice constant of extracteci y' particles in the as received material as determined 

by X-ray difhctometer was 3 .SN A and was slightiy srnaller in the nilly heat-treated material 

(ao =3.589 A ) due to accompanying compositional adjustments. Solution-treating resulted in 



partiai dissolution ofprimary y' precipitates and due to compositional adjustments the lattice 

constant of the primary y' increased with increasing ST temperature as lisied in Table 10. The 

expansion of the lattice codd be due to diffusion of larger atoms ke,  Ai, Ti, etc. into the 

precipitate. The carbide particles extracteci fiom the a s - d e d  sample were found to be of 

the MC type (Ta & Ti based) by X-ray ~ c t o m e t e r .  Another sample was aged at 950°C for 

1,000 hours and the extracted carbides were found to be mostly MpCs carbides (Cr based) by 

X-ray difliactometer. These phcles were analyzed in an X-ray diflhctorneter and their lattice 

constant was measured and is reported in Table 10. 

Figure 35 Plot of Volume Fraction as a Function of Solution-Treatment Temperature 



Table 10: Lattice constant of electrochemically extracted 
precipitates and the volume fraction data 
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4.9 Conmenhg Behavior of y' Mipitates 

4.9.1 Modifieci Lüshitz-Slyou)~ Wagner (MLSW) Thcoq of Comning Kineîics 

Accordhg to the modifieci LSW Theory of precipitate marsenkg, the m g  rate 

is given by the foliowing expression, 

Therdore, a plot of in (r-G) vs in t shouid result in a sûaight ihe if this theory is appücable to 

the coarsening of y' observeci in the present study. The secondaty Y' particles span fiom 20 

nm to 145 nm in size whereas the primary y' *ui be as large as 485 nm as th& mean cubic 

edge length. The dope of the straight IOie would then give the coarsening rate constant 'n'. 

Figure 36 shows the logarithmic relationship between the primary and secondary y' pncipitate 

size and aging time at 845OC, following a solution treatment at 1, 120°C. By regression 

analysis the ôest fitthg straight lines were plotted and are shown in figure 36. It is seen that the 

value of n for the primary y' cuboids was 0.042 as compared to 0.185 for the secondary y' 

cuboids, which suggests two difEerent coarsening rates for the two types of y' particles. 

Although long term aging after 1 120°C solution-treatment was not a part of this study, Footner 

et.al.[l7 ] found that the size of primary y' particles does not change signiticantly upto Io00 

hours of aging tirne. Mead the secondary spheroidal y' particles coarsened rapidly upto 

about 1000 hours of aging and attained a size of 160-19ûnm, before they dissolved abruptiy. 

This was foliowed by the gowth of unimodal primary y' particles. 



0 Solution-Tmatment Tempenture - 1 f 20 C 
MLSW ïheoty 

Figure 36 M a n  Diameter (cubic edge Iength for the primary y' and diuneter for the 

sceondary y') y' as a Function of Aging time at û4S°C for 1120°C STA hm. 

Figures 37 and 38 show the y' coarsening kinetics (MLSW nieory) for saniples that 

were ageâ at 8 4 5 ' ~  aîter a solution heat treatment at 1, 17S°C and 1,22S°C ST respectively. 

The degenerate aiboids in these samples lie in the range of 90 to 320 m. Figure 39 shows the 

variation in the size of prllnary y' particles with ST temperature. The samples were brine- 

quenched to minimize the precipitation of secondary y' particles. The mean y' size first 

increased (coarsened) and then decreased with increasing temperature. Beyond 1,l 50°C, even 

most stable of the primary y' particles began to dissolve and their size kept g e h g  reduced. 

The primary y' size for 1,22S°C ST sarnple was only in the range of 80 to 120 nm. Thus it is 

concludeci that the y' solvus is'definitely higher than the 1,160°C-1,1750C range, urtiike the 

conclusion arrived by Steven and FlewittP7]. 



I Solution-Treatmen t ~ern~eratuk- 1 1 75 C 
MLSW Theory O 1 

- - 

Aging T h e  rt 845% (Hm) 

Figure 37 Mean Diameter (cubic edge Iength) off as a Function o f  Aging Time at 84S°C 

for 117S°C STJ2 hm. 

O Solution-Treatment Temperature- 1225 C 
MLSW Theory 

Figure 38 Mean Diameter(cubic d g e  Iength) of y' as a Function of Aging Time at 845OC 

for 1225°C STA h a  



1 f 00.00 1 i50.00 1200.00 1250.00 
Solution Treatment Temperature (C) 

Figure 39 V&ation of Primary y' SPc with SoIution-Treahnent Temperature. 

4.9-2- Lifshitz-Siymov encounter modified (LSEM) Tbeoy of Coancning Kinetics 

Another approach in developing an undentandhg of the coarsening of y' in Ni-base 

superdoys is the LSEM theory. The coanening rate equation of the LSEM theory is as 

follows[l7] : 

If the above equation is appiied to the present study, the plot of mean y' size as a fhction of 

t* shodd be a straight he. This behavior is obsemed in Figures 40 and 4 1. The relationship 

is approximately linear and smd deviations can be attriiuted to the experirnentai error in the 

mesurement process. 



4.93 CdcuIation of Activation Energy for the C o i ~ n h g  of Sccondaily y' Spheroids 

ia the 1120'~ Solution-Trcgted edd Aged Specimai. 

LSEM theory of coarsening was used to calculate the activation e ~ g y  for 

coarsening of secondaq y' spheroids. Data for coarsening of y' spheroids a 750°C and 950°C 

(aging) foliowing 1, l2O0C solution-treatment were taken h m  literaîure [lq. The mea~uted 

values on aging at 84S°C were used in this caldation. The corresponding equation for 

coarsening cm be Wntten as, 

f3 -?O3 = ~ ~ t  ,or 

The activation energy was determined fiom the slope of a plot of In(k 'TIC) against 

lm. The associated data and the calculations are shown in Table 11, 12 respectively. Figure 

42 shows a plot of d as a ninaion of t * which was used to caldate the value of ' k ' for the 

above equation. The activation energy of the coarsening process is caicdated f?om Figure 43. 

The data for C, concentration of solute (y' forming elements) in equilibnum with a particle of 

W t e  radius, is not available in the literature. Footner et al. have estimated C for Nimonic 

alloys and IN-739 to be 2 x 1 0 ~  mol/m3[17]. I f t  is assumed that this is the value for IN-738 

then the value of activation energy for the coarsening of secondary y' is calculated to be 241 

KJ/mol K. 



Figure 41 Coameaing Rate for y' Prrcipitrtes @SEM Theoy) for l17!?~ and 122& 
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Table 11 Secondary f Precipitate Sire for Various Aging Temperatuw and Lcngths 

of Time 

F i p n  42 Plot of Particle Diameter with tl* for Stcondary y' Prceipitatrs 



Table 12 Caicuhtion of Parameten for Coarsening Rate &SEM Theoq) 

Figure 43 Plot of (lnkJI/C) with (lm for Activation Energy C&&tion for 

Secondary f Partide Coarsening. 



4.10 Evahation of Coherency Hardening in IN0738 as a Strengtheniag Mechanism 

4.10.1 Calculation of Coherency Strain from the M'Mt Strain 6 

IN-738 is an extremely difncult-to weld doy  due to its susceptibiiity to 

microfissuring in the heat ;iffected zone. The cracking was found to be caused rnainly by 

the large shrinkage caused by the precipitation of y' particles as a result of cooling &om the 

y' solvus temperahire[43]. Thus it is important to quant@ this shrinkage strain, or the 

coherency strain. Referring to the data for the overaged sample given in Table 10, the 

misfit is given by,S=(a, -aJ q, and is equal to 0.0029. The coherency strain, E =(2/36) is 

0.00193 for this overaged sample. Using the value of a, for the 1 1 2 0 ~ ~  solution-treated 

and aged sample from Table 10, the value of E for the standard heat treated sample was 

calculated to be to be 0.003233. 

4.10.2 Cakulation of Coherency Strain Using the Precipitation-Hardening 

Equations 

Individual linear conversion of hardneu to yield or flow stress is valid for some 

materials in particular strength ranges. On this basis, there exists a relationship of the 

type, ay * 2Hv, for IN-738.[27]. From this approximation it is  possible to calculate the 

coherency strains due to secondary y' precipitation. These caldations are tabulateci in Table 



13. The procedure was as foiiows: 

Asouming oy 2Hv . the incremental flow stress due to secondary y' precipaation can be 

evaluated as Ara2AHv. Another assumption made here is that the solid-solution 

hardening contribution remains nearly the constant for the underaged, peakaged, and 

overaged conditions[27]. 

By, rewriting the equation 29 from the literature review[36] one arrives at, 

where G is the shear modulus(7.4~ 10 '%m"), b is the Burger's vector (0.254nm), VF is 

the volume fiaction of seconiiaiy y' precipitates, and r is the y' particle radius[27J. From 

- equation 21 in literature review, the critical main for IN-738 containhg 45% volume 

W o n  of y' particles is calculatecl to be 0.003 197. 

If this value is compared with the coherency strain E obtained for the overaged sample 

in Table 10 which is 0.00193, E is 62% of E,, and therefore it is obvious Eom the discussions in 

the literature rewiew (section 2.9.4) that order hardening also contnbutes si@cantly to the 

hardening process in IN-738. Assuming a 50-50% contribution fiom the misfit hardening and 

order hardening, A r  in the above equation is taken to be half the incremental flow stress due to 

secondary y' precipitation, and the calculateci coherency strain values are reporteci in the last 

column of Table 13. Figures 44, 45 and 46 show the variation in hardness Hv, the inter- 

particle spacing (primary/secondary y') L and the coherency strain & with aging time for 

1,1 20°C, 1,l 7S°C and 1,225OC solution treatment, respectively. It is seen from Table 13 

that coherency grains are the highest for the hardest sample while the interparticle spacing 



(secondary y') is the lowest. The inter-particle spacing begins to increase after the peak 

aging time due to coarsening and cornpetitive growth. The coherency strains were higher 

for 1,22S°C ST sample as compared to 1.17SoC ST sample. One more thing worth noting 

is the fact the calculated coherency main for the overaged sample in Table 13 is 70% of 

the coherency strain computed using the misfit strain. This error could be due the last 

assumption made involving a 50-50% contribution fkorn CO herency and order hardening . 

Figure 44 Variation in Hardness, Particle Spacing and Coherency Strain with Aging 

at 845 O C following solution-Treatment at 1120 O C. 
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Variation in Hardness, Partide Spacing and Coherency Strain with 
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Figure 46 Variation in Bardnesr, Particle Spacing and Coherency Strain with 

Aging at 815 OC following Solution-T reatment nt 1225 C. 





4.11 Inter-Granular Cracking in IN-738 due io Quenching Stresses 

Figures 47(a-c) show inter-granular cracking in a sample solution-treated at 

1,22S°C and brine-quenched. The situation was the same for 1,150°C and 1,175OC ST 

sarnples. A high cooling rate fiom 1,225OC did not allow the precipitation of grain- 

boundary M& as observed in Figure 47(b). Liquation of grain-boundary MC carbides 

also assisted in crack coalescence as seen in Figure 47(c).High aging contraction stress 

occur in IN-738 along with the quenching stresses when the samples are brine-quenched 

ftom the solution-treatment temperatures. These stresses are sufficient for the initiation 

and propagation of inter-granular cracks along the boundaries with or without MnCs 

carbides for the specimen solution-treated at temperatures of 1,150°C and above. 

Figure 47 (continued) 



Figure 47: Inter-Granular Cracking in a Sample Solution-Treated (a) at 122SCIBQ, 

(b) SEM Micrograph Showing Clan Grain Boundaries Free from MuCs 



Precipitation, (c) SEM Micrograph Showing Liquation of Grain Baunda y Carbida 

that Enhanced Crack Linkagt and Propagation. 

The observeci intergranular cracking is attributed to the presence of shrinkage or 

the aging contraction stresses. A higher solution-treatment temperature of 1,225 OC takes 

airnoa 40% volume &action of y' into solution, and depending on the cooling rate, due to 

its inherent extremely fast precipitation kinetics, secondary y' particles precipitate in a 

very fine spheroidal fom in various sizes ranging from a few to about 50 nanometers, and 

with varying volume-fractions. 

Intergranular cracking aiso occurred on quenching specirnen from a 

temperature of 1,060°C. which had a continuous film of M& carbides on the grain 

boundaries. Therefore an overaged sample (1,l 20°C/2hrs (A.C.)/ 84S°C/72 lus) was 

funher aged at 1,060°C for haif an hour and then water quenched. The overaging 

produced a semi- continuous film of MuCs carbide particles on the grain-boundaries. The 

temperature of 1,060°C is slightly above the solvus of M& and resulted in some 

dissolutiodQlobulization of M& paxticles. The quenching step following this treatment 

was not aided by aging contraction (shnnkage) stresses since secondary y' precipitation 

did not occur. 

Figure 48(a & b) still show the presence of grain-boundary cracks. The possible 

explmation is that the M& -particles liquated at 1,060°C resulting in the formation of 

grain boundary liquid film. This film would be extremely weak and embrittling[44,45] and 



with minimal quenching stresses result in grain-boundary cracks during cooling. The 

resoiidified film of M& can be observed dong the grain-boundary crack in a high 

magnification micrograph, Figure 48(c). A serni quantitative EDS anaiysis showed that 

the film region was richer in Chrornium, Molybdenum, Niobium, Tantalurn and ningsten 

and had a lower concentration of Aluminum and Titanium as compared to the ma&. 

This also suggests that the zone near the grain-boundary could be a y' fiee zone which is 

basicdly Ni3(Al, Ti). 

Figure 48 (continued) 



Figure 48: SEM Micrognph Showing (a) Semi-Continuousfy Cracked Grain 

Boundary, @) Coatinuous Grain Boundary Crack due to MuCs Liquation and Tear, 

(c) High Magnification SEM Micrograph Showing Resolidified Grain Boundary 

Liquid Fiim. 



4.12 General Conclusions of Microstnicturai Andysis 

As received Microstructure 

a) The cast iN-738 billet containeci dendritic grains at the periphery and centrai equiaxed 

grains with a large grain size. The dendritic microstnicture was cored. The interdendritic 

region was found to be rich in y' forming elements such as Al and Ti. 

b) The casting micropores occupied a volume fraction of about OS%, and owing to the 

larger grain size of the material do not adversely affect the mechanical properties. 

c) Figure 16b shows the absence of fine M& carbide particles, both in the grain interior 

and on the grain boundary. 

d) The TEM micrograph of figure 16d shows an approxhately cuboidal and unimodai y' 

precipitate morphology. The volume fraction of these y' particles was about 42%. 

Solution-Treated Microstructure 

a) The grain structure showed a reduced coring with solution-treatment and reduced 

fiirther with increased solution-treatrnent temperatures. The grain size increased by 50% ai 

the highest solution treatment temperature. The volume-fraction of pnmary y' particles 

decreased consistently with increasing ST temperatures but remained a visible fraction at 

ST temperature of 1225'~. The size of primary y' particles first increased with increase in 

ST temperature from 1 120 '~ to 1 1 50°c, and then decreased with funher increase in 

temperatures. 

b) The specimens solution-treated at 11 7 5 ' ~  and 1225'~ and aged marginally (10 



minutes) at 8 4 5 ' ~  showed the presence of discrete, globular M& carbide particles along 

the grain boundaries (figure 21b). This observation suggested that the dissociation of 

primary carbides began during the ST (2 hn.) step, and shce the M& solws is below 

the ST temperature, it could precipitate out only duMg the aging step. 

C) The samples solution-treated and brine-quenched at 1 1 SO'C and above showed 

extensive quench cracks along the grain boundaries (Figures 47(a-c)). The quenching 

stresses, combined with aging-contraction stresses due to secondary y' precipitation 

locally dong the grain-boundaries, are the most likely causes for such a reaction. A heavy 

precipitation of line secondary y' parlicles dong the grain-boundaries instantly hardens the 

grain-boundary region locally. The resulting brinle boundary defoms heterogeneously 

with the matrix under the influence of quenching stresses and gets cracked. Further, the 

liquated primary carbide particles on the boundaries act as the potential sites for crack 

initiation. 

Solution-Treated and Aged Microstructure 

a) The primary MC carbide particles were not stable at the aging temperatures following 

the ST step. The carbide particles reacted with the matrix at the interface to form 

secondary y' particles in the mat* and MuC6 carbide particles on the grain boundaries. 

The primary carbide was a Ta based carbide as opposed to MuCs carbide which was Cr 

based. The carbon atoms dfised away from the dissociating primw carbide and 

precipitated on the grain-boundaries as shown in Figure 20a. Very few secondary carbide 

particles were noted in the grain intenor. On the contrary, a highly overaged sarnple 



(Figure 20b) showed a different dissociation reaction altogether, where the primary 

carbide reacted with the ma& to produce finer MC carbide particles. The resulting MC 

carbides then foilowed the usual dissociation reaction and transfomed into grain interior 

Mac6 carbide particles. The precipitation of graiminterior carbide particles could be 

associated with the already saturated grain-boundaries with the similar carbide particles. 

b) I?ie undenged specimens sho-xd a discrete precipitation of MyCs carbide particles on 

the boundaries. This carbide distribution changed quickly to a continuously linked particle 

network on the boundary for the peak-aged specimen. 

c) An overaged specimen, 1120'~ STA, when subjected to a temperature of 1 0 6 0 ~ ~  ( 5  

minutes) and quenched showed grain-boundary cracks(Figures 48(a-c)). These cracks 

were caused due to the liquation of continuously linked M& carbide particles, at 

1 0 6 0 ~ ~ .  which is above the solvus for MuCs (1 0 2 5 ~ ~ ) .  The quenching stresses acted on 

the already liquated, brittle film dong the boundary and caused tears. Another overaged 

specimen when held at 1 0 6 0 ~ ~  for half an hour instead, and quenched, showed much 

reduced cracking. The grain-boundaries M& carbide particles dissolved/globulued at 

the above solvus temperature treatment. The resulting discontinuously liquated particles 

on the grain boundaries could not link up to form a grain boundaiy film. 

d) Aging for 24 hours at 8 4 5 ' ~  (1 1 2 0 ' ~  ST) provided for the growth of primary cuboidal 

and secondary sp heroidal y' particles resulting in a distinct bimodal distri but ion (each 

about 20% volume fraction). This heat-treatment has been accepted as the standard one 

and results in the peak aged condition. 

e) The overaged sample for the 1 1 7 5 ' ~  and 1 2 2 5 ' ~  ST showed unimodal distribution of 



degenerated y' particies indicating that the growth was competitive and that they 

eventually joined the primvy ones and grew together. 

f )  The extraction repüca images in Figures 33(a-d) show that the overaged cast IN-738 

contains a noticeable volume-&action of eutectic islands. These regions had a y' particle 

distribution quite different nom thaî observed in the matrix, which is the major 

mengthening phase in this material. These regions would, therefore, defonn differently 

than the matrix depending upon the local strength, and result in an uihomogeneous 

deformation. This aspect needs to be examined in greater detail and ways and means must 

be found to minirnize the presence of these eutectic islands in solution treated and aged 

condition. 

g) Footner et al. found that for long term aging of y' particles in cast IN-738, LSEM 

theory gave the best fit to the experimental data. Therefore, LSEM theory was used in this 

study to calculate the activation energy for short term coarsening of secondasr y' 

particles. The value for the activation energy is comparable with the activation energy for 

coarsening of y' particles in some other Ni base superalloys. 

h) The principal cause of heat affected zone microtissuring in this material is shrinkage / 

misfit strain resulting from the precipitation of secondary y' particles during cooling from 

the welding temperatures[43]. Thus a measure of coherency strain provides a measure to 

evaluate the susceptibility of the material to HAZ cracking during weld repairs. 



Chapter 5 

CONCLUSIONS 

1) The as-received cast IN-738 had a coane grain-sue (about 6 0 0 ~ )  and a cored 

denciritic microstructure with a s m d  volume-fiaction of casting micropores. The primary 

MC carbide (Ta based) occupied a volume-fiaction of about 0.7%. The grain-boundarïes 

were devoid of any secondary carbide particles. The unirnodal and approximately cuboidal 

prirnary y' particles occupied a volume-fraction of about 42%. 

2) The grain-size increased marginally from 700pm to 900pm for the solution-treated 

specimens at temperatures of 1 120 '~  and above and upto 12Z0c. The grain-boundaries 

were still devoid of any secondary carbide particles but showed some liquated primary 

carbide particles. The volume fraction of primary y' particles solution-treated at 

temperatures in the range of 1 1 2 0 ~ ~ - 1 2 2 5 ~ ~  decreased progressively fiom 20.1% to 

about 5%. The volume-fraction analysis indicated that the solvus of primary y' particles 

was higher than the 1 l 6 0 ~ ~ - l l 7 5 ~ ~  range suggested by Steven and Flewitt[27]. 

3) The bnne quenched samples fiom the solution-treatment temperatures showed 

extensive intergranular cracking. Quenching stresses dong with aging contraction stresses 

due to an inherent fast precipitation kinetics for the secondary y' particles were 

responsible for the observed cracking. 



4) The grain-size remaineci constant at the aging temperatures. The primary MC carbide 

particles lost their integrity at ST temperatures and dissociated profusely to produce fine 

secondary MOCS particles with aging. These secondary carbide particles initially occurred 

as discrete particles on the grain-boundaries and with continued aging changed to a 

continuous distribution on the grain-boundaries. Ody long term aging showed the 

presence of these particles in the grah interiors. Aging resulted in the growth of y' 

particles. Only the ST temperature of 1120'~ showed a distinct bimodal distribution. The 

overaged microstnxture for the 1 1 7 5 ' ~  and 1225'~ consisted of a unimodal distribution 

of degenerate y' particles. 

5) The activation energy for the coarsening of secondary y' particles using the LSEM 

theory was 241 KJ/mol K and is in a reasonable agreement with the value of 259KJ/molK 

calculated by Henderson etd. [45]. 

6) The solvus temperature of grain-boundary MuC~ carbide particles was found to be 

about 1 0 2 5 ~ ~  and they liquated/dissolved at higher temperatures. The tiquation of 

continuously linked fine carbide particles on the grain boundaries resulted in the formation 

of a brittie liquid film on the grain boundary. An overaged specimen when reheated to a 

temperature of 1 0 6 0 ~ ~  and quenched, again showed extensive intergranular cracking. 

This time the cracking was due to the tearing of the grain-boundary liquid-film formed due 

to the melting of continuously linked fine carbide particles on the boundaries (overagùig 

p henomenon), when the quenching stresses (negligible shrinkage stresses due to the 



absence of secondary y' precipitation) acted on the bride h. 

7) The sensitivity of cast IN-738 to HAZ microfissuring can be directly related to the 

amount of coherency strains in the material due to secondary y' precipitation. These strains 

were always Iower for the overaged material compared to the peak-aged and the 

underaged material. 
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