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Abstract 

A study was made of the microstructure of the Ni-base alloy Inconel 718 with emphasis on 

the precipitation and stability o f intermetallic phases as affected by heat treatments. In 

addition the effect of the precipitation on selected mechanical properties namely hardness, 

creep notch sensitivity and hot ductility were investigated. The materials studied were a 

spray-formed version and three wrought versions of the alloy. The spray-formed version of 

the alloy was of interest since it exhibited a superior compositional homogeneity to more 

conventional forms of the alloy. 

To characterise the precipitation kinetics and to determine the associated 

hardening, a series of isothermal ageing treatments were carried out on both spray-formed 

and ring rolled material at selected temperatures between 600°C and 1025°C for up to 

100h. The results were presented in the form of T T H diagrams for the two alloys. The heat 

treated specimens were then studied using optical microscopy, scanning electron 

microscopy and transmission electron microscopy. Where possible these were 

supplemented with quantitative metallographic measurements of volume fraction and 

precipitates size. The three main intermetallic precipitation phases in I N 718 are ( i) y' 

having a composition Ni3(Al ,Ti) , a cubic crystal structure and cubic or spherical particle 

shape (ii) y" having a composition Ni^Nb, a bet crystal structure and a lens-like disc shape 

(iii) 5 having composition N i , N b , an orthorhombic crystal structure and forming as grain 

boundary particles and f i lms as well as thin plates extending long distances into the grains. 

In thermomechanically processed material the 8-phase can also occur as shorter platelets 

and particles resulting f rom fragmentation of the original plates. In this work the rates of 

precipitation and the temperature ranges of their existence were determined qualitatively. 

Moreover the coarsening o f the y" precipitates was determined quantitatively. The kinetics 

of precipitation and dimensional coarsening of the 5-phase were also established 

quantitatively. Similarly, the dissolution kinetics of the 8-phase were measured in the 

spray-formed and three wrought versions of the alloy leading to a determination of the 

effect of Nb-content on the 8 solvus temperature. 

After a standard heat treatment, the spray-formed I N 718 was found to be 

creep notch sensitive according to an SAE-AMS standard rupture test. It was found that 

notch ductility could be restored to the alloy by inserting a 8-phase precipitation treatment 

at 875°C-900°C prior to the standard heat treatment. This could be attributed to the 

formation of a more favourable 8-phase morphology than that formed during the solution 

treatment at 954°C in the standard heat treatment cycle. 

A study was made of high temperature tensile properties o f a wrought 

version of I N 718 in particular in relation to the problem of hot cracking in repair welding. 

Measurements were made of the strength loss temperature on heating and the strength and 

ductility return temperatures on cooling. These properties provide an indication of the 

sensitivity of the alloy to hot cracking due to liquation. The tests were made on the alloy 

after various heat treatments designed to produce microstructures with two different grain 

sizes with and without 8-phase precipitation. Hot tensile tests were also performed on the 

in-situ solidified alloy in order to describe the weld metal ductility and properties. The 

grain size and the presence of large fractions of 8-phase precipitated at 900°C had only 

small effects on the strength loss temperature and brittle-ductile transition of the alloy. On 

the other hand, a small fraction of 8-phase precipitated in the grain boundaries at 960°C 

reduced the brittle-ductile transition temperature significantly. It is proposed that the 

reduction was associated wi th interaction between the grain boundary 8-phase and grain 

boundary boron segregation that was observed in all the heat treated materials. 
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Aspects of Precipitation in the Alloy Inconel 7IS 

1. Introduction 

1.1. High Temperature Alloys 

One of the first references to nickel-based heat and oxidation resistant alloys is that of 

Marsh, in 1906, reporting that an alloy with 80% nickel and 20% chromium (Nichrome) 
was found to be suitable for electrical heating elements. The small addition of titanium and 
aluminium into the nickel-chromium alloys resulted in the first precipitation-hardening 
nickel alloys as reported by a French f i rm Commentry, Fourchambault et Decazeville 
together with Pilling and Merica in the United States, in 1929 [1] . 

During the 1939-1945 war, a broad spectrum of high-temperature alloys 
from stainless steels to cermets were developed with the aim of improving the efficiency of 
gas turbines by increasing the melting temperature, the focus being on the development of 

aircraft engines and in particular to improve performance by raising the turbine inlet 
temperature. The challenge for metallurgists today continues to be the need to increase the 
service temperature and oxidation resistance of superalloys with improved or retained 
thermomechanical properties. Again, the driving force for development is improved 
efficiency and /or lifetime in engines and power turbines. 

The availability of materials and ability to process them into a desired shape 

has been accompanied by developments in the design o f turbines. As an indication of the 
remarkable progress that has been made over the years, it may be noted that, since 1930 the 
maximum material service temperature in aircraft turbines has increased f rom nearly 500°C 

to near 1100°C, and the time between overhauls has increased f rom 100 to more than 
10,000 hours while specific fuel consumption has been halved. 

Alloys developed for elevated temperature service in turbines and similar 
applications are based mainly on iron, cobalt and nickel with such alloying elements as 

Cr, Nb, M o , W , Ta, A l , T i , and C and are known as superalloys. These alloys exhibit 
outstanding resistance to oxidation and hot corrosion as well as strength at elevated 
temperatures. In addition to cold working superalloys can in general be strengthened by 
solid solution strengthening, precipitation hardening and oxide-dispersion strengthening. 
The roles o f alloying elements in influencing the properties of the superalloys can be 

classified as in Table 1 [2] . 
A wide selection of superalloys with a wide variety of property 

combinations is now available, depending on both chemical composition and 

microstructure. Thus selection of superalloys for different applications requires an 
evaluation of the technical properties such as creep resistance, fatigue strength, surface 
stability, formabili ty and weldability, as well as cost. Increasing usage of superalloys f rom 

10% of total weight of an aircraft motor in 1950 up to 50% today is evidence of the 
significance and availability of these alloys. 

Broadly, the maximum service temperature of superalloys lie between 950 

and 1200°C depending on, for example; the mechanical loading, the required life time and 
the compositional sophistication. Needless to say, not only the chemical compositions are 
significant but also the microstructural configuration, (local compositional variation, grain 

size, precipitation phase morphology etc). Consequently, microstructural stability is often a 
service l imit ing factor. Similarly once an alloy has been heated above its incipient melting 
point, the properties cannot normally be restored by heat treatment alone [3] . 
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Table 1 Role of elements in superalloys (from ref. [2]). 

Effect* Fe-base Co-base Ni-base 
Solid solution suengtheners  Cr, Mo Nb. Cr. Mo. Ni. W, Ta Co. Cr. Fe. Mo. W. Ta. Re 

FCC matrix stabilizers  C.W. Ni Ni 

Form carbides: MC and M(C.N) type. . Ti, C, N Ti. C, N W. Ta. Ti. Mo. Nb. C. N 

M7C1 type  Cr Cr 

MnC 6type  Cr Cr Cr. Mo. W 

M(,C type  Mo Mo. W Mo, W 

Promotes general precipitation 

of carbides  P 

Forms Y* Nit (Al .Ti) Al. Ni, Ti Al .Ti 

Retards formation of hexagonal r\ 

Al. Ni, Ti Al .Ti 

(Si .Til  Al, Zr 

Hardening precipitates and/or 

Al, Zr 

intermetallics  Al. Ti . Nb A I . Mo, Ti** W. Ta AI. Ti . Nb 

Oxidation resistance  Cr AI, Cr AI. Cr. Y. La. Ce 

Improve hot corrosion resistance... La. Y La, Y. Th La. Th 

Sulfidation resistance  Cr Cr Cr 

Improves creep properties  B B.Zr B 

Increases rupture strength  B B*** 

Causes grain boundaiy segregation 

B 

B. C, Zr 

Facilitates workin"  Ni.Ti 

* Not all these effects necessarily occur simultaneously in a 

Ni.Ti 

given alloy. The excellent oxidation or corrosion resistance 

are largely due to the presence of 15-25 wt% Cr which 

provides a protective surface oxide. 

** Hardening by precipitation of Ni,Ti also occurs 

if sufficient Ni is present. 

* * * I f present in large amounts, borides are formed. 

1.2. Nickel-base Superalloys 

Nickel-base superalloys are to many metallurgists the most interesting and they are the 

most widely used in the hotter parts of advanced aircraft engines. Today in some air-
breathing engines nickel alloys account for over 50% of the weight. It is remarkable that 

these alloys are utilised to 0.8 T M (melting point) and for times up to 100 000 h at 
somewhat lower temperatures. This outstanding tolerance depends mainly on the capacity 
of nickel for dissolution of alloying elements without phase instability and partly on the 

tendency of chromium additions to form Q^O.j protective scales having low vacancy 
content, thereby inhibiting the diffusion of metallic elements outward and oxygen and 
sulphur inward. Balancing the effects of alloying elements and service requirements has led 
to the wide variety of nickel alloys with respect to variations in composition. The most 

important alloying elements are A l , T i , Cr, Nb, Mo ,W, Ta, Hf , Re and C. (see Table 1). 
Table 2, lists a few examples of commercial nickel-base superalloys [4] . 

Nickel- base superalloys are commonly classified, on the one hand, into 

solution strengthened and precipitation strengthened and on the other cast and wrought. 
Solution strengthened alloys include dissolved solution strengthening alloying elements, 

but not those alloying additions that form intermetallic precipitates such as N i j A l , Ni3Ti or 
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Table 2 Examples of commercial Ni - base superalloys (from ref. [4]). 

Precipitation 
hardened 
4ltoys 

Composition (wt. %) Precipitation 
hardened 
4ltoys C Si Mn Cr Fe Ti Al Co Mo Other 

X-750 0.04 0.5 1 15 7 2.5 0.7 - - 1Mb 
Nomonic 80A 0.06 0.8 0.4 20 1.5 2.3 1.4 2 - -
Nimonic 90 0.1 1 1 20 1.5 2.5 1.5 18 - -
René 41 0.1 0.5 0.1 20 5 3.1 1.5 1 1 10 -
V500 0.1 0.3 0.2 18 2 2.9 2.9 18 2 -
René 95 0.15 0.2 3.5 13 0.4 2.5 3.5 8 3.5 3.5Nb 
Waspaloy 0.07 0.7 0.7 - - 3.0 1.4 13.5 4.3 -
Inconel 706 0.03 0.2 0.2 16 40 1.8 - - - 2.9Nb 
Inconel 718 0.04 0.2 0.2 19 19 0.9 0.5 - - 5.1Nb 
Inconel 903 - - - - 41 1.4 0.7 - - 3.0Nb 
Inconel 909 0.01 0.4 - - 42 1.5 - • - 4.7Nb 

Non-precipitation 
hardened 
Non-precipitation 
hardened 
Non-precipitation 
hardened 

c Si Mn Cr Fe Ti Al Co Mo W V 
Alloys 

Inconel 600 0.1 0.5 0.5 15 8.5 . 

Nimonic 75 0.12 1 1 19 5.0 0.4 _ 

Hastelloy C 0.01 0.1 1 16 7.0 _ 2.5 0.35 
Hastelloy W 0.12 1 1 5 5.5 _ _ 24.5 0.6 
Hastelloy N 0.08 1 1 8 17 Ti+Al 0.5 0.2 _ 0.5 
Hastelloy X 0.1 0.5 0.5 22 18 _ 1.5 9.0 0.6 
C 242 0.3 0.3 0.3 22 _ _ 10 10 _ 

lnco 617 0.1 1 1 22 3 - 1.5 12.5 9 -

Ni3Nb; They may well contain C and so form precipitates o f carbides but those do not 
contribute significantly to increased yield strength. Precipitation strengthened alloys 
additions o f A l , T i and/or Nb to develop significant volume fractions of intermetallic 
precipitation giving significant increases in yield strength and creep resistance (see next 

section). 

Wrought alloys are those alloys that, fo l lowing a conventional casting operation, are 
mechanically worked in some way. The mechanical working has a number o f purposes 
such as compositional homogenisation, microstructural modification, and deformation 

strengthening and/or forming. The term cast alloys generally implies that the alloy is cast 
direct to final form or near-final form without the need o f subsequent forming operations. 
In association with such alloys highly advanced casting processes have been developed 

such as precision casting, directional solidification and single crystal casting. Both cast and 
wrought alloys can be either solution strengthened or precipitation strengthened. However, 

cast alloys commonly have high alloy contents giving high fractions o f precipitation since 
such alloys are diff icul t to form and often exhibit poor weldability. 

Powder metallurgy (PM) has offered alternative methods o f processing 
superalloys. In particular so—called mechanical alloying using high energy mil l ing is used 

to produce superalloys strengthened by dispersed oxide particles, so-called oxide dispersion 

strengthened (ODS) alloys. Certain aspects o f superalloy processing are presented in more 
detail in later sections. 

5 
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1.3. Phases in Nickel Base Superalloys 

The principal microstructural variables in nickel alloys are the precipitation amount and its 
morphology, grain size and shape, and carbide distribution. Cast alloy usually have coarser 
grain size and more compositional segregation while wrought alloys generally have a more 

uniform and finer grain size and are more homogenous. 
Phases of importance in nickel-base superalloys include: 

• Gamma matrix (y) 

• The intermetallic precipitate, cubic N b ( A l , T i ) often termed y' or gamma prime. 

• The intermetallic disc shape precipitate Ni} Nb often termed y " or gamma double prime. 

• The intermetallic precipitate, orthorhombic N i j Nb usually termed S or delta. 

• Various carbides; most commonly cubic M C and M23C6. 
• Various topological close packed (TCP) phases. 

The gamma matrix is an austenitic, face-centred cubic (FCC) solid solution 

phase, retaining the FCC structure up to its melting point. It has a large capacity for solid 

solution hardening by elements such as iron, chromium, molybdenum, tungsten, vanadium, 

titanium and aluminium. These elements have 1 to 13% larger atomic diameters than nickel 

and the hardening effect is largely related to the atomic oversize. 

The intermetallic, N13 (Ti .Al ) or y' is the most important strengthening 

precipitate in Ni-base superalloys. It has an FCC crystal structure and forms (after 

appropriate heat treatment) in all Ni-base superalloys containing more than about 2 wt% 

combined A l + T i content. It exhibits classical precipitation kinetics; initial nucleation and 

growth can occur at grain boundaries but in general the majority precipitates 

homogeneously, as uniformly distributed fine particles throughout the y matrix. It is 

generally crystallographically coherent with the matrix. This favours easy nucleation and 

deters excessive particle coarsening. The details of the precipitation kinetics as well as the 

resulting strengthening are influenced by the relative matching of the lattice parameters of 

the y and y' phases which in turn can be adjusted via the alloy composition. Gamma prime 

has several favourable characteristics including the potential for high volume fractions (up 

to around 50 vo l% depending on alloy composition), high solvus temperature, good 

ductility and a high yield stress which is maintained up to around 900°C. The result is that 

y'-strengthened alloys can exhibit yield strengths of around 1000 MPa sustainable up to 

around 900°C. 

The intermetallic, Ni^Nb or y" forms, often together with y' in alloys 

containing around 5 wt% Nb. It has a body centre tetragonal crystal structure and is semi-

coherent with the y matrix. As such it exhibits more sluggish precipitation kinetics which is 

beneficial with respect to hardening of large components and to weldability. It is 

considered to be a metastable compound and is superseded increasingly by the stable delta 

phase at temperatures above about 850°C. This and its relatively rapid coarsening kinetics 

l imit its useful stability to about 700°C. 

The Ni iNb delta phase has an orthorhombic crystal structure and like y" 

forms in alloys containing about 5wt% Nb. It is fu l ly incoherent with the y matrix and 

forms generally as extensive but very thin plates across the matrix grains. As such it is less 

useful as a strengthening phase but is useful in inhibiting grain growth. I t can be converted 

to a less harmful particulate morphology through working processes. 

Common to all three phases is that their chemical composition is not 

restricted to the above nominal compositions. Both the nickel and second metal atom can 
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be substituted by minor quantities of other metallic elements existing in the alloy. Further 
details of these phases are found in later sections concerning the alloy I N 718 and in papers 

I-IV. 
Generally the carbides as matrix strengtheners are more efficient in iron and 

cobalt-base alloys, than in nickel alloys. This due to high solubility of alloying elements in 
nickel and the greater tendency of carbide precipitation at intragranular sites in iron and 
cobalt. Nevertheless carbides with favourable morphology at grain boundaries have been 
proved useful for grain size control and optimising of creep rupture l ife in a large number 

of superalloys. Some of the important types are M C , M 6 C , M23C6 and M7C3, where M 
stands for one or more species of metal atom [4, 5] . 

For certain alloy chemistries, undesirable hard phases, the so called 
topological close packed (TCP) phases, can appear during heat treatment or service 
exposure. Those commonly found in nickel alloys are o\ p, and Laves. These appear as thin 

plates, often nucleating on grain boundary carbides and generally have a detrimental effect 
on properties. For instance Laves phase are crack initiation sites and LCF life is impaired 
when Laves phases is present. 

1.4. Processing of Nickel Base Superalloys 

1.4.1. Melting and Remelting 

Melting and casting is the first stage of processing o f nickel-base alloys. Because of the 

need fo r close compositional control and the high reactivity of many of the alloy 
constituents, special melting techniques have been developed. The molten material is 
generally cast into ingots for processing to various mil l products or for remelting for further 
refinement and improved ingot structure. 

The two main methods of melting are vacuum induction melting ( V I M ) and 
vacuum arc remelting (VAR) . Vacuum melting removes oxygen and nitrogen from the melt 
and prevents their reaction with aluminium and titanium to form oxide and nitride 

inclusions. Also, vacuum refining removes unstable metallic impurities and results in an 
improvement in stress-rupture properties as well as hot workability. A major disadvantage 
of this melting process is that it cannot handle some of the charge materials used in the 
electric furnace. Other disadvantages are the potential reaction of the molten alloy with 

refractory lining and loss of high vapour pressure alloying elements and consequently the 

high cost of production [6]. 
Consumable vacuum arc remelting ( V A R ) is a casting process carried out in 

vacuum to produce an ingot having improved chemical and physical homogeneity. Vacuum 

induction melted ingots are progressively remelted and solidified by a cathode electrode in 
water-cooled copper mold under vacuum. A n arc forms between the bottom surface of the 
electrode and the ingot top surface wall . In this remelting process refining occurs by 
removal of impurities in gaseous form and the solidified ingot is completely homogeneous. 

A complimentary or alternative remelting process to V A R is electroslag 

remelting (ESR). In this process vacuum induction melted electrodes are progressively 
remelted and solidified under a layer of molten f lux in a water-cooled copper mould an 

electric current passing between the electrode and the solidifying ingot. The passage of 
molten metal through the f lux removes impurities as gas or by reaction with the f lux to 
form slag. The progressively solidified ingot is completely homogeneous and free f rom 
shrinkage defects and can be processed directly to mi l l products [7 ] . 

Other refining techniques applied to superalloys to obtain high levels purity 
include electron beam refining (EBM) and argon/oxygen decarbonization (AOD) [2] . 

7 
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1.4.2. Net Shape Casting 
The development of cast alloys with high levels of alloying additions has led to the parallel 
development of precision net shape casting techniques, necessary for the production of 

complex components such as turbine vanes and blades. The most common process is 
investment casting using, where appropriate, removable ceramic cores. The technique has 

been extended to produce columnar grain structures by directional solidification as a means 
of improving creep resistance. More recently the technique has been further modified to 
produce single crystal (SC) components. 

The improved properties o f SC materials arise f rom the complete absence of 
grain boundaries. Moreover, this allows the elimination of elements such as C, B, Zr, and 

H f which are normally necessary in polycrystalline castings to provide grain boundary 
strengthening. The resultant SC alloys have increased solidus temperatures, which leads to 
reduced chemical segregation , a more uniform distribution of y' particles and consequent 

increased strength or operating temperature capability [8]. Figure 1, shows the evolution of 
cast superalloys since 1960. 

1140 

1120 -j 
1100 -I 
1080 

1060 

1040 H 

1020 

1000 

960 

Single crystal Rhenium containing alloys 

Columnar crystal 

Polycrystal 

1N-100 

1955 1960 1965 1970 1975 1980 1985 1990 1995 

Figure 1 Historical improvement diagram of superalloys 
(from ref. [8]). 

1.4.3. Spray Forming 

A version of the alloy I N 718 produced by spray forming was one of the main materials o f 

this thesis. The spray deposition technique was first used for aluminium and iron-base 
alloys to produce cylindrical components with homogeneous and fine-grained 
microstructures. The process has been applied more recently to the superalloys, particularly 

I N 718 for manufacturing of thick walled structures for jet engine rings and cases [9 ] . I t 
provides a one step conversion of molten alloy and is potentially an alternative process to 
"triple melting" V I M , V A R and ESR for the melting and casting of superalloys. A 

controlled stream of the molten alloys is passed through an argon or nitrogen gas jet 
atomiser (see Figure 2). The resulting atomised melt is then sprayed directly onto a rotating 
collector and solidified until the desired shape and thickness is obtained. The spray-formed 

product usually has an as-sprayed density o f about -98% and is usually further treated by 
hot isostatic pressing (HIP) or HIP + ring rolling. 

The main features of spray casting are fine grained, homogeneous 
microstructures and the ability to produce near net shape components at high solidification 

rates [10]. 
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Figure 2 Illustration of the spray forming process (from ref. [10]). 

1.4.4. Forming and Fabrication 

Desired structures and properties in wrought superalloys are achieved by cold and hot 
forming operations. The primary hot working processes applied to ingots include forging, 

extruding and roll ing to produce wrought billet or bar. Secondary hot working techniques 
are used to fo rm components and include rolling, open- and closed-die forging, ring rolling 
and extruding. The temperature ranges possible for hot working depend on composition 
and usually are between the solvus temperature of precipitation and the incipient melting 

point. Udimet 700 and Nimonic 115 for example have extremely narrow hot workability 
ranges (1050-1100°C and 1100-1150°C) and are more suitable for extrusion hot working 
while alloy 718 with a wider working range is often hot formed by forging and rolling. 

Small amounts o f trace elements such as lead, bismuth, silver, selenium, thallium and 
tellurium have a deleterious effect on workability of superalloys while magnesium, calcium 
and rare earth metals improve workability [2, 11]. 

Powder metallurgy offers an alternative forming method for alloys that are 

diff icult to fo rm by the methods described above while at the same time offering 
advantages over casting. Benefits include finer grain size reduced segregation, fewer 

processing step, ability to produce near-net shapes, reduced energy requirements and 
shorter delivery time. The main application of P/M produced alloys for use in gas turbines 
is as discs [6 ] . 

1.4.5. Joining 
The main jo in ing operations applied to nickel base alloys are various welding processes 

and to a lesser extent brazing. A related process commonly applied to Ni-alloy components 
is repair welding. Commonly used processes are tungsten inert gas (TIG) and electron 
beam welding (EBW). 

It is generally considered that nickel alloys exhibit a good weldability, but 

the wide variation of composition and process history (cast, wrought) in these alloys, leads 
to a variation in the quality of welding results. For example it is found that weldability 
decreases wi th increasing A l and T i content but not with Nb content. This can be explained 

by the fact that A l and Ti are y ' formers giving a rapid hardening response while y" 
(Ni 3 Nb) has a slower aging response [12]. 

Two mains cracking problems occur in association wi th welding and weld 

repairing o f nickel-base, precipitation-strengthened superalloys, namely: 

• Strain-age cracking or post weld heat treatment cracking 

• Heat affected zone (HAZ) liquation cracking sometimes referred to as hot cracking 
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Following welding and weld repair most precipitation hardened alloys require 

a post weld heat treatment (PWHT) to raise the strength of the weld metal and heat affected 
zone [13]. Strain-age cracking often occurs during such PWHT. I t initiates normally in the 

H A Z and propagates intergranularly into the weld and base material. In I N 718 the post 

weld heat treatment usually increases the fraction of 8-phase, reducing ductility of the weld 
metal and the H A Z . 

Liquation cracking in nickel-base alloys occurs in a partially melted zone. 
The reason for grain boundary liquation is considered to be that rapid heating during 

welding leads to eutectic melting of second phases such as carbides and intermetallics 
possibly in combination with segregated trace elements such as boron. Understandably a 
coarse grain size increases sensitivity to liquation cracking [14, 15]. 

1.4.6. Heat treatment 

Heat treating of materials is used widely to change microstructure and thereby affect the 
properties. An important part of the heat treatment procedure is the associated cooling rate 
which can be adjusted by for example oil and water quenching as well as various forms of 

air or inert gas cooling and even furnace cooling. The most commonly applied heat 
treatments on nickel base alloys are: 

Homogenisation annealing 

Stress relief annealing and / or recrystallization 

Solution annealing 

Precipitation hardening 

High temperature homogenisation cycles are usually applied to ingot or cast 
alloys to eliminate or decrease segregation. This implies that undesirable segregation 

phases such as Laves phases are dissolved and potential precipitation constituents are 
evenly distributed. Homogenisation temperatures are normally above the solvus 

temperatures of segregated phases (1160-1170°C). Slow heating is common to avoid 
incipient melting at the grain boundaries [16]. 

Stress relief treatments are applied to reduce residual stress after joining and 

working process. This is necessary to avoid distortion and cracking and improve ductility 
in subsequent working and machining operations. In work hardened material the treatment 

often leads to recrystallization. Typical cycles for nickel base alloys depend on the type of 
alloy varying between 850 and 900°C/l-2 hr, for stress relief and 955-1080°C/ l -4 hr, for 
f u l l annealing, which implies f u l l recrystallization and softening o f the alloy. Full annealing 
must be followed by fast cooling. 

Solution annealing is employed to dissolve phases formed during previous 

processing. This heat treatment normally is used to prepare an alloy for precipitation 
hardening. Solution anneal temperatures are determined by the solvus temperatures of the 

precipitate phases, approximately 900°C -1050°C for most cases o f y ' , y" phases and 900 to 
1100°C for carbides. It is common to chose solution anneal temperatures slightly below the 
solvus temperatures in order to retain a small fraction of the precipitate phase to inhibit 
grain growth. Following solutioning the alloy is usually cooled rapidly to avoid 
inappropriate reprecipitation prior to the precipitation hardening ageing treatment. 

Precipitation hardening involves ageing treatments designed to give optimum 

mechanical properties through an appropriate fraction, distribution, morphology and 
particle spacing of the precipitate phase. Typical ageing treatments lie between 600 and 

850°C/2-24h for y'and y" precipitation and between 700 and 1000°C for various carbide 

phases. Multiple stage treatments are common to precipitate combinations o f carbide and y' 
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(or y") distributions or different particle populations of the same phase. The alloy is usually 
quenched between solution anneal and the ageing treatment and between precipitation 
hardening stages. 

2. Inconel 718 

2.1. Introduction 

Alloy I N 718 is a Ni-Fe based superalloy containing an addition of around 5 wt% Nb 
giving it the potential to fo rm both y' , y " and 8-phase precipitates. Its chemical 
composition specification limits are given in Table 3. It is to be noted that the allowable 
limits of Nb, A l and T i are quite wide which leads to variations in precipitation behaviour 

between different batches. It was introduced in the early 1960s as a suitable material for 
intermediate temperature applications due to its relative low cost, high strength and good 
weldability. Today alloy 718, in cast, wrought and powder forms is the most widely used 

superalloy, accounting for about 35%, of all superalloy production. It has been developed 
for use in both cast and forged components. Since its introduction around 1959 i t has been 
the subject of extended studies focused on the influence of processing and composition on 

microstructure and properties. 
One of the first contributions to the understanding of the metallurgical aspects 

of alloy 718 was made by Eiselstein. Further pioneering work on both wrought and cast 
forms, was carried out by Baker at General Electric [17]. Applications o f the alloy include 
discs, cases, shafts, blades, Stators, seals, supports, tubes and fasteners in turbines. 

Cast IN718 can exhibit a number of casting defects and in particular defects 
associated with segregation. Segregation leads above all to large local variations in Nb 
content. Interdendritic regions with up to 25% Nb can form (see Figure 3a). In these Nb 

rich areas unwanted phases such as the Laves phase form. The presence of such phases 
leads to reduced mechanical properties, lowered incipient melting temperature and a 

reduced capacity for y" precipitation strengthening. Corresponding regions with reduced 
Nb content have reduced precipitation potential and are more susceptible to grain growth 

leading to non-uniform grain size in the casting [18, 19]. In general the segregation and 
Laves phase should be removed by homogenisation treatments as far as is economically 

feasible. This is particularly important for wrought products which should be homogenised 
before billet production to avoid the carrying over of Laves phase. However, a cast I N 718 
was shown to have retained some inhomogeniety even after 120h at 1150°C and large 

ingots can contain a central zone with Nb segregation and islands of Laves [20]. A n 
advantage of the spray-forming process described earlier as well as powder processes 
generally is that such segregation is avoided. 

Examples o f microstructures of I N 718 taken at relatively low magnification 
(i.e. not showing the fine precipitation of y' and y " ) are shown in Figure 3. The ring-rolled 
material (3b) is an example o f a wrought microstructure exhibiting a deformed grain 

structure as well as residual undissolved particles of delta-phase, broken up by the 
deformation process. The spray-formed material (3c) has an equiaxed grain structure. 
Having been heat treated (hot isostatically pressed) above the delta solvus it contains little 

or no delta precipitation. The physical metallurgy and in particular the nature o f the 
precipitations in wrought I N 718 are described in greater detail in the next section. 
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Figure 3a SEM micrograph of Figure 3b SEM micrograph of Figure 3c SEM micrograph of 
cast alloy 718, in as receive ring rolled alloy 718, heat treated spraycast alloy 718 heat treated at 
condition. at 1000°C/lh. 1025°C/lh. 

2.2. Physical Metallurgy of Wrought IN 718 

The composition specification of the alloy is shown in Table 3. The high iron content is not 
only a cost benefit but enhances strengthening as well as imparting outstanding 

machinibility and weldability. Chromium and molybdenum are added for corrosion 
resistance and solid solution strengthening, respectively. The precipitation strengthening 

elements are aluminium, titanium and niobium forming y ' and y " but also the 5-phase (see 
below). Nb has the added function of stabilising the M C type carbide phase. The primary 
M C carbide particles nucleate exclusively on grain boundaries and are particularly rich in 

niobium and/or titanium (87-90%). A n example of primary M C carbide in I N 718 is shown 

in Figure 4. 

Figure 4 SEM micrograph of a primary precipitated MC carbide. 

The Laves phase is found in alloys exhibiting excessive Nb segregation as 

explained above. After very extended thermal exposure a-Cr can form. In the early 
structural studies o f I N 718, precipitation of the sigma and MgC phases were also reported. 
These phases are no longer found because of a controlled level of Si content and use of low 
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Table 3 Specification of alloy 718 (wt % ) . 

Element N i Fe Cr Nb Mo Ti A l Co c Mn Si Ti+Al Ti+Al/Nb 

Spec, 
(min.) 

50.00 rem. 17.00 4.75 2.80 0.65 0.2 - - - - 0.85 0.17 

Spec, 

(max) 
55.00 rem. 21.00 5.5 3.30 1.15 0.8 1.00 0.08 0.35 0.35 1.95 0.35 

Table 4 Common precipitate phases in IN 718. 

Phase Composition Crystal 

structure 
Habit wrt y 

matrix 

Particle 

morphology 
Theoretical 

maximum 

amount** 

(vol%) 

Temperature 

range (°C) 

Y' Ni 3 (Ti , A l ) * F C C ; L 1 2 (001) y-//(001) y  

[100] ,-//<100>, 

spherical/ 
c u b o i d ; « 1pm 8 

650 to 850 

f Ni^Nb* B CT; D 0 2 2 (001)y//(001)T 

[ ioo] r / /<ioo> T 

disc up to 1 um 
diameter 13 

620 to 900 

5 Ni 3 Nb* orthorhombic; 
DOa 

( 0 i o y / ( i i i ) r 

[100] r//<110> y 

extensive thin 
plates 13 

750 to (930 -
1020)*** 

*Y also contains some Nb; y and S also contain some Ti and Al . **Assuming all available species taken up 
in the compound. ***Depends on Nb content (see text). 

homogenisation temperatures. C ^ Q , and Md3 2 commonly found in most Ni-base 

superalloys have not been observed in conventional forms of the alloy [16, 21]. 

The crystailographic characterisation of the three main precipitate phases, y ' , 

y " , and 8 are summarized in Table 4. 

The main precipitation strengthening phase has been identified as y" with a 

body-centred tetragonal DO22 structure (Ni jNb) . This usually forms together with a lesser 

amount o f the coherent y ' (FCC, LI2 ordered), which is commonly observed in other 

superalloys strengthened by A l , and T i . Both precipitate homogeneously as fine particles 

uniformly distributed throughout the microstructure between about 600 and 850°C. The y' 

occurs generally as spherical particles while the y" forms as discs with an approximate 

axial ratio of 2-3 (see Figure 5). The latter is normally semi-coherent with the y matrix, 

exhibiting a characteristic crystailographic relationship with it (see Table 4). Around 750°C 

the two phases have been observed to co-precipitate as composite particles, for example y ' 

hemispheres with a y" discs attached to their base [22, see also papers I and I I ] or y ' 

cuboids wi th y" plates attached to two or more faces [23]. Reports on the morphology and 

coarsening kinetics of the particles are relatively consistent but there are conflicting reports 

regarding volume fractions and sequence of precipitation of the two phases (see paper I I I ) . 

This is largely due to experimental difficulties partly in measuring such small particles and 

partly in distinguishing between them. The two methods commonly available to measure 

the fractions are electron microscopy and selective chemical extraction. Scanning electron 

microscopy suffers generally f rom insufficient effective resolution, transmission electron 

microscopy introduces the problem of overlapping while chemical extraction generally 

extracts the y" and y' together. On the assumption that all the A l and T i in the alloy fo rm y ' 

and the entire Nb forms y" it is possible to estimate the fractions (for the composition 

specification limits) as approximately 8 % and 13 % for the two precipitates respectively. 

Since some of the A l , T i and Nb w i l l be retained in solid solution or other phases, these 

estimates represent upper limits. This approach is complicated by the fact that these phases 
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can contain significant amounts of other elements substituting into both lattice positions 

and so somewhat higher fractions are possible in principle. Similarly, A l and Ti can 
substitute into y" and Nb into y' which implies that the above estimate cannot provide an 
estimate of the relative fractions of the two phases. Not unexpectedly, the relative amounts 

of the two phases depend on the ratios of Nb to (T i+Al ) contents [23]. Moreover the 
tendency to form compound particle morphology increases with the Nb/ (Ti+Al) ratios. It is 
also possible that the precipitation sequence is altered by this ratio. Although the alloy 
specification allows a fairly wide variation of the ratio, in practice the majority of the 

commercial alloys have Nb contents between about 5.1-5.4, T i contents about 1% and A l 
content about 0.5%. In the majority of studies it is considered that the two phases 

precipitate together. 
y" is considered to be a metastable form of the compound NisNb. The stable 

fo rm, generally known as the delta phase, has an orthorhombic (DOg) structure. From an 
initially precipitate-free alloy it precipitates between about 700°C and the solvus 

temperature which lies around 1000°C. The solvus temperature depends on the alloy 
composition and in particular increases with the Nb content. There is some disagreement in 
reported values of the level o f the solvus temperature which may be related to experimental 

variations, variations in alloy homogeneity or diff icul ty in detectability of the delta using 
earlier metallographic techniques. Recent results indicate that the solvus lies between about 
980 and 1050°C for the specification range of Nb content. In alloys containing prior y ' and 

y" precipitation, these precipitates begin to dissolve significantly at approximately 850°C 
giving way to delta precipitation [ 24, 25]. 

Figure 5 SEM micrograph showing spherical y' and Figure 6 SEM (SEI) micrograph of 5-phase 
disc shaped y" in IN 718. Heat treated at 825°C/150h. precipitation in IN 718. 

The 5-phase precipitates initially at grain boundaries, some forming a f i l m along 

the boundary and some growing out into the grain as long but extremely thin plates (see 
Figure 6 papers I - I V ) . As precipitation proceeds the delta plates extend uniformly throughout 
the microstructure. Assuming the delta phase is formed solely f rom all the Nb in the alloy, the 

estimated upper l imi t of volume fraction is approximately 13 v o l % . Reported fractions are 
sometimes higher than this. This is partly due to the fact that metallographic techniques often 

lead to overestimation but higher fractions may also arise due to the incorporation of other 
alloying elements such as Fe, Cr, T i , A I and Mo into the lattice (see Table 5). 
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Table 5 Chemical composition of 5-phase measured in this (TS) and other investigations (in atom 9c). 

Ni Nb T i Al M o C r Fe Ref. 

TEM (EDS) 67.5 21.4 3.25 1.6 nd* 4.3 1.9 TS** 

TEM (EDS) 66.83 23.17 4.4 nd* 0.42 2.49 2.7 TS 

SEM (EDS) 49.4 17.3 7.0 nd* 1.4 16.0 14.7 TS 

TEM (EDS) 69.5 13.5 4.0 2.0 2.0 3.5 5.5 34 

SEM (EDS) 56.4 12.4 2.75 0.6 2.0 12.3 13.5 35 
Extraction plus 

atomic 
absorption 

72.5 18.1 4.0 1.2 1.4 1.5 1.9 27 

*nd: sought but not detectable **TS: this study 

The precipitation kinetics of LN 718 has been reported in the form of a 
number of Temperature-Time-Precipitation (TTP) diagrams. These differ significantly in 

the different reports, presumably because of a variety of factors already mentioned above. 
However, together they provide a relatively consistent picture. A representative example is 
given in Figure 7. These diagrams and other reported work lead to a summary o f 

approximate precipitate and solutioning ranges that provide the basis for heat treatments: 

• 1010-1050°C/lh fol lowed by water quench dissolves all intermetallic precipitates (5, y ' ,y") 

• 900-980°C/l - 4h effectively precipitates delta phase 

• 620-850°C precipitates y' 

• 620-870°C precipitates y" 

A common heat treatment for alloy 718 in commercial practice [17, 19, 26, 

27, 28] (AMS 5596C) consists of 1-2 hours solution treatment (927-980°C) followed by a 

duplex age at intermediate temperatures (720 and 620°C). The solution treatment dissolves 

all y' and y" while at the same time precipitating a limited amount of 5-phase to control 

grain growth by pinning grain boundaries. The wide solution temperature range is due to 

variation in Nb content (4.75-5.5wt % ) in this alloy. Ageing at 720/8hr and 620/18hr and 

subsequent air cooling leads to y'/ y" precipitation giving optimum strengthening o f the 

material reflected in an increase o f room temperature hardness f rom approximately 190 to 

420 H V (20kp) and a yield strength o f approximately 1180 MPa. 

Selected isothermal hardening curves obtained in this work (papers I and I I I ) 

are given in Figure 8. TT-Hardness diagrams are presented in paper I . 

2.2.1. Thermal History and Phase Stability 

Phase stability is relatively poor in I N 718 at temperatures above about 650°C due to loss of 

the y' phase through transformation to the more stable 5-phase which has limited 

strengthening effect. A t about 800°C the transformation occurs within 100h (see paper TV). A 

second l imit ing factor is particle coarsening of the y" phase which becomes significant above 

around 700°C (see paper IV)being more rapid than the coarsening of y ' , presumably due to a 

higher interfacial energy. 
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Several studies have been carried out to determine the kinetics o f precipitation in 

this alloy within the temperature range of 590-710°C up to 50000 hours, followed by 

mechanical tests [28, 29, and 30]. Particle coarsening of the y" phase fol lows the t <x d 3 law in 

all cases up to 10000 hours exposure. These microstuctural changes occurring in the samples 

up to 650°C has no significant effect on mechanical properties. In samples exposed for 10000 

hours at 650°C, ductility was almost unaffected while tensile and creep strength were 

deteriorated [5] . During extrudes exposure in the range 650-800°C the y" decomposed to form 

Y while between 800 and l000°C it was replaced by the delta phase. Laves phase, a- Cr and 

small amount of a-phase have been observed in material exposed for 50000 h at 650°C [16]. 

A series of papers have shown that a so-called compact morphology of the y' and 

y" precipitation improves thermal stability and mechanical properties beyond 650°C [5, 23, 

31 ,32] . 
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The compact morphology (CM) can be obtained by increasing the ratio of 

(Al+Ti)/Nb and A l / T i while at the same time increasing total (Al+Ti+Nb) content above 

that of the conventional I N 718. In the modified alloys cube-shaped y' particles precipitate 

first. They then become coated on their six faces with a shell of y" after ageing at 650-

820°C for times above 4h. The C M has greater structural stability with respect to thermal 

exposure than the mixture of disk-shaped y" and round y' in conventional I N 718 (see 

Figure 9). Enhancement of the thermal structural stability has been attributed to reduced 

elastic energy of the y" rectangular arrangement. A number of factors might be expected to 

promote the formation of the compact morphology. Among them, the initial shape of the 

isolated y' precipitates is important. Also, the C M can only be obtained i f the y' precipitates 

have first reached a minimum critical size ( -200A). 

2.3. The Delta Phase in I N 718 

2.3.1. Characteristics of the Delta Phase 
In the present work much attention has been paid to the characteristics of the delta phase in 

IN 718. To understand the role of the 5-phase in the microstructural evolution and 
mechanical behaviour requires a close study of its crystallography and chemical 
composition as well as its growth kinetics and stability in terms of its volume fraction, 

morphology and location in the microstructure. Up to about 900°C the precipitation of 5 is 

always preceded by the precipitation o f y" and consequently below this temperature the 

formation of 8 occurs at least partly through transformation of y". A t temperatures above 
900°C, the 8 phase alone precipitates and up to 960°C the rate of precipitation is fast. Delta 
phase precipitates normally with plate morphology although in wrought and forged I N 718 

so-called globular 5 particles are also frequently observed (see Figures 10 and 11). The 
globular morphology observed in wrought material is associated with the plastic 
deformation involved which causes fragmentation of the S-plates. 
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Figure 10 Deep etched samples showing the plate 
morphology of 5-phase. 

Figure 11 The globular morphology of 5-phase. 

The normal form of 5-phase generally nucleates at grain boundaries but at 
relatively high temperatures (850-900°C) also forms in an intragranular fashion. The 
intragranular formation has been observed to involve nucleation within y" particles [33, 
papers T I V ] . The 5-phase has the orthorhombic D O a structure. A unit cell and atomic 
arrangement of the phase are shown in Figure 12. The crystailographic relationships 

between the y matrix and the plate morphology form of 5 have been established by 

Sundararaman, et.al [33] as: 

{111} y fl (010) 5; <110>r I [lOOb 

the plate faces corresponding to the (001) plane. 

The chemical composition of the 5-phase has been determined in several 
investigations. Representative examples are given in Table 5. In this table the 

measurements carried out in T E M are probably more reliable than those in SEM due the 
extreme thinness o f the plates in combination wi th the limited resolution in SEM. It can be 
seen that the phase contains significant amounts o f atom species other than Nb, and N i . No 
systematic study has been made of the effect of temperature on the composition. 
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Figure 12 Showing (a) the unit cell of delta phase with 8 atoms, 
(b) Atomic arrangement on the (010) plane (from ref. [33]). 
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2.3.2 Influence of Delta Phase on Properties 

The 5 phase has relatively small direct effects on yield strength, ultimate tensile strength or 
strain to failure. However, its presence reduces indirectly the strength of the fu l ly 

hardenable alloy since it depletes the amount o f Nb available for y" hardening. This is often 
seen as a precipitate-free zone around the delta plates. 

A second indirect effect of the delta phase is that its presence, in controlled 
amounts, during hot forging and solution treatments provides a control of grain growth and 
grain shape by boundary pinning. In this way grain morphology can be adjusted to benefit, 
for example, low cycle fatigue resistance [6 ] . It is also suspected that it can contribute to 

reducing weldability in multiple welding and after repeated post-weld heat treatments in 
repair welding [34, 35 and paper V I ] . 

I N 718 is also susceptible to notch embrittlement under creep conditions. The 
most critical conditions are temperatures o f 600-700°C at stresses of 600-700 MPa. The 
fracture occurs by intergranular crack growth. This has been attributed to the presence of a 

thin f i l m of 5-phase in the grain boundaries. One suggestion is that the Nb-denuded zone is 
weakened by its reduced hardenability [36]. Other suspected factors are environmentally 
cracking with the possible involvement o f grain boundary carbides [37, 38] and 
susceptibility of the alloy to heterogeneous slip. Although the role of these factors is 
unclear it has been established that a notch brittle alloy can be rendered ductile by 

precipitation of an appropriate amount of 5-phase with an appropriate morphology. This 
can be achieved by so-called delta dumping, a delta precipitation treatment prior to the 
standard solution and age hardening treatment [39]. This has been examined in the case o f 
a spray formed version of the alloy in the present work (paper V ) . 

3. The Present Work 

3.1. Overview and Objectives 

A central objective of the present work was to characterise and understand the 
microstructure of a spray-formed version of Inconel 718 in comparison with conventional 
wrought versions of the alloy. Particular attention was paid to the influence of heat 

treatment on the precipitation and stability o f the main precipitate phases y1, y" and 8. To 

this end, an isothermal heat treatment program was applied covering temperatures between 
620 and 1025°C for times up to 100h fol lowed by metallographic and microanalytical 
investigation as well as hardness measurement. The spray-formed alloy was of interest 

because of its superior compositional homogeneity and a spray formed version of the alloy 
had not been studied earlier with respect to its precipitation response. As far as was 
experimentally possible, the volume fractions, particle sizes and morphologies of the 

phases were measured quantitatively. The experience and results o f the heat treatment 
study were then applied for further research on the role of precipitates in creep notch 
sensitivity and hot ductility. 

3.2. Experimental Methods 

3.2.1 Materials 

One spray-formed version (denoted SF) and three wrought versions (W1-W3) were 
investigated. Their chemical compositions are given in Table 6 while details of the as-

supplied condition of the alloys are given in Table 7. The studies of the precipitation and 
hardness response to isothermal treatment were made on the SF and W3 versions o f the 
alloy. A l l four versions were used to study the effect of Nb content on the precipitation and 
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dissolution kinetics o f the 5 phase. The SF material was studied with respect to its creep 
notch sensitivity while the W l alloy was the subject of the investigation of hot ductility. 

Table 6 Composition of materials studied (wt %) given in order of increasing Nb content. 

Ni Fe C r Nb Mo T i Al Co C Mn Si 

S F 53.25 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.03 0.05 0.08 

W l 53.85 18.33 17.71 5.12 2.88 0.97 0.50 0.11 0.02 0.05 0.06 

W2 52.70 18.26 18.17 5.30 3.01 1.00 0.55 0.33 0.0.36 0.06 0.11 

W3 53.75 18.1 17.8 5.41 2.87 1.00 0.45 0.15 0.027 0.05 0.07 

All trace elements lay well within specification 

Table 7 The as-supplied condition of the investigated materials. 

Version 
Nb 

content 
(wt%) 

F o r m Heat treatment history 
G r a i n size* 

(um) 

SF** 5.06 spray-formed conical ring HIP 1024°C/172MPa/4h/FC = 50 

W l 5.12 ring rolled cylindrical bars M i l l annealed 996°C/ lh /OQ = 20 

W2 5.30 ring rolled ring 
HT: 996°C/lh+718°C/8h/FC to 
621°C/8h/AC 

= 30 

W.3 5.41 ring rolled ring M i l l annealed 982°C/ lh /OQ = 50 

*mean intercept length ** Sprayform Technologies International 

For the heat treatment study, small samples of the alloys with dimensions o f 

about 10X1 OX 15mm, were cut with a water cooled circular saw prior to the treatment (see 
below). Details of the test specimens for the mechanical property investigations are given 

in the appended papers V and V I . 
The experimental work of the research was performed mainly by traditional 

methods of heat treatment and subsequent metallography and microanalysis. Where 
possible quantitative measurements were made of particle dimensions and volume fraction 

as described below. 

3.2.2. Furnace and Heat Treatments 
For the isothermal heat treatment program, all the samples were first solution treated in air 
at 1025°C/ lh /WQ prior to the isothermal treatment. This solution treatment was selected 
after a preliminary heat treatment study to determine a treatment that provided effective 

solution of the intermetallic precipitate phases without causing excessive grain growth. The 
samples were then heat treated in air by placing them in a furnace pre-heated to the 
intended heat treatment temperature. Samples o f the different versions were heat treated 

together. Following the treatment they were water quenched. 
The furnace used for the heat treatments was a vertical box furnace equipped 

with programmable temperature controller and a Pt/Rh control thermocouple. For more 
accurate temperature measurement, a K type chromel/alumel thermocouple was welded 
onto one sample in each heat treatment. The furnace tolerance and accuracy of temperature 

control were within A S T M specified limits. The treatment time was measured f rom the 
moment that the sample temperature had reached the set temperature. The heating time 

varied f rom about 3 to 8 minutes for treatment temperatures of 620 to 1025°C respectively. 
Subsequent hardness measurements and metallographic observation showed that significant 

precipitation had occurred during the heating stage for treatments of 750°C and above. This 

is discussed further in the relevant papers. 
The isothermal heat treatment program is summarised in Table 8 together 

with the resulting hardness values. Details of the heat treatments o f the mechanical test 

samples are given in papers V and V I . 
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Following heat treatment the samples were cut in half. The cut sections were 
prepared for metallographic investigation and hardness measurement as described below. 

The mechanical test samples had in general been tested to fracture. One half of the 
fractured test bar was sectioned perpendicular to the fracture surface for metallographic 
examination. The other half was examined fractographically. 

Table 8 Schedule of the time and temperature for heat of spray-formed and ring-rolled IN718 samples 
together with resulting hardnesses (ring-rolled values in parentheses).  

HT time: 
Temp. 

("C) 

0 min 1min 5 min 10min 100min 8h 16.6h 24h 50h 100h 

620 
181 

(188) 
n.d. n.d. n.d. 

179 

(190) 

232 

(241) 

232 

(240) 

230 T* 

(245) 

286 

(290) 

290 

(294) 

650 
205 

(194) 

208 

(196) 

206 

(225) 

210 

(214) 

262 

(230) 

263 

(294) 

331 

(250) 

328 

(361) 

400 

(412) 

412 

(440) 

700 
228 

(199) 

226 

(228) 

282 

(214) 

300 

(247) 

353 

(332) 

412 

(420) 

452 

(441) 

450 T 

(446) 

420 

(426) 

426 

(420) 

750 
216 

(232) 

226 

(220) 

292 

(304) 

302 

(325) 

404 

(412) 

404 

(419) 

446 

(415) 

441 T 

(445) 

412 

(431) 

426 

(441) 

800 
308 T 

(321) 

314 

(350) 

320 

(371) 

357 

(373) 

317 

(38.3) 

39) 

(406) 

363 

(366) 

.362 

(378) 

350 

(339) 

353 

(n.d.) 

850 
301 

(265) 

271 

(297) 

322 

(301) 

303 

(308) 

286 

(309) 

306 

(322) 

281 

(309) 

288 

(308) 

276 

(271) 

273 

(275) 

900 
228 

(231) 

263 

(232) 

206 

(208) 

215 

(223) 

239 

(226) 

239 

(232) 

237 

(239) 

238 

(246) 

244 

(251) 

250 

(258) 

950 
181 

(192) 

201 

(192) 

183 

(190) 

186 

(193) 

191 

(190) 

192 

(217) 

201 

(236) 

210 

(228) 

206 

(277) 

198 

(230) 

1000 
187 

(193) 

181 

(199) 

182 

(189) 

178 

(202) 

196 

(219) 

191 

(222) 

179 

(212) 

180 

(204) 

201 

(210) 

n.d. 

1025 
184 

(238) 

183 

(234) 

183 

(235) 

193 

(238) 

190 

(194) 

185 

(187) 

182 

(186) 

183 

(189) 

183 

(183) 

n.d. 

*T indicates that a detailed TEM examination has been carried out; n.d. indicates that this heat treatment was 
not carried out. 

3.2.3. Sample Preparation for Metallography and Microanalysis 

The results of metallographic characterization are sensitive to the sample preparation and 

the quality o f polished and/ or etched surface. The main precipitate phases o f I N 718 

namely MC, y',y" and 5 coexist over a wide temperature range (about 750-900°C) and to 
distinguish these particles, requires an effective sample preparation. 

A l l samples were prepared as polished sections for optical microscopy and 
scanning electron microscopy (SEM) while selected samples were prepared as thin foils for 
transmission electron microscopy (TEM) (see Table 8). Polished samples of selected 
samples were also examined by secondary ion mass spectroscopy (SIMS) (see papers V 
and V I ) . 

Sample preparation fo r microscopy was carried out using two different 

methods. Sections of the creep notch sensitivity and hot ductility test specimens as well as 
the samples isothermally aged above 900°C (for quantitative measurements on micrographs 

containing predominantly 5-phase plates) and solution treated samples (for the study o f 
grain boundaries and grain size) were prepared by conventional grinding and polishing 

followed by electrochemical etching. The etchant consisted of 10g oxalic acid in 90ml 

21 



Aspects of Precipitation in the Alloy Inconel 7 IS 

distillated water applied at 3-5V for 10 -15 seconds. The sample was subsequently cleaned 

with methanol. 
Samples isothermally aged at temperature between 600-900°C were prepared 

for study in both SEM and T E M using the same electropolishing/thinning method. The 
SEM samples were prepared in this way to enable them to be electropolished in the same 
electrothinning unit as the T E M samples. One mm thick slices were cut f rom the centre of 

the sample using a water cooled cutting wheel. These slices were then polished manually 
down to 300 pm The resulting slice was then punched to give a 3mm diameter disc that 
was then ground mechanically on SiC in a specimen holder down to 80-100u. The samples 
were then electropolished in a Streuers Tenupol-3 twin-jet unit in a solution of 20% H2SO4 
and then 10% HCIO4 in methanol at 30V, 2-4A, 0°C, for 20-25 seconds. 

For electroetching, a solution of 170ml H3PO 4.10ml H 2S04.15g CrÜ3 was 
applied at 5V, 1.5A, 0°C for 10-15 seconds. This electropolishing technique gave a superior 

and more consistently reproducible result than a mechanical polish and chemical etch 

method. 
For the fractographic, metallographic and microanal ytical studies two 

different SEM units were used, namely a Camscan series 4 (Link-eXl system) and a Philips 
X L 30 (Link-ISIS E D X system) having nominal point resolutions of 5nm and 10-15 nm 
respectively. For the metallographic observations, polished and etched samples were 

examined using mainly secondary electron (SE) imaging at 20 to 30 kV. Electron probe 
microanalysis was used mainly to assess chemical homogeneity in terms of spatial 
variations of Nb content. In these cases the Nb content was measured along a regular line 
of points over grains and their associated grain boundary. The measurement was made with 

the Nb, L„ radiation excited with 1.9-2.6 keV. The individual values were calibrated against 
the known average Nb content o f the alloy. 

The transmission electron microscope used was a Jeol 2000 EX, 200KeV 

(Link-1000 XEDS system) with a point resolution of about 5Å. Techniques used were 
bright field and dark f ie ld imaging, to reveal the appearance and distribution of the phases 

collectively and selectively, and selective area electron diffraction to determine the 
crystailographic characteristics of the phases. Energy dispersive spectroscopy on selected 

T E M samples was also used to determine the composition of the 5 phase. 
The SIMS investigation was carried in a Cameca 1 M S 3F instrument on 

selected samples f rom the studies o f creep notch sensitivity and hot ductility. The emphasis 
was on determining qualitatively the distribution in the microstructure of alloying 

constituents and impurity species and in particular with respect to their possible segregation 
at grain boundaries. The primary exciting ions were O2 Imaging with both positive and 

negative emitted ion species was used. 

3.2.4. Quantitative Metallography 

After isothermal annealing at 700°C and above, the 7" precipitate particles became 

sufficiently large to be observable in SEM. Therefore their size in terms o f the maximum 

and minimum dimension of their sections was measured as a function of heat treatment 

conditions. The measurement was made on SEM micrographs using a semi-automatic 

image analysis program that permitted statistical analysis of the data. 

The evolution of 8-phase precipitation was measured quantitatively in terms of 

its volume fraction. Measurement of this parameter using conventional point counting is 

problematical partly because in early stages of the precipitation the 8 plates are non-

uniformly distributed in the microstructure and partly because the plates are extremely thin. 

This implies that measurements must be made at high magnification and demand 

measurement on a very large number of fields. For this reason an alternative method of 
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determination was developed involving the measurement total length of plate sections at 

relatively low magnification in combination with a measurement of the of plate thickness 
distribution at high magnification. The method therefore yielded not only volume fractions 
but also information on the evolution of plate thickness. Details are given in paper IV. 

3.2.5 Mechanical properties 

The Vickers hardness was measured on polished sections of all the samples in the 
isothermal heat treatment program, the sections being on one half of the treated sample 
mounted in plastic. A t least three hardness indentations were made on each sample at a 
load of 20kp. 

The notch sensitivity of the spray-formed alloy after selected heat treatments 
was determined according to the A S T M standard E 292-01 [40]. This involved a 

cylindrical tensile test specimen with both a smooth gauge length and a notched gauge 
length in which the circumfrential notch had the same diameter (4.45 mm) as the smooth 
test length. The tests were carried out in air at 649°C and under constant load 
corresponding to an initial stress of 689 MPa. This combination of temperature and stress 

was selected in accordance with the SAE aerospace material specification A M S 5662K 
[41]. An acceptable criterion for notch insensitivity, according to this specification, is that 
the sample should fracture in not less than 23h in the smooth section of the sample and 
with at least 4% fracture strain. Further details are given in paper V . 

The high temperature fracture stress and fracture strain in tension of a 
wrought version of I N 718 were measured, after selected heat treatments, on cylindrical 
samples in a specially designed testing machine fitted with a mirror furnace that gave very 
high heating rates. The sample temperature was monitored continuously via a 
thermocouple inserted into an axially bored hole in the sample. Further details are given in 

paper V I . 

3.3. Summary of Main Results 

The results of this work are summarised very briefly below through presentation of the 

main results and conclusions of the six appended papers. 

3.3.1. Paper I - (Precipitation in Spray-formed IN 718) 

The time-temperature hardness diagrams of the spray-formed and a ring-rolled alloy I N 

718 were established by an isothermal heat treatment program in a temperature range 

between 600-1025°C and times up to 100h. The main precipitate phases, y ' , y" and 8 were 

identified in both versions of the alloy. Their main characteristics in terms of particle shape 

and size as well as temperatures o f formation were determined qualitatively. The y' 

precipitates had a spherical shape and formed in a temperature range of about 650-85O°C. 

The y" precipitates had an elongated, lens-like shape and precipitated in the range about 

620-900°C while the 8 phase formed mainly as thin plates in the range about 750-1000°C. 

Around 750°C composite particles consisting of hemispheres of Y with y" discs attached to 

the flat base of the hemisphere were observed (also reported in paper I I ) . The differences 

between the two versions of the alloy wi th respect to precipitation were small and could be 

at least partly explained by a difference o f Nb content. 1025°C/lh was established as a 

suitable solution temperature leading to dissolution of most o f the precipitate phases 

without excessive grain growth. 
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3.3.2. Paper I I - (Precipitation and Age Hardening in the Nickel Base Superalloy IN 718) 

Transmission electron microscopy was carried out on selected heat treated samples of the 

spray-formed alloy. Selected area electron diffraction was used to confirm the crystal 

structures of the y" and y" phases and their habit relationships with the y matrix. It was also 

confirmed that a significant hardening that occurs already during heating to 800°C was due 

to a significant precipitation o f fine y" particles coherent with the matrix. The intragranular 

formation of extremely thin 8 plates passing through (and therefore probably nucleating in) 

y" particles was observed in a sample aged at 800°C/16h. 

3.3.3. Paper I I I - (Ageing Response of Spray Formed Inconel 718 between 620° and 

1000°C) 

A more detailed and to some extent quantitative metallographic study was made o f the 
precipitation in the isothermally aged samples of spray-formed and ring rolled materials of 

the heat treatment program. Small differences in the precipitation of the 8 phase were 

observed which were associated with the presence of a small fraction of 8 particles 
remaining after solution treatment of the wrought alloy but absent in the spray formed 

material. The particle coarsening o f the y" phase was monitored quantitatively between 700 
and 900°C in terms of the major axis diameter of precipitates assumed to be oblate 
ellipsoids. The coarsening followed cube root of time kinetics up to approximately 25h but 
with increasing time beyond this the growth accelerated. This was attributed to a process of 
direct coalescence (rafting) of particles coming into contact with each other. The observed 
ranges of temperatures of existence o f the three phases and their times to precipitation were 
in good agreement with a recently published TTP diagram [27]. 

3.3.4. Paper I V - (Delta Phase Precipitation in Inconel 718) 

The study of the precipitation and dissolution of the 8-phase was made by means of the 

measurement of the volume fraction of the 8 phase. The precipitation of the 8 phase was 
measured in terms of the volume fraction in the temperature range of 850-1000°C and up to 
100h in the spray-formed material and one ring rolled version o f the alloy with Nb contents 
of 5.06 and 5.41wt% respectively. For this purpose, an alternative method to point counting 
to measure volume fraction was developed The solvus temperatures were estimated by 
extrapolation as 1005 and 1015°C for the SF and RR materials respectively. The maximum 
precipitation rate occurred at around 900°C for both alloys. The dissolution kinetics of the 
8-phase and the grain growth were studied in the spray-formed version and three wrought 
versions of the alloy at temperatures between 950 and 1100°C. This study confirmed the 
solvus temperature range given above. A n increase in grain growth rate was observed in 
association with the disappearance of the 8-phase but the grain size tended to restabilise 
probably due to the presence of M C carbide precipitates. 

3.3.5. Paper V - (Effect of S phase Precipitation on the Creep Notch Sensitivity of Spray-
formed IN 718) 
The notch creep sensitivity of sprayformed I N 718 was studied by the stress rupture testing 
of bars with circumferential notches. Samples solution treated above the delta solvus prior 
to the standard heat treatment for this alloy fractured at the notch and exhibited a very short 
notch rupture l i fe time (~4hr). Heat treatment trials showed that this sensitivity could be 
removed by a suitable pre-heat treatment. Samples given a prior treatment of 875°C/6h or 
900°C/4h exhibited notch rupture lives o f 100-150h and fractured away from the notch. 
Metallographic examination indicated that the notch insensitivity could be attributed to 

precipitation of plate-like 8 phase at and in the neighbourhood of grain boundaries. 
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3.3.6. Paper V I - (The High Temperature Behaviour of IN 718 in Relation to Liquation 
Cracking) 
The hot tensile properties of wrought I N 718 were measured fol lowing a series of heat 

treatments designed to reveal the effects of the presence of 5-phase and grain size in 
relation to liquation cracking. A heat treatment program was carried out to produce samples 

with high and low contents of 5 phase and free o f 8 phase. These tests were performed 
partly to provide information relevant to the occurrence of hot cracking observed in the 
heat affected zone of repair welded components. The sensitivity to hot cracking was 
assessed in terms of the strength loss temperature on heating and the ductility return 
temperature on cooling f rom a set peak temperature. Hot tensile tests were also performed 
on "in situ" solidified material in order to describe the weld metal ductility and properties. 

Only small difference in hot ductility were observed between materials 
containing no 5-phase and those containing large fraction of 5-phase precipitated at 900°C. 
The hot ductility was reduced significantly in a material treated at 960°C giving a small 
fraction o f 5-phase in the grain boundaries. It is suggested that this could be due to an 
interaction between the 5-phase and boron that was found to be segregated in the grain 
boundaries. 

3.4. Conclusions and Future Work 

A study has been made o f the microstructure of the Ni-base alloy Inconel 718 with 
emphasis on the precipitation and stability o f the three intermetallic phases, y", y" and 8, as 
affected by heat treatments. In addition the effect of the precipitation on selected 
mechanical properties namely hardness, creep notch sensitivity and hot ductlity were 
investigated. The materials studied were a spray-formed version and three wrought 
versions of the alloy. The spray-formed version o f the alloy was o f interest since it 
exhibited a superior compositional homogeneity to more conventional forms of the alloy. 

To characterise the precipitation kinetics and to determine the associated 
hardening, a series of isothermal ageing treatments were carried out on both spray-formed 
and ring rolled material at selected temperatures between 600°C and 1025°C for up to 
100h. The results were obtained both in the form of T T H diagrams for the two alloys and 
as a characterisation of the kinetics of precipitation of the three phases. The rates of 
precipitation and the temperature ranges of their existence o f the phases were determined 
qualitatively. Moreover the coarsening o f the y" precipitates and the kinetics of 

precipitation and dimensional coarsening of the 8-phase were also established 
quantitatively. Similarly, the dissolution kinetics of the 8-phase were measured in the 
spray-formed and three wrought versions o f the alloy leading to a determination of the 
effect o f Nb-content on the 8 solvus temperature. The information obtained is sufficient to 
develop a predictive simulation model of the phase development and hardening in the alloy 
on the basis of empirical and semi-empirical expressions for precipitation, dissolution, 
coarsening and the hardening effect of particles. An obvious direction of future work is 
therefore the development of such a model. To refine such a model, complementary 
experimental studies should be directed towards determining how prior precipitation of one 
or two of the phases influences the kinetics of precipitation of the third. For example, it 
would be o f interest to conduct isothermal ageing experiments after direct ageing f rom a 
solution treatment, i.e. without an intermediate quench and re-heat, thus minimising prior 
precipitation. 

After a standard heat treatment, the spray-formed I N 718 was found to be 
creep notch sensitive according to an SAE-AMS standard rupture test. It was found that 
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notch ductility could be restored to the alloy by inserting a 8-phase precipitation treatment 
at 875°C-900°C prior to the standard heat treatment. This could be attributed to the 
formation of a more favourable 8-phase morphology than that formed during the solution 
treatment at 954°C in the standard heat treatment cycle. This study led to a practical 
process to avoid creep notch sensitivity in the spray-formed alloy without loss of 
precipitation hardenability. However, the exact nature of the embrittlement mechanism was 
not clarified. More detailed and controlled experimentation is required to determine the 
separate and combined roles of several possible factors affecting intergranular creep crack 
growth. 

A study was made of high temperature tensile properties of a wrought 
version of I N 718 in particular in relation to the problem of hot cracking in repair welding. 
Measurements were made of the strength loss temperature on heating and the strength and 
ductility return temperatures on cooling. These properties provide an indication of the 
sensitivity of the alloy to hot cracking due to liquation. The grain size and the presence of 
large fractions of 8-phase precipitated at 900°C had only small effects on the strength loss 
temperature and brittle-ductile transition of the alloy. On the other hand, a small fraction 
of 8-phase precipitated in the grain boundaries at 960°C reduced the brittle-ductile 
transition temperature significantly. I t is proposed that the reduction was associated with 
interaction between the grain boundary 8-phase and grain boundary boron segregation that 
was observed in all the heat treated materials. This hypothesis and the nature of a possible 
interaction need to be established by careful microanalytical studies. 
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Precipitation in Spray-Formed IN 718 

S. Azadian, L - Y . Wei 

F. Niklasson and R. Warren 

Abstract 

The precipitation of the y', y" and 8 phases in a spray-formed version of I N 718 has been 

studied by hardness measurement and metallographic examination of samples subjected to 

solution treatment at 1025°C followed by isothermal treatments between 620 and 1010°C 

up to 100 h. The precipitation processes were compared to those in a wrought (ring-rolled) 

version of the alloy subjected to the same heat treatments. Time-temperature-hardness 

diagrams for the two alloys were constructed. Small differences were observed between the 

two materials but these can at least partly be attributed to differences in composition. For 

the spray-cast material the 8-phase solvus temperature was determined and the growth 

kinetics of the y" phase established. 

Introduction 

A characteristic feature of the alloy I N 718 is that, after a conventional heat treatment, 
aside f rom carbides, it normally features three precipitate phases occurring simultaneously 

in its microstructure, namely y \ y" and 8. The heat treatment of the alloy and consequently 
the nature of these phases have received considerable attention in reported studies (for 

example [1-6]). The main characteristics of the phases are summarized in Table I . 
Conventionally, the alloy is used both in cast and wrought forms but recently the relatively 
new spray forming process has been applied to this alloy [7]. This process is particularly 
advantageous for producing cylindrical products such as tubes and rings since for these 

fewer processing stages are required after spray forming than would be required using a 
conventional forging route. Moreover, the resulting material is presumed to be more 
homogeneous with respect to composition than cast and wrought forms. The aim of the 

present work was to characterize the precipitation processes in a spray-formed version o f 
the alloy, comparing these with those in a wrought version. As a first stage in the work an 
objective was to generate a time-temperature-hardness diagram as a basis for subsequent 

microstructural and microanalytical evaluations. 
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Table I Common precipitate phases in IN 718 

Phase Composition Crystal 
structure 

Habit wrt y matrix Particle 

morphology 
Theoretical 
maximum 
amount** 
(vol%) 

Temperature 
range ("C) 

r N i 3 (T i ,Al )* FCC; L I 2 coherent spherical/ 
cuboid; « lum 

8 650 to 850 

r Ni 3 Nb* BCT; DC-22 (001) r//(00T) r 

[100]y//<100>T 

disc up to l um 
diameter 

13 620 to 900 

5 Ni.,Nb* orthorhombic: 

DOa 
( o i o y / ( i i i ) , 
[100] y-//<i 10>y 

extensive 

thin plates 

13 750 to (930 -
1020)*** 

*y' also contains some Nb: y" and 6 also contain some Ti and Al . **Assuming all available species taken up 
in the compound. ***Depends on Nb content (see text). 

Experimental 

Materials - Including Microstructural State 

The spray-formed alloy was delivered by Sprayform Technologies International in the form 

of large, conical rings f rom 17 to 65 mm in thickness. Prior to delivery, the rings were hot 

isostatically pressed at 1024°C/172MPa/4h followed by slow cooling. The wrought (ring-

rolled) material in the as-delivered state had been mill-annealed at 982°C/ lh fol lowed by 

oil quenching. The compositions of the two alloys are given together with the standard 

specification in Table I I . 

The composition and microstructure of the spray-formed alloy was very 

uniform across the section of the ring. The difference in composition between the inside 

and the outside of the ring (measured by X-ray fluorescence) was negligible. Of most 

significance, the Nb content was 5.058 and 5.05wt% at inside and outside respectively. The 

grains were equiaxed and the grain size, measured in terms of the mean intercept length, 

lay between 45 and 55 urn across the thickest part of the section except adjacent to the 

substrate mandrel where it was 33| im, due presumably to faster cooling at the start of the 

process. Similarly, the hardness (HV5) showed small variation, between 355 and 408. The 

grain size of the ring-rolled material was similar to that of the spray-formed alloy but the 

microstructure was textured with elongated grains. 

Table I I Compositions of the Spray-Formed and Ring-Rolled IN 718 together with Specified Composition of 

the Alloy (wt % ) . 

Element Ni Fe Cr Nb Mo Ti Al Co c Mn Si Ti+Al Ti+Al/ 
Nb 

Spray 53.24 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.0.3 0.05 0.08 1.37 0.27 

Wrought 53.76 18.1 17.8 5.41 2.87 1.00 0.45 0.15 0.027 0.05 0.07 1.45 0.26 
Spec, (min.) 50.00 rem. 17.00 4.75 2.80 0.65 0.2 - - - - 0.85 0.17 
Spec, (max) 55.00 rem. 21.00 5.5 3.30 1.15 0.8 1.00 0.08 0.35 0.35 1.95 0.35 
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Isothermal Heat Treatments 

A series of isothermal heat treatments were carried out on both spray-formed and ring-
rolled material at selected temperatures between 600°C and 1025°C for up to 100h. 

Preliminary isothermal treatments were carried out on the spray-formed alloy alone in 
order to establish a suitable solution treatment to be applied prior to the isothermal 
treatments. On this basis the solution treatment selected was 1025°C/1 h/water quench. This 

was sufficient for the hardness (HV20) to fall from an as-received value of 340 to a steady 

value of 180 while the grain size increased to around 70p.m. 
Heat treatments were carried out in air on small blocks =10x10x15 mm cut 

f rom the supplied rings. In most cases the spray-formed and ring-rolled samples were heat 
treated together. The furnace was a box furnace (25x30x30cm) with programmable 
temperature control run via a type Pt/Rh thermocouple. The specimen temperature was 

measured with a type K chromel/alumel thermocouple welded to the sample surface. Errors 
in temperature measurement are estimated to be within ±5°C. Following heat treatment, all 
samples were water quenched unless otherwise stated. 

The heat treatment was started by placing the samples in the furnace 
preheated to the treatment temperature. The time taken by the samples to reach the 
temperature varied between 3 and 6.5 minutes depending on the temperature as indicated in 
Table I I I . It should be noted that since the heat treatment time was started nominally f rom 
the instant that the set temperature was reached, the precipitation process could begin 

already before zero time. 

Table I I I Heating Times to Reach Heat Treatment Temperatures. 

Temperature ("C) 620 650 700 750 800 850 900 950 1000 1025 
Heating time (min) 3.35 3.42 3.52 4.10 4.36 4.40 4.50 5.00 5.30 6.5 

Metallography 

Heat treated specimens were studied using optical microscopy, scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) . SEM was suitable for 

observation of grain structure and advanced stages of precipitation while T E M was 
necessary for detailed examination of precipitate structure and for characterisation of the 
early stages of precipitation. Specimens investigated with T E M were spray-formed treated 
620°C/24h, 700°C/24h, 750°C/24h, 800°C/0h, 875°C/6h. 

SEM samples were prepared in one of two ways. The first method was a 
conventional preparation involving cutting,, mounting in mounting plastic, preparation by 
programmed conventional grinding and mechanical polishing and chemically etching. A 

variety of etchants were used depending on the microstructural features o f interest. The 
alternative method, applied to samples f rom the isothermal heat treatment studies, involved 

cutting 1mm thick slices f rom the sample in a water-cooled cutting machine. These were 
then mechanically ground, electropolished and f inal ly etched electrolytically. The 
electropolishing was performed in a Streuers Tenupol-3 twin-jet unit in a solution of 20% 

H2SO4 in methanol at 30V, 2-4A, 0°C, 20-25 seconds. The electrolytic etch was a solution 
of 170 cc H 3PO 4:10cc H 2 S0 4 : 15 g Cr 0 3 at 5V, 1.5A, 0°C, 10-15 seconds. 

Thin foils for T E M were prepared by cutting out 1mm slices f rom the sample, 

mechanical grinding down to 80UMTI thickness followed by electropolishing to suitable 

thickness for electron transparency in the electropolishing equipment mentioned above. In 

this case the solution was 10% HCIO4 in methanol at 25 V , 0.5A, -20 to -25°C, 20-25 

seconds. 
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The S E M studies were made in a Philips X L 30 (Link- ISIS EDX system) and 

a CamScan series 4 (Link-eXl system) while the T E M investigations were carried out with 
a Jeol 2000 EX, 200 K e V (Link- 10000 XEDS system). 

Hardness was measured on samples mounted in plastic in a macrohardness 
tester using a Vickers diamond indenter at loads between 5 and 20kp. The average of three 
indentations was taken. For a given sample these did not vary by more than 10 hardness 

numbers. 

Results 

Time-Temperature-Hardness Diagrams 

The hardening responses of the two alloys are shown as T T H diagrams in Figures 1 and 2 

and as hardening curves in Figure 3. In general, the results are consistent with earlier 

studies of wrought IN718 (e.g. [2]) and indicate optimum hardening (i.e. hardness around 
450HV within reasonable ageing times) in the range 650-750°C. Differences between the 

ring-rolled and spray-formed materials were relatively small. The spray-formed material 

showed a slightly faster hardening response during the earlier stages of hardening. Both 
alloys exhibit very fast hardening in the range 800-850°C such that a significant hardening 

is seen already at zero isothermal ageing time, implying that precipitation had already 

occurred during heating. A t 850°C, the spray-formed alloy appeared to show two hardening 
peaks, one at zero time and one at 10 minutes. It is also o f interest to note that at 1025°C the 

wrought material retained a relatively high hardness for the first 10 minutes of ageing, an 
effect that was absent in the spray-formed material. 

The small differences in the two alloys can be explained in terms o f 

differences in the details of precipitation which in turn can be explained -at least partly- by 

differences in the compositions, in particular the Nb, T i and A l contents (see next section). 

Microstructure 

The precipitation characteristics o f wrought I N 718 have been reported extensively in 

earlier literature [e.g. 1-6] and the results of this work are largely consistent with these 

earlier studies. The main characteristics of the three precipitates are summarised in Table I . 

Solution treatment and 5-phase. Treatment of the spray formed alloy at 1025 and 1010°C 

led to no 5 phase in the microstructure whereas at 1000°C small traces were found 

confirming that for this Nb content (5.06%) the solvus lies between 1000°C and l010°C . A t 

1010°C and 1025°C, the microstructure contained a small fraction of carbide precipitates 

gathered mainly at grain boundaries. The fraction of these increased slightly during heat 

treatment at these temperatures, e.g. f rom * 0.5 to 1.5 vo l% during 2h at 1010°C. A t the 

same time they coarsened f rom about = 0.5 to 2pm in diameter. The increased carbide content 

may account for the small increase in hardness observed. 
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Treatment : Solution annealed 
at 1025° C for 1 h 

iOOG 

0.000 i 0.001 0.01 0.1 1 10 100 

Aging Tiuse, Hour*. 

Figure 1 Time-temperature-hardness diagram of spray-formed IN 718. 

Treatment: Solution annealed 
at 1025° C for 1 h 

Aging Time, Hours 

Figure 2 Time-temperature-hardness diagram of ring-rolled IN 718. 
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Figure 3 Hardness response of spray-formed and ring-rolled 1N718 as 
a function of temperature for isothermal ageing times of 0 and 16.6 h. 
Note that 0 h implies heating to the ageing temperature followed by 
immediate quench. 

The ring-rolled alloy contained a significant amount of 8 phase in the as-

received state in the form of globular 8 formed during the earlier processing. In contrast to 

the spray-formed alloy, a trace still remained after the 1025°C/lh solution treatment 

indicating that the solvus lay close to this temperature, consistent with the higher Nb 

content in the wrought alloy. 

In the spray-formed material the 8 phase precipitated at 1000°C and below. 

The precipitation began at grain boundaries both within the boundary and as very thin 

platelets growing from the boundaries (Figure 4). Wi th increasing time the platelets grow 

longer into the grain interiors and eventually seem to trigger new platelets within the grain. 

The highest growth rate was observed at 930°C being slightly faster than at 950 and 954°C 

(the temperature commonly selected as solution temperature prior to aging of this alloy 

[8]); thus the nose of the TTT-curve is assumed to be around this temperature. A t 900°C 

and below, y" also precipitated within the grains (see below) and 8 phase was observed to 

nucleate within y" particles (Figure 5). Reliable quantitative measurements o f the amounts 

of 8 precipitates have not been made at the time of writing but up to about 10 v o l % was 

observed at the longer treatment times. 

The morphology and rates of 8 precipitation were similar in the wrought alloy 

to those in the spray-formed alloy. However, in the former the fraction of precipitate 

attained at a given temperature was higher, given sufficient time. In particular, in contrast 

to the spray-formed alloy, significant precipitation occurred in the wrought material at 

1000°C. These differences, also indicated by the hardness evolution in the two alloys at 950 

and 1000°C, are consistent with the higher Nb content of the ring-rolled alloy leading to the 

higher solvus temperature. In the spray-formed alloy, the first traces of 8 precipitation were 

detected after 24h at 750°C and between 10 and 100 minutes at 800°C which is somewhat 

earlier than indicated by the results of Brooks and Bridges [3] but consistent with other 

studies (see e.g. [1]). 
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Figure 4 SEM micrograph showing 8-phase precipitation in spray-formed 
IN718 after isothermal treatment of 950"C/1 OOmin. 

Figure 5 TEM micrograph showing nucleation of 5 platelets within 7" precipitates in 
spray-formed IN718 after ageing at 875"C/6h. 
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Y and 7" precipitation. Both the y' and 7" precipitated homogeneously within 
the grains. The 7" was relatively easy to detect because of it characteristic disc shape. Since 
at more advanced stages of growth the discs grew to several hundred nm in diameter they 

could be fairly readily observed by SEM (Figure 6). The 7' phase formed as small spheres 

and was diff icul t to distinguish in structures containing 7". The distinction could be made 

using diffraction techniques such as dark f ield imaging in T E M but so far it has not been 

possible to make quantitative estimates o f fractions. However, in Figure 6, the 7' phase can 

be clearly recognised in zones around 5-phase plates; the 8 phase removes Nb f rom these 

zones but not the T i and A l required for 7' formation. Similar micrographs taken at 900°C 

show little or no 7' in the denuded zones. Similarly, no 7' could be detected using electron 

diffraction in T E M on a spray-formed sample treated 6h at 875°C indicating that the solvus 
for 7' lies between 850°C and this temperature. 

Figure 6 SEM micrograph showing 8-phase plates, 7" discs and 7' spheroids in 
IN718 treated isothermally at 850°C/24h. 

In general, the 7' and 7" nucleate and grow separately. However, at 750°C, the 

two precipitates grow together as hemispherical particles in which the 7" disc grows on the 

flat face of the 7' hemisphere (Figure 7). This phenomenon has been reported by Cozar and 

Pineau [5] and Sundararaman et al. [6] . A plausible explanation is that the phase having the 

greatest diff iculty to nucleate at this temperature is able to nucleate heterogeneously on the 

other. 

The precipitation of the two phases begins at about 620°C. After 24h at this 

temperature the precipitates could not been distinguished individually in T E M but the T E M 

image exhibited a mottled appearance indicating high coherency between precipitates and 

matrix. The diffraction pattern indicated a significant amount of both 7' and 7". A t 

800°C/0h where the peak in zero time hardness occurs (Figure 3), the precipitate appeared 

to be predominantly 7" with a diameter of about 5nm and fu l ly coherent with the matrix. 

This coherency could explain the double hardening peak at observed in the spray-formed 
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Figure 7 TEM micrograph of spray-formed IN718 isotbermally treated at 750"C/24h. 

alloy at 850°C. Wi th increasing time the precipitate would become semi-coherent, leading 

to a softening, followed by hardening as the volume fraction subsequently increased. 

A t 700°C and above the particles became distinguishable. Moreover, the size 

of the y" particles could be measured in terms of the disc diameter which attained values up 

to around l u m at longer times in the higher temperature range. The isothermal growth was 

consistent with cube-root time dependence. Moreover, the growth rate constants were in 

good agreement with the Arrhenius equation as a function of temperature, with an 

estimated "activation energy" for the growth process of 43 kcal/mol which is reasonable for 

a diffusion controlled process. The growth rates in the spray-formed and ring-rolled alloys 

were very similar. 
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Precipitation and Age Hardening in the Nickel-base Superalloy IN 718 
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Introduction 
Inconel 718 ( IN 718) is a frequently used precipitation-hardened Ni-base superalloy chosen for 

high temperature applications such as critical components in gas turbine engines. The alloy is 

strengthened mainly by a fine dispersion of both cubic y' phase ( N i j f T i , Al) ) and tetragonal 

y"phase (Ni 3 Nb) . The y" is a metastable phase and has a lower thermal stability than the y' 

phase. A t temperatures above about 800°C the y" precipitates begin to coarsen significantly as 

well as dissolving to give way to the development of the 8-Ni 3 Nb phase which is the 

equilibrium form of (Ni 3 Nb) . The y"-to-S phase transformation limits the use of the alloy to 

below about 650°C [1] . In the present work precipitation of the three phases, namely y' , y"and 

5, has been investigated mainly by means o f T E M . The microstructural observations o f the 

precipitates are considered with respect their effect on the hardening of the alloy occurring 

during ageing at different temperatures. 

Materials and Methods 
Two forms of the alloy, namely spray-formed (SF) and ring-rolled (RR), having the 
compositions listed in Table 1 were investigated. A series of isothermal heat treatment was 
carried out on both alloys at temperatures between 600°C and 1025°C for up to 100h. Thin 
foils for T E M were prepared by jet electropolishing in 10% HCIO4 in ethanol at 25 V and 

about - 25°C. The specimens were examined in a JEOL 2000EX T E M . The Vickers macro-
hardness of all aged samples was measured at loads between 5 and 20 kg. 

Table I Compositions (wt %) of the studied IN718 alloys 

N i Fc Cr Nb M o T i A l Co C Mn Si Ta Cu 

SF 52.34 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.03 0.05 0.08 <0.05 0.05 

RR 53.26 18.1 17.8 5.41 2.87 1.00 0.45 0.15 0.027 0.05 0.07 0.01 0.04 

Results and Discussions 
Diffraction f rom an aged specimen usually gives a complicated pattern due to the contribution 

of the different crystals in the specimen. A SAED pattern with [001] zone axis of the y matrix 

shown in figure 1(a) was solved for the crystal structures of the two precipitate phases and 

their orientation relationships wi th the matrix. The schematic solution of the pattern, shown in 

figure 1 (b), illustrates the superimposed patterns of f ive crystals, namely y [001] (i.e. y phase 

with [001] zone axis), y' [001], y" [001], y" [010] and y" [100]. This solution can be used as a 

guide in studying the precipitates in I N 718 in general, e.g. to distinguish y'and y" in an aged 

alloy. 

SAED indicated that precipitation of both y' and y" begins at about 620°C. 

Mottled contrast was observed under a two-beam condition after 24h at this temperature 

indicating a high density of precipitate nuclei and strong strain fields in the matrix, introduced 

presumably by the precipitation o f highly coherent particles. As illustrated in figure 3 the 
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optimum hardening occurs in the temperature range 650-750°C. The microstructure in figure 2, 

developed at 750°C shows that at this temperature the two precipitates grow together with y" 

disc growing on the flat surfaces of Y'hemispheres. Af ter ageing for an extremely short time 

(Oh, i.e. just during heating to temperature) at 800°C, where a peak in hardness with respect to 

temperature occurs, the precipitate formed was found to be predominately y" discs with a 

diameter o f about 5-10 nm and highly coherent with the matrix (see figure 4). 

The 5 phase usually has plate-like morphology and during the early stages of its 

precipitation occurs predominantly at grain boundaries. However it can also form in the y 

matrix at the expense o f any pre-existing y" phase [2] . The phase transformation f rom y" to 5 

was found to have initiated after ageing at 875°C/6h. As illustrated in figure 5, the 5 phase 

nucleated at stacking faults within the y" particles and then grew into the y matrix. 

In general, differences between the spray-formed and the ring-rolled alloys were 
relatively small. The differences in the details of precipitation can be explained by differences 
in composition in particular in the Nb, T i and A l contents. 

Figure 2 Precipitation of both y" and y' 
phases after ageing 24h at 750 °C in a 
spray-formed IN 718. TEM, dark field. 

Treatment : Solulionannealed 
at 1025° C for 1 h 

1000 

Aging Time, Hours 

Figure 3 Time-temperature-hardness diagram 
for spray-formed IN 718. 
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Ageing Response of Spray-Formed Inconel 718 between 620° and 1000°C 

S. Azadian, L. Y. Wei and R. Warren 

Abstract 

The precipitation kinetics of the y', y" and 8 phases and associated hardening have been 
studied in a spray-formed version of the alloy, Inconel 718 between 620° and 1000°C and 
compared wi th a simultaneously treated wrought version of the alloy. The precipitation was 
characterised qualitatively in terms of the occurrence and appearance of the phases during 
isothermal annealing at selected temperatures for times of up to 100 h. The coarsening of 
the y" particles were monitored between 700 and 900°C. The spray-formed material was 
significantly more homogeneous than the wrought material with respect to the spatial 

distribution of Nb, but apart f rom small differences in the precipitation of the 8-phase, their 
hardening and the nature o f their precipitation was similar. 

1. Introduction 

The alloy Inconel 718 is a Ni-Fe based alloy applied extensively in structural applications 
up to approximately 700°C (1). Its compositional specification is included in Table 1. A 
special characteristic of the alloy is that it exhibits three intermetallic precipitation phases 

namely (i) y' having a composition N i 3 ( A l , T i ) , a cubic (LI2) crystal structure and cubic or 

spherical particle shape (i i) y" having a composition N i 3 N b , a bet (DO22) crystal structure 

and a disc-like (oblate ellipsoid) shape (i i i ) 8 having composition N i 3 N b , an orthorhombic 
(D0 a ) crystal structure and forming as a grain-boundary precipitates, as thin plates 

extending into the grains o f the solid solution y matrix, or as a population of smaller 
platelike particles depending on the thermomechanical history of the alloy. A l l three phases 
can contain small but significant amounts of other elements in solution. In particular, T i 

and A l can to some extent substitute for Nb in y" and 8 while Nb can substitute partially for 

T i and A l in y' (2). y' and y" precipitate f rom the fee (y) matrix f rom about 600°C up to 

close to 900°C with a maximum precipitation rate occurring around 800°C (2,3,4). The 8 
phase also precipitates f rom about 600°C but the precipitation rate is much lower than that 

of the other two phases and is fastest around 900°C. The solvus temperature of the 8 phase 

lies around 1000°C, increasing with the Nb content in the alloy. The y" phase is considered 

to be a metastable phase and converts irreversibly to 8; that is it is either consumed during 

the subsequent formation of 8 or its formation is limited by any previously formed delta. 
The characteristics of the three precipitates and the kinetics of their 

precipitation in wrought versions of the alloy have been reported extensively in the 

literature (2-10). A general conclusion is that y' and y" can precipitate together between 
about 600 and 850°C. A common observation is that particles of the two phases often 
precipitate in contact. Chang and Nahm (2) have proposed that the two phases w i l l co-exist 

for values o f the atom ratio p = (Nb+Ta)/ (Nb+Ti+Al) between 0.3 and 0.625 (alternatively 
(Ti + Al ) / (Nb + Ta) between 2.3 and 0.6). Commercially available alloys commonly have 
Nb (+Ta) contents in the range 5.0 - 5.4 wt%, T i contents close to l w t % and A l contents 
close to 0.5 wt % resulting in values of the ratio in the range 0.55 to 0.61, i.e. well within 

the range of co-precipitation. In this range of the ratio the predominant precipitate is y" 

having a volume fraction 3 to 4 times that of y' and providing the main contribution to the 
strengthening of the alloy. 
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Reported conclusions regarding the sequence of the precipitation are 

somewhat conflicting. Most authors conclude that either the y" precipitates first or the two 

phases precipitate together. The two cases are diff icul t to distinguish since in the early 

stages o f precipitation the y" phase has equiaxed shape (10) and is fu l ly coherent with the 

matrix. Moreover all points on the electron diffraction pattern of the y' phase coincides 

with points on the pattern of y" (10, 11, and 13). Thus it is d i f f icu l t demonstrate the 

absence of y' . Nevertheless in their investigation, Brooks and Bridges concluded that y" 

precipitation precedes y' at all temperatures between 600 and 850°C. In contrast, Slama et 

al. (11) found that y' precipitation preceded y" between 600 and 700°C in an alloy with 

similar composition. Cozar and Pineau (6) proposed that precipitation of y' precedes that of 

y" only in alloys for which the ratio (Al + Ti) /Nb exceeds about 0.8 which corresponds to 

alloys for which the ratio p is less than 0.8, which is not the case for most commercially 

available forms of wrought IN718. 

A possible cause of variations in the early stages of precipitation is variability 

in the homogeneity o f wrought material in particular with respect to Nb. In practice, 

wrought alloys are usually solution treated slightly below the 5-phase solvus in order to 

limit grain growth of the fee matrix through the presence of some 8 phase. Thus, in such 

material, in addition to compositional variations resulting from incomplete homogenisation 

there exist regions surrounding the delta phase that are depleted in Nb. Moreover, material 

solutions treated above the solvus often contain regions of high Nb content remaining 

around the positions of previously dissolved 8 plates (14). Such inhomogeneity could well 

lead to local values of the ratio p giving enhanced y' or y" nucleation. In the present work a 

study has been made of the precipitation and associated hardening characteristics of both a 

wrought and a spray-formed version o f I N 718, the latter being expected to have a higher 

degree o f homogeneity than wrought material 

2. Experimental 

A spray formed (SF) and a wrought version (RR) of the alloy I N 718 were studied. The 
spray-formed alloy was delivered by Sprayform Technologies International in the form of a 
conical r ing, hot isostatically pressed at 1024°C/172MPa/4h followed by slow cooling. The 

wrought material was ring-rolled, cold worked and then mill-annealed at 982°C/ lh 

followed by oil quenching. I t contained a small fraction of 8-phase particles. The chemical 
analyses o f the alloys are given in Table 1 together with the composition range specified 
for I N 718. 

Table 1 Compositions of the Spray-Formed and Ring-Rolled IN 718 together with Specified Composition of 

the Alloy (wt %) r _ r _ _ r _ _ _ _ _ ,  
Element Ni Fe Cr Nb Mo Ti Al Co c Mn Si Nb/(Nb+Al+Ti) 
Spray 53.24 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.03 0.05 0.08 0.55 
Wrought 53.76 18.1 17.8 5.41 2.87 1.00 0.45 0.15 0.027 0.05 0.07 0.61 
Spec, 
(min.) 

50.00 rem. 17.00 4.75 2.80 0.65 0.2 - - - -
0.70 

Spec, 
(max) 

55.00 rem. 21.00 5.5 3.30 1.15 0.8 1.00 0.08 0.35 0.35 
0.53 

B. P, S, O and N all less than 0.01% 
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Prior to isothermal heat treatments both alloys were subjected to a solution 

heat treatment of 1025°C/lh followed by water quench. This treatment was selected after a 
preliminary study to provide effective dissolution without excessive grain growth. 

Nevertheless, the RR material had retained a small fraction of 5-phase particles left f rom 
the as-received structure. Further details are given in the results section. 

Samples with approximate dimensions 10x10x15 mm were annealed 
isothermally in air at temperatures ranging f rom 620 to I025°C for times between 0 and 
100 h with the intervals, 0, 1,5, 10, 60, 100 min., 8, 16.7, 24, 50 and 100h. These times 

were recorded f rom the point at which the sample reached the selected annealing 
temperature after being placed in the pre-heated furnace. Heating times ranged between 3 

and 6.5 minutes for annealing temperatures between 620 and 1025°C. An example of a 
heating curved obtained by placing a thermocouple at the centre of a sample is shown in 
Figure 1. 

1000 i 1 

Q L — I I — I — I I—J I I I — I — L — I . 1 t — I I I L . .1 , I , I , I 

0 1 2 3 4 5 

Time (min) 

Figure 1 Heating curve for isothermal heat treatment at 800°C. 

Following heat treatment, selected samples were sectioned and examined 
metallographically and microanalytically using optical microscopy (OM), scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). Samples for O M 
and SEM were prepared either by conventional diamond polishing or by electropolishing 

using a Streuers Tenupol-3 unit with a solution of 20% H2SO4 in methanol at 0°C, 30V and 
2-4A for 20-25s. The electropolished samples were etched electrolytically in a solution of 

170cc H3PO4, lOcc H2SO4, 15g C r 0 3 at 0°C, 5V and 1.5A for 10-15s. Use of other etchants 
is indicated in the figure texts. Thin foils for T E M were prepared by electropolishing in a 
solution of 10% HCIO4 in methanol at -20°C, 25V, 0.5A for 20-25s. T E M studies were 

carried out on SF samples treated for 24h at 620° , 700° and 750°, Oh at 800° and 6h at 
875°C. The SEM studies were performed using three different instruments while the T E M 
studies were performed using a Jeol 2000EX, 200keV instrument with a Link 10000 XEDS 

system. Further details of the T E M analyses are given in ref. 13. 
Samples of the SF material were examined using secondary ion mass 

spectrometry (SIMS) to provide a qualitative, complementary elemental analysis of second 
phase particles. 

The hardness of almost all samples was measured using a Vickers hardness 

testing machine at a load of 20 kp; at least three measurements were made on each sample. 
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3. Results 

3.1. Solution Treatment and Starting Microstructure 
As a result of the chosen solution treatment (1025°C/1 h/WQ) the hardnesses o f both the SF 
and RR materials fe l l to approximately 180-185 from as-received values o f 360 and 340 

HV respectively. The microstructure of the SF material after solution treatment consisted of 
equiaxed grains with a grain size (mean intercept length) o f approximately 50 p m and a 
small fraction (~ 1 vol %) of Nb and Ti rich particles approximately 1 p m in diameter found 
mainly at grain boundaries. Qualitative SIMS analysis indicated that these were carbides, 

nitrides and borides. No trace of 5-phase was observable in SEM. The grain growth during 
the solution treatment was barely measurable and it is assumed that it was limited by the 
carbide/nitride particles. 

In the RR material the solution treatment led to a change f rom a somewhat 
anisotropic grain shape in the as-received state to a near-equiaxed grain structure with a 

proportion of annealing twins. The mean intercept length grain size increased f rom 
approximately 50 to 70 pm. The as-received material contained a relatively high fraction o f 

globular 5-phase particles that is rounded, elongated particles with relatively small aspect 
ratio and approximately 1 p m in size. These were mainly arranged in long rows and were 

presumed to have been created during mechanical processing by the fragmentation of 

larger 8-phase plates. Following solution treatment, a small fraction (<1 vol % ) of these 
remained in the microstructure (see Figures 2 and 13) 

The compositional homogeneity of both materials in the solution treated 
condition was assessed in terms of the Nb content measured by energy dispersive 
spectroscopy (EDS) on regular lines of points crossing at least one grain and grain 
boundary; at least 50 points were measured in each material. The results are shown in 
Figure 3 in the form of cumulative distributions. It can be seen the SF material exhibited a 
higher degree o f homogeneity than the wrought material. 

J20 

Figure 2 Ring-rolled IN 718 after solution treatment at 1025°C/lh 
(Secondary electron image; etched in oxalic acid). 

55 



Ageing Response of Spray-Formed Inconel 71S between 620° and 1000"C 

C 
Ü 80 
S 

o 

6« 

20 

-•— spray-formed 

- o - ring-rolled 

\\ 
> 

\ 

) o. _< 

0 2 4 6 8 10 

Nb concentration (wt%) 

Figure 3 Frequency distribution of Nb content presented as 
cumulative distributions. The Nb contents have been normalised 
to give an average value corresponding to the known Nb content 
of the respective material. 

3.2. Hardness 
The hardness of both materials at "zero" annealing time is shown as a function of annealing 
temperature in Figure 4. This demonstrates that the rate o f hardening and therefore of 
precipitation is relatively slow up to at least 750°C but becomes so rapid at 800°C that 

precipitation during the heating of the sample to this temperature and above needs to be 
taken into account when considering the details of precipitation. Litt le difference was 

observed between the SF and RR material in this respect. 

100 ' I i i i 1 i i i 1 1 1 1 * 

600 700 800 900 1000 1100 

Isothermal treatment temperature (°C) 

Figure 4 Hardness response of spray-formed and ring-rolled IN 718 
as a function of temperature for isothermal ageing time of "zero" (see 
text). 
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(timeA!.) 1'-' 

Figure 5 Hardness curves of spray-formed IN 718 as a function of time. The cube root time was chosen in order to expand the 
curves at short ageing times and has no physical implication. The values at -0.25 indicate the hardness prior to heating. 

(time A h ) " 3 

Figure 6 Hardness curve of ring rolled IN 718 as a function of time. See also text to Fig.5. 
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Isothermal hardening curves for the SF and RR materials are shown in 
Figures 5 and 6 respectively. The fol lowing points can be noted. A t 620° and 650°C the 

hardening behaviour of the two materials was very similar and peak hardness was not 
achieved within 100h. A t 700°C the RR material exhibited a somewhat slower initial 
hardening rate but both materials attained the same peak hardness (450HV) at around 25h. 

A t 750°C the two hardening curves were very similar. Interestingly, the peak hardnesses 
and times were similar to those at 700°C. A t 800°C the peak hardness (400HV) was 
attained after about 8h in both materials. However, the SF material exhibited a plateau in its 
hardening curve up to 5 min o f annealing which was absent in the RR material. A t 850°C 

the peak hardness was attained within about 5 min and had fallen to about 300HV. Once 
again the SF material exhibited a tendency to a plateau within a few minutes of ageing. 

Between 900 and 1000°C the peak hardnesses decreased f rom about 240HV to about 
200HV in the SF material and 220 in the RR material at relatively long annealing times of 
1 to 20h. In this temperature range the hardness changes were mainly associated with 

changes in the 8-phase precipitation as discussed below. 

3.3. y' and y" precipitation 

The observed precipitation of y' and y" in this work was similar for both materials and was 

consistent with previously reported observations. At 620°C the hardness curves o f both 

alloys exhibit a steplike increase from 180HV to 240HV between 2 and 8h suggesting a 

long incubation period at this temperature. Bright field T E M images o f the sample aged 

620°C/24h (Figure 7) showed mottled contrast indicating a very f ine coherent precipitate 

giving high lattice strain as would be expected of y" which exhibits a high lattice misfit 

with respect to the y matrix. A n (001) T zone axis selected area diffraction (SAD) pattern 

contained superlattice spots corresponding to y". As indicated above it was not possible to 

confirm either the presence or absence of y \ However it was found not possible to image 

particles clearly. Sundararaman et al. observed the same mottled contrast and SAD pattern 

in an IN718 treated at 650°C/24h. The hardness curves for the isothermal aging at 650°C 

exhibited a small increase in hardness to 200HVupon heating but no obvious incubation 

period. No T E M examination was made of 650°C samples. The precipitates could not be 

resolved in SEM. 

Figure 7 TEM micrograph showing a mottled 
contrast of spray-formed alloy aged for 24h at 
620°C (Bright field image; electrolytically 
thinned in HCIO4). 
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At 700°C and above and allowing sufficient ageing time, the precipitates 

could be resolved in SEM and imaged clearly in T E M . Using SAD and dark f ield imaging 

it was also possible to identify and separate y° and y" particles and it was confirmed that the 

y" exhibited a (001 )y"// (001 )y habit. Figure 8 is a dark f ield image of an SF sample treated 

at 750°C/24h showing clearly one orientation variant of y" ellipsoids and -somewhat less 

brightly- y' particles. The latter existed either as isolated spherical particles or attached to 

y" ellipsoids in which case they formed as hemispheres. Such compound, dual precipitates 

have been reported frequently in previous studies. A possible explanation of such 

compound precipitation is that the initial precipitation of either a y' or y" particle would 

cause a change in the Nb/ (T i+Al ) ratio in its immediate vicinity that would favour the 

precipitation of the other. 

Figure 9 is a T E M image o f the precipitation formed at 800°C/0h, that is 

where the precipitation had formed during heating to the ageing temperature and at which 

temperature the precipitation rate was very high. The precipitation was identified as 

predominantly y". It can be noted that the ellipsoidal particles have at this stage a relatively 

low axial ratio. I t is possible that the plateaux in the hardness curves observed at 800 and 

850°C were connected in some way with the shape change, e.g. through a change in 

coherency but the limited resolution did not permit a closer investigation of this. 

Figure 10 shows one example of a SEM image showing, simultaneously, y', 

y" and 5-phase precipitation. 

Figure 8 TEM micrograph of spray-formed 1N718 Figure 9 TEM micrograph of spray-formed IN 
isothermally treated at 750°C/24h (Dark field image, 7 18 heat treated at 800°C/0h (Dark field image, 
electrolytically thinned in 20% H 2 S 0 4 and 170cc electrolytically thinned in HClOj). 

H,P0 4 . lOcc H 2 S0 4 , 15gCr0 3 ) . 

Figure 10 SEM micrograph showing 8-phase plates,"/" 
discs and y' spheroids in IN 718 treated isothermally 
at 825°C/150h (Secondary electron image, 
electrolytically polished and etched in HC10 4). 
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Beyond sufficient time/temperature combinations, it was possible to measure 

the size and therefore the growth kinetics of the y" precipitates in SEM. To do this, the long 

and short axes of the ellipsoids were measured on the polished sections. Average values of 

these parameters were measured for 50 to 60 particles on each sample. No attempt was 

made to convert these two-dimensional values to three-dimensional true ellipsoid diameters 

but stereological considerations suggest that the values obtained would be moderately less 

than the true average diameters, and the observed kinetics remain valid provided that the 

particle size distributions remained self-similar during growth. The particle coarsening in 

terms of the major ellipsoid diameter is shown in Figure 11. In general the results are 

consistent with ( t ime) 1 ' 3 kinetics indicating a diffusion controlled growth process. Moreover 

the results for 750°C up to 24h are in good agreement with growth kinetics reported in other 

investigations. However there was a tendency to deviate towards higher coarsening rates at 

longer times. A possible explanation o f this is that a process o f direct coalescence of 

neighbouring particles, i.e. a form of rafting, occurs (see also rets. (7, 10)). This would be 

expected to make an increasingly significant contribution with increasing time. The axial 

ratio of the particles increased f rom approximately 2 to 4 during the ageing times given in 

Figure 8. 

Figure 12 is an Arrhenius type plot of the growth rate constant versus inverse 

temperature where the rate constant is defined as k = d / t , / 3 restricted to times up to 24h. 

The plot shows good linearity over the temperature range 700-900°C with a slope 

corresponding to approximately 47 kcal/mol. Al lowing for moderate changes o f Nb 

solubility in the matrix and interfacial energy with temperature this value is somewhat 

lower than that that might be expected for a process controlled by a bulk diffusion process 

involving for example the diffusion of Nb in the N i solid solution; typical values for 

metallic diffusion in metals with similar melting points lie around 60-70 kcal/mol. 

Also of interest is the kinetics of precipitation in terms of the volume fraction o f 

precipitate. Measurement o f the volume fraction of such fine particles has proved d i f f i cu l t 
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Figure 12 Arrhenius plot of 7" precipitate growth rates. 

and few studies of the kinetics have been reported. Brooks and Bridges (3) measured the 

volume fraction of y" as a function of time at 700°C using T E M . Liu et al. (15) measured 

the evolution of the y"- and 8-phases at 810 and 860°C using X-ray diffraction on cold-

rolled material. Han et al. (7) in their study using T E M quoted times which they implied 

were sufficient to give a stable fraction of y" precipitation at 700, 725 and 750°C. In the 

present work the volume fractions of y" were measured on SEM micrographs by point 

counting. Only approximate absolute values of the fractions could be obtained due to 

uncertainties introduced by the depth of etching and the depth of electron generation. 

However, the values were assumed to provide reliable relative amounts. A n indirect 

indication of the amount of precipitation was also provided by the hardening curves. Since 

y" is a non-equilibrium phase and is consumed as a function of time in association with 5-

phase formation, it is not meaningful to quote equilibrium fractions or a unique solvus 

temperature. However, up to about 800°C the rate of 8-phase formation is relatively slow 

(see next section) and in practice, relatively stable fractions of y" form given sufficient 

time. In this temperature range, the volume fraction rises to approximately 15-25%. From 

about 800°C and upwards the fraction of y" can be considered to pass through a maximum 

that shifts to lower fractions and shorter times with increasing temperature. On the basis of 

the published studies mentioned above and the present results it was possible to estimate 

the approximate times taken to reach the stable or maximum fractions of y" as given in 

Table 2. Moreover it can be noted that a measurable amount (~ 2 vol % ) remained after 24h 

at 900°C. No y" could be observed at 950°C. 

Table 2 Approximate time required to attain stable or maximum volume fraction 7" in the SF material 

Temperature (°C) 650 700 750 800 850 900 

Time (h) 100 50 10-20 1-2 0.1 0 

Approx. fraction 
(vol %) 

- 20 20 15 15 10 
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The results in Table 2 imply that, up to 750°C, a significant part of the 

particle growth observed occurred during the precipitation stage and was not only the result 

of a ripening process. 

Similar studies o f the precipitation kinetics of the y' phase were not possible 

since it was d i f f icul t to observe the particles clearly among the y particles in the lower 

temperature range and at short times. However, the y' was more clearly discernible in the 

coarser microstructures (see e.g. Figure 10) and it could be seen that the particles were 

near-spherical with a diameter of the order of the shorter axis o f the y" ellipsoids. 

Observations in this study were consistent with earlier reports that the ratio o f y"/y' 

fractions was approximately 3 - 4 . The y' precipitation was less affected by the formation 

of the 8-phase as is shown in Figure 10 where y' particles can be clearly observed in a y" 

free zone around 5-phase plates. Therefore it is more justified to define a y' solvus. The 

phase was observed in the alloy aged at 850°C but not at 875°C and the solvus can 

therefore be set between these two temperatures. 

3.4. 8-phase precipitation 

The dominant form of 8 precipitation was as extremely thin plates with the crystailographic 

habit relationship, (010)g//(l 11) 7. However, in the RR material the initial stages of 8 

precipitation were influenced by the presence of the fragmented, globular 6 particles 
already present in the solution treated structure (Figures 2 and 13) as well as the local 

variations of Nb content left by 5 particles dissolved during the solution treatment. These 
caused the normal plate precipitation to be preceded by a stage in which existing globular 
particles increased in size and new relatively equiaxed particles reprecipitated, often in 
grain boundaries. It should be noted that, because of the fine size of the precipitates, their 
inhomogenous distribution and the low volume fractions involved, these effects were not 
possible to quantify by accurate volume fraction measurements. A l l observations reported 
here are based on qualitative assessment on SEM images. A more detailed and quantitative 
study is reported elsewhere (16). 

Figure 13 Microstructure of RR sample aged 750°C/10min 
showing only residual fragmented delta phase particles 
(Secondary electron image, electrolytically polished and etched 
in 20% H 2 S0 4 ) . 
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The nature o f the initial fragmented 5 precipitation in RR material is seen in 
Figures 2 and 13. The particles form long rows reflecting the position of the previous grain 
boundaries. In some cases the boundaries o f the new grain structure remained trapped by a 
row of particles but often the particles became intragranular in the new grain structure. 
Figure 14 shows the increase in particle volume fraction that occurred in the early stage of 

the precipitation in the RR material. Only small traces of plate 8 could be seen at this stage. 
Figure 15 shows a slightly later stage of ageing when the formation of delta plates had 

started. Once initiated, the plate 8 precipitation evolved in the same way as that in the SF 
material described below. 

Figure 14 SEM micrograph of ring-rolled IN 718, heat treated at 
800°C/24h (Secondary electron image). 

Figure 15 SEM micrograph of ring rolled IN 718, heat treated at 
850°C/24h (Secondary electron image). 
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The precipitation in the SF material which contained no prior 8 precipitates and a 
far more homogenous Nb distribution occurred in a more straightforward manner. It began as 
rows of extremely fine platelets at grain boundaries (Figure 16). These evolved into small 
clusters or colonies close to and along the grain boundaries (Figures 17 and 18). A t a later stage 
the plates extended into and across the grains (Figure 19). Nucleation appeared to occur 

preferentially at grain boundaries but T E M observations indicated that plate nucleation could 

also occur f rom y" particles in the grain interior (Figure 20). 

Figure 16 SEM micrograph of spray-formed 
IN 718 heat treated at 750°C/24h (Secondary 
electron image). 

Figure 17 SEM micrograph of spray-formed 
IN 718 heat treated at 875°C/6h (Secondary 
electron image). 

Figure 18 SEM micrograph of spray-formed IN 
718 heat treated at 950°C/100min (Secondary 
electron image). 

Figure 19 SEM micrograph of spray-formed 
IN 718 heat treated at 900°C/24h (Secondary 
electron image). 
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Figure 20 TEM micrograph showing 8-phase nucleated from y" 
in spray-formed IN 718 heat treated at 875°C/6h (Bright field 
image, electrolitically thinned in HC10 4). 

Delta phase precipitation was observed to begin after about 100h at 700°C, 
24h at 750°C, 2h at 800°C and less than l h at 850°C and above in good agreement with 

other investigations (3,8,15). It can be noted that Slama et al. (11) observed 8 precipitation 
earlier and at temperatures down to around 600°C. However, their observations were made 
using T E M and presumably involved the precipitation of very small fractions of extremely 

fine particles. The above initiation times imply that the 8 precipitation was always preceded 

by a significant amount of y" precipitation which in turn implies that the continued 

formation o f 5 requires a corresponding decomposition and loss of 7". Up to about 850°C 
the rate of precipitation was very low and the fraction did not attain a stable value within 
100h, the maximum ageing time of this study. The precipitation did not evolve beyond the 
grain-boundary cluster stage. In general, the precipitation appeared to begin slightly earlier 
in RR material, probably because of the initial precipitation stage described above. 

The precipitation at 900°C and 950°C was relatively rapid and at 900°C 
stable volume fractions were attained within 24h. The highest fractions attained were 
between 15 and 20 vol%. Remembering that the attainable fraction has an upper l imi t set 
by the availability of constituent elements, this is reasonably consistent with the chemical 

composition of the 6 phase which includes significant fractions o f other elements than Nb 
and N i . For example a composition determined by Burke and Mi l le r (17), using EDS in an 

analytical electron microscope, was approximately (in atomic % ) : 69.5Ni, 13.5Nb, 2A1, 
4Ti, 5.5Fe, 3.5Cr, 2Mo. In this temperature range the rates of precipitation in the two alloys 
were similar. However, at 950°C the stable fraction attained appeared to be somewhat less 
in the SF material. This difference can be explained by the lower Nb content of the SF 

alloy which would become increasingly apparent as the solvus temperature was 
approached. The solvus temperature was estimated to be around 1005°C for the SF alloy 
and about 10°C higher for the RR material (16). 

As a result of the rapid formation o f the 8 phase between 900 and 950°C there 

was a corresponding loss of y" and consequently a loss of hardenability. The hardening 

curves indicate that the 8 precipitation does give a slight hardening contribution. 
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A t 1000°C the initiation time for precipitation became longer and in the SF 
material it occurred as a small fraction of small particles, regularly spaced along the grain 
boundaries (Figure 21). These did not evolve into platelets but coarsened with ageing time. 

Figure 21 SEM micrograph showing precipitation 

of 5 phase heat treated at 1000°C/lh (Secondary 
electron imaging, etched in oxalic acid). 

4. Conclusions 

The precipitation kinetics of the y \ Y" and 8 phases and associated hardening have been 
studied in a spray-formed version of the alloy Inconel 718 and compared with a 
simultaneously treated wrought version o f the alloy during isothermal ageing for up to 
100h between 620° and 1000°C. The observations in this work were largely consistent with 
earlier studies of wrought versions of the alloy and are well represented by the TTP 
diagram presented by Oradei-Basile and Radavich (4). The spray-formed material was 
significantly more homogeneous than the wrought material with respect to the spatial 
distribution of Nb, but apart f r om small differences in the precipitation of the 8-phase, their 
hardening and the nature o f their precipitation was similar. The differences in 8 

precipitation were partly associated with the presence of a small fraction of 8 particles 
remaining after solution treatment and absent in the spray formed material. The particle 

coarsening of the y" phase was monitored quantitatively between 700 and 900°C in terms 
of the major axis diameter of the oblate ellipsoid precipitates. The coarsening followed 
cube root o f time kinetics up to approximately 25h but with increasing time the growth 
accelerated. This was attributed to a process o f direct coalescence (rafting) o f particles 
coming into contact with each other. 
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Delta Phase Precipitation in Inconel 718 

S. Azadian, L-Y. Wei and R. Warren 

Abstract 

The precipitation and dissolution kinetics of the 8-phase were studied in three wrought 
versions and one spray-formed version of the nickel alloy, Inconel 718. The precipitation in 

the spray-formed version and one wrought version was followed during isothermal ageing 
for up to 100h between 700 and 1000°C. The 8-phase precipitates in the form of non-
uniformly distributed thin platelets and an alternative method of measuring volume fraction 

of this precipitate morphology is proposed. A t and above 800°C the precipitation was 
measured quantitatively in terms of the volume fraction and platelet thickness distribution. 

The maximum rate of precipitation occurred at approximately 900°C. The solvus 
temperature lay between 1005 and 1015°C for Nb contents of 5.06 and 5.41 wt% 
respectively. A study was made of the dissolution of the 8-phase in all four alloys using 
isochronal treatments and this confirmed the above solvus temperature range. The effect of 

8-phase and its dissolution on the grain growth of the alloys was also determined. 

1. Introduction 

The alloy Inconel 718 is a Ni-Fe based alloy applied extensively in structural applications 

up to approximately 700°C ( 1 , 2). Its compositional specification is included in Table 1. A 
special characteristic of the alloy is that, in its wrought form, it normally exhibits three 

intermetallic precipitation phases namely (i) y' having a composition N i 3 ( A l , T i ) and a 

cubic ( L I 2) crystal structure ( i i) y" having a composition N i 3 N b and a bet (DÜ22)crystal 
structure and (i i i ) 5 having composition N i 3 N b and an orthorhombic (D0 a ) crystal structure. 
The y' and y" phases precipitate between about 600 and 900°C as uniformly-distributed 
small particles and form a basis for the precipitation hardening of the alloy (see for 

example refs. 1-7). For ageing times o f less than 100h, the 8-phase precipitates between 
about 700°C and its solvus temperature (= 1000°C). The rate of its precipitation is highest 

at around 900°C. It normally precipitates by nucleation at grain boundaries followed by the 
growth of thin plates extending into the grains. Nucleation can also occur intragranularly in 
the presence of y" (3). In thermomechanically processed material the 5-phase can exist as a 

population of equiaxed or slightly elongated, relatively coarse particles sometimes termed 
globular 5. These originate f rom the fragmentation of S-plates. 

Although the 5-phase is thermodynamically more stable than the y" phase, the 

sluggishness of the 8-phase precipitation means that its formation up to about 900°C is 
always preceded by y" precipitation. Since both phases are Nb-based, this implies that the 
growth of the 5-phase occurs with a corresponding loss of the y" phase. This is however not 

so above about 900°C the l imit of y" phase formation. 
Because of its morphology, the 5-phase does not contribute significantly to 

the hardening of the alloy. On the contrary, its presence implies a loss of hardenability due 
to the depletion of y". Moreover, it presence has been associated with an increased 

susceptibility to hot cracking (8). The phase has, however, certain beneficial effects. For 
example, moderate fractions are effective in l imit ing grain growth during solution 

treatments (9) and grain boundary delta with an appropriate morphology has been shown to 
provide resistance to grain boundary creep fracture (10, 11). 
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In the present work, a study has been made of aspects of the precipitation and 

dissolution of 8-phase in a spray-formed version and three wrought versions o f I N 718 
covering a range of Nb contents within the compositional specification o f the alloy. The 
spray-formed version of the alloy was of particular interest in having a higher degree of 
compositional homogeniety than is normally found in wrought versions (12). As far as 
possible the study has been based on the quantitative measurement of the volume fractions 
of the 8-phase. Conventionally, measurements of volume fraction are based on point 
counting or measurement of area fractions using image analysis systems. For accurate 
measurement with such methods, the extreme fineness of the 8-phase plates and the non
uniform spatial distribution of the precipitates demand a very large sampling area at high 
resolution which is experimentally arduous. In this work an alternative method was 
developed that was less sensitive to the image resolution and precipitate distribution. 

2. Experimental 

2.1. Materials 

One spray-formed (SF) and three wrought versions (W1-W3) of I N 718 were studied. Their 

chemical compositions are given in increasing order of Nb content in Table 1 and their as-

received condition in Table 2. In the as-received condition, all three wrought alloys 

contained a significant fraction of residual globular 8-phase while the SF material was free 

of 8-phase. 

Table 1 Composition of materials studied (wt%) given in order of increasing Nb content 

Ni Fe C r Nb Mo T i Al Co C Mn Si 
S F 53.25 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.03 0.05 0.08 

W l 53.85 18.33 17.71 5.12 2.88 0.97 0.50 0.11 0.02 0.05 0.06 
W2 52.70 18.26 18.17 5.30 3.01 1.00 0.55 0.33 0.036 0.06 0.11 

W3 53.75 18.1 17.8 5.41 2.87 1.00 0.45 0.15 0.027 0.05 0.07 
All trace elements lay well within specification 

Table 2 Details of the as-received alloys 

Processing route Final delivered condition Gra in size (pm)* 
SF spray formed HIP 1024°C/172MPa/4h/FC = 50 

W l ring rolled M i l l annealed 996°C/ lh /OQ = 20 
W2 wrought bar HT: 996°C/ lh+718°C/8h/FC to 

621°C/8h/AC 
= 30 

W3 ring rolled M i l l annealed 9 8 2 ° C / l h / O Q = 50 
*measured as mean intercept length 

2.2. Heat treatments 

Three heat treatment programs, summarised in Table 3, were applied to the alloys. The 
first, applied only to SF and W 3 , was a solution heat treatment designed to remove most of 

the residual 5-phase without excessive grain growth followed by isothermal ageing 

treatments to fo l low the precipitation kinetics of the 8-phase. The second was a solution 

treatment fol lowed by ageing at 925 °C to precipitate a significant fraction of 8-phase 
followed by isochronal anneals to study the dissolution kinetics of the phase. The third 
program involved a solution treatment followed by isochronal anneals to study the grain 
growth. The heat treatments were carried out on samples with dimensions of approximately 
10x10x15 cm in an air furnace preheated to the required treatment temperature. The 
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temperature was measured with a K type chromel/alumel thermocouple placed close to the 

sample. The heating time to the set temperature lay between 5 and 10 minutes. 

Table 3 The applied heat treatment programs  

Program 1 
Solution heat treatment: 1025°C/ lh /WQ 

Isothermal annealing at 700, 750, 850, 900, 950 and 1000°C for 1.6, 16.6, 24, 50 and 100h 

Program 2 

Solution heat treatment: 1050°C/lh/FC to 925°C 

5-phase precipitation: direct age 925°C/20hAVQ 

Isothermal annealing at: 950, 975, 1000, 1025 and 1035°C for I h and 5h 

Program 3 

Solution treatment at: 1025°C/ lh /WQ 
Annealing at temperatures f rom 1000 to 1100°C/ lh /WQ  
2.3. Metallographic Preparation 
A l l samples were sectioned and polished using conventional metallographic preparation 

techniques. The sections were subjected to a final electropolish and electrolytic etch. The 

majority of the metallographic investigations were made using scanning electron images. 

Selected samples were prepared for transmission electron microscopy by means of 

conventional wayfaring and electrochemical thinning. Details o f all metallographic 

preparation are given in ref. (12). 

2.4. Quantitative Metallography 

The volume fractions of 5-phase were measured as a section area fractions determined as 

the product o f the total length per unit area of the 5-phase plate sections and their 

thicknesses. The total length of plate sections per unit area (LA (Sj) was measured by 

counting the number of intersections made by the plates wi th test lines drawn through the 

microstructure such that: 

LA(S) = (nl2)NL(S) (1) 

Where Nr. is the number of intersections per unit length o f test line (13). A grid of lines 

corresponding to a total length of 1200 to 2400 p m was superimposed on SEM 

micrographs corresponding to a total area of 2500 to 16000 p m 2 . Since the measurement 

only involved counting, it was not very sensitive to image resolution and could be made at 

relatively low magnifications. The plate thicknesses (W), measured at right angels to the 

long axis of the platelet section, were at much higher resolution, at positions determined by 

intersections with random lines drawn through the microstructure. This measurement is not 

affected by the non-uniformity of the spatial distribution of the plates. A t least 100 plate 

thicknesses were measured per sample with an estimated accuracy of ±50nm and recorded 

in lOOnm wide size classes. The 5-phase volume fraction was then given by: 

VV(S) = AA(Ö) = Z LA(S)i Wi (2) 

where LA(c5), the length per unit area of plates having thickness W, assumed to be given by 

the frequency distribution of the thickness measurements. The errors in the measurement 
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processes are considered to be relatively small. However a small error w i l l have been 
introduced through the non-detection of extremely thin plates (which were observed in 
transmission electron microscopy) leading to a slight underestimation in the fraction while 
the depth of information o f the SEM images and the fact that the etching technique caused 
a slight protrusion of the plates wi l l have probably led to a small overestimation. The 

results are presented without attempting to correct for these effects. It is also to be noted 
that a proportion of the precipitates in some samples were near-equiaxed rather than 
platelike. However, it can be assumed that the above method of measurement would apply 
to a fair approximation also to this morphology. 

Matrix grain sizes were measured in terms of the mean intercept length 
through 50-80 grains on S E M micrographs. 

To assess the compositional homogeneity of the alloy use was made of 
energy dispersive spectroscopy (EDS) to measure local variation in Nb content across 
matrix grains. A t least 50 point analyses were made on each sample. 

3. Results and Discussion 

3.1. Precipitation of 5-phase (Heat Treatment Program 1) 

Following the solution heat treatment at 1025°C/lh the SF material remained free o f 8-

phase. In the W3 material the fraction 8-phase in the form of globular particles had 

decreased to a low ( I vo l%) but significant level (see Figure 7). Their grain sizes had 

increased to = 55 and ~ 75pm respectively. The SF alloy exhibited significantly better 

homogeneity than the W3 material (Figure 1). Both the local Nb content and the presence of 

residual 5 particles might be expected to influence the precipitation kinetics. 

• • spray-formed 

— ring-rolled 

3 7 

Nb concentration (wt%) 

Figure 1 Frequency distribution of Nb content presented as 
cumulative distributions. The Nb contents have been normalised 
to give an average value corresponding to the known Nb content 
of the respective material. 
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The general sequence of precipitation during isothermal annealing of the SF 

alloy was that small precipitates began forming at grain boundaries usually as fine platelets 
(Figure 2). Precipitation continued by the growth of small colonies of platelets mostly at or 
close to the boundaries (Figure 3) and then by plate extension towards the centres of the 

grains. Eventually in cases where high volume fractions (10-15 vol%) were attained, the 
plates were present throughout the grain structure (Figure 4). T E M examination of a 

sample aged at 875°C revealed that nucleation of platelets also occurred within the grains. 

These platelets were often found cutting particles of the y" phase (Figure 5). The same type 
of intragranular precipitation was observed in an alloy of IN718 type at 800°C by 
Sundararaman et al. (14) who suggested that the nucleation might occur at stacking faults 

in the y" particles. 
The first signs o f significant precipitation in the SF alloy were observed at 

750°C at 24h but the rate of precipitation was extremely slow at this temperature. A t 
1000°C, although precipitation was observed after 1.6h it did not evolve beyond the 

precipitation of particles in the grain boundary (Figure 6) since this temperature was very 

close to the solvus temperature (see below). 
In contrast to the SF alloy the early stages of precipitation in the wrought 

material appeared to occur by the growth of the already existing globular particles as well 
as by the formation of new globular particles. However, due to the very small volume 

fractions and changes in volume fraction involved, it was not possible to confirm this by 
quantitative measurement. The effect is illustrated by comparing the micrographs, Figure 7 
and 8. Figure 7 shows the residual globular particle population in the solution treated state. 
The particles occurred mainly intragranularly often forming long rows marking the position 

of the original plate. Af ter ageing (Figure 8) these pre-existing particles seemed to have 
particles seemed to have formed often in grain boundaries. It seems probable that the latter 

would have re-precipitated at locations where prior globular particles had dissolved but left 
a locally high concentration of dissolved Nb. This type of initial precipitation was detected 

grown while new at all temperatures and earliest at 700°C after 100h. In general, it 
occurred slightly earlier than the initial precipitation in the SF alloy. I t was followed by 

platelet precipitation with a similar evolution to that observed in the SF material. 

Figure 2 SEM micrograph (SEI) of spray-formed Figure 3 SEM micrograph (SEI) of spray-
IN718 heat treated at 750°C/24h showing small formed IN718 heat treated at 850°C/24h. 
delta plates along grain boundary. 
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Figure 4 SEM micrograph (SEI) of spray-formed Figure 5 TEM micrograph (bright field) of spray-
IN718 after heat treatment at 950°C/50h. formed IN718 heat treated at 875°C/6h showing early 

precipitation of delta plates. The larger ellipsoidal 
particles are y". 

Figure 7 SEM micrograph (SEI) of ring-rolled Figure 8 SEM micrograph (SEI) of ring-rolled 
IN 718 after solution treatment at 1025°C/1 h. [N718 after heat treatment at 800°C/24h. 
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A t and above 850°C, the precipitated fractions of 8-phase were sufficiently 
high to permit quantitative measurements and the results in terms of the effects of 
isothermal ageing time and temperature are summarised in Figures 9 and 10. The trends for 

the SF and wrought materials were very similar. The main difference was that the fractions 
in the wrought alloy were consistently slightly higher which can be attributed to its higher 
Nb content. In both alloys the maximum rate of precipitation occurred around 900°C and 

equilibrium fractions were attained within 20h. The rates were significantly lower at 
850°C; although equilibrium was not reached within 100h, the fractions attained were close 
to those observed at 900°C. A t 950°C, the precipitation was also much slower but the 

fractions appeared to be approaching equilibrium values, these as expected being 
significantly lower than the equilibrium fractions at 900°C. A t 1000°C the fractions were 
very low and appeared to reach constant values in a very short time. Applying 

extrapolations to the estimated equilibrium values for 900, 950 and 1000°C yields 
approximate values for the solvus temperatures of 1005 and 1015°C for the SF and 

wrought materials respectively. Solvus temperatures are discussed further below with 
respect to dissolution kinetics (Program 2). 

• # 85G°C —• 9W°C — i 

• — • 950V — » \000X' 

k — 9 2 5 X 

__—«— 

\ J 
: / 
a *^ 

• / / ̂
*~7^~  

o o  C 1 

0 20 40 60 80 100 

Time (hours) 

Figure 9 Precipitation of 5-phase in the spray formed 
alloy as a function of time and temperature. (The 
value for 925°C/20h refers to a direct age from a 
solution temperature of 105.0°C). 

0 20 40 60 80 100 

Time (hours) 

Figure 10 Precipitation of 8-phase in the ring-
rolled alloy (W3) as a function of time and 
temperature. (The value for 925°C/20h refers to a 
direct age from a solution temperature of 
1050°C). 

In terms of times and temperatures the precipitation kinetics observed here 

are in good agreement with earlier published studies (e.g. 5, 6, 15-17). However, the 
absolute values for the fractions of precipitate are somewhat higher here than those 

observed earlier. On the assumption that all the Nb in the alloy is present in the 8-phase and 

that the phase consists only of N i and Nb atoms in the stoichiometric ratio, an upper l imit 
to the volume fraction is approximately 13%. A higher l imi t is made possible by the fact 
that other elements can enter the phase. Compositions of the phase measured in this and 

other studies are summarised in Table 4. Here it is probable that measurements made in 
T E M are more reliable than measurements made in SEM. The results indicate that 

approximately 10 at% of other elements can be present in the phase which could extend the 
upper l imi t of precipitation to around 20 vo l%. Nevertheless, since a proportion of Nb must 

remain in solution in the matrix, it is probable that the fractions measured in this work are 
somewhat overestimated due to the experimental effects noted in the experimental section 
above. 
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Table 4 Chemical composition of 5-phase measured in this (TS) and other investigations (in atom %) 

N i N b T i Al M o C r Fe Ref. 
TEM (EDS) 67.5 21.4 3.25 1.6 nd* 4.3 1.9 

TEM (EDS) 66.83 23.17 4.4 nd* 0.42 2.49 2.7 TS 
SEM (EDS) 49.4 17.3 7.0 nd* 1.4 16.0 14.7 TS 

TEM (EDS) 69.5 13.5 4.0 2.0 2.0 3.5 5.5 18 
SEM (EDS) 56.4 12.4 2.75 0.6 2.0 12.3 13.5 7 

Extraction 
plus atomic 
absorption 

72.5 18.1 4.0 1.2 1.4 1.5 1.9 19 

*nd: sought but not detectable **TS: this study 

Figures 11 and 12 show the variation o f mean platelet thickness with time 
and temperature in the two alloys. It should be noted that, because the platelets intersect 
the plane o f polish over a range of angels, the measured thicknesses w i l l be slightly larger 
than the true thicknesses but less than twice the true thickness which corresponds to the 
mean intercept length o f thin plates (13). In general for a given ageing time the mean 
plate thickness increased wi th temperature while it remained relatively constant with time. 
In certain cases, notably at around 20h at 900 and 950°C, a decrease in mean thickness 
was observed. These effects can be explained by the fact that as precipitation proceeded 
and earlier-formed plates coarsened, new and extremely fine platelets formed 
continuously. The decrease in mean plate thickness was associated with the extension of 
plates into the grains and the nucleation of new platelets within the grains. This was also 
reflected in the evolution o f the thickness distributions, just one example, the SF alloy at 
900°C, being given in Figure 13. The thicknesses at 1.6h ranged f rom below lOOnm up to 
approximately 1pm wi th a majority around 300 nm. A t 16h the distribution broadened and 
shifted to higher thicknesses while at 24h the distribution developed a very high frequency 
between 100 and 300 nm. 

3.2. Dissolution kinetics of 8-phase (Heat Treatment Program 2) 

After the solution treatment at 1050°C/ lh no 8-phase could be detected in SEM in any of 
the four alloys. The fo l lowing anneal at 925°C/20h led to precipitation o f significant 

fractions of 8 plates. These fractions are included as the initial points in Figures 14 and 15 

which show the subsequent effects of temperature on the 8-phase content for 1 and 5h 
treatments respectively. The initial contents of the alloys differed markedly depending on 
the Nb content. Subsequent heating for l h at 975°C (Figure 14) led to an increase in 
content in the wrought alloys to values in excess of those predicted on the basis of the 
isothermal behaviour in Program 1, an effect that is diff icul t to explain. The l h treatments 
at higher temperatures led to the expected decrease in 8-phase content. Af ter l h at 1035°C 

the SF alloy was free o f 8-phase while the three wrought alloys retained small fractions. I t 
can be concluded that for l h treatments the apparent solution temperature for the SF alloy 
was approximately 1030°C while those of the wrought alloys lay between 1035 and 
1050°C. 
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Time (h) 

Figure 11 The mean 8-plate thickness as a function 
of ageing time and temperature in the spray-formed 
alloy. 

40 60 

Time (h) 

Figure 12 The mean 8-plate thickness as a 
function of ageing time and temperature in the 
ring-rolled alloy, W3. 

Figure 13 Cumulative frequency distribution 

of S-phase plate thickness as influenced by 
ageing time in the SF alloy at 900°C. 

400 600 800 1000 
Thickness of ö phase (nm) 

For 5h treatments (Figure 15) the anneal at 950°C led to a slight increase in 

the 5-phase content while at higher temperatures it decreased progressively and at 1025°C 

all four alloys were free of 8-phase. The results imply that the solvus temperatures for 5h 

anneals lay between 1005°C for the SF alloy (5.06 wt%Nb) and just below 1020°C for the 
wrought alloy W3 (5.41 wt%Nb), the sol vi of the two wrought alloys with intermediate Nb 
contents lying between these two limits. These solvus temperatures are in good agreement 

with the values estimated f rom the isothermal equilibrium values implying that in this 
temperature range an approximately 5h anneal is sufficient to achieve equilibrium 
dissolution. 

The dissolution kinetics observed here are in very good agreement with 
similar studies by Desvallées et al. (9) and Stockinger et al. (20). The former concluded 
that at 985 °C more than 6h was required to reach equilibrium while at 1060°C about 10 

minutes was sufficient. Moreover, the solvus temperatures found here are in good 
agreement wi th those of other recent determinations (9, 15-17). 
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Figure 14 Effect of 1 h heat treatments on 8-
phase content of four alloys following a 
precipitation treatment at 925°C/20h. The 
contents after the latter treatment are 
included. 
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Figure 15 Effect of 5h heat treatments on 

8-phase content of four alloys following a 
precipitation treatment at 925°C/20h. The 
contents after the latter treatment are 
included. 

3.3. Grain Growth (Heat Treatment Program 3) 

Following the solution treatment at 1025°C/ lh the SF alloy was free of 5-phase while the 

three wrought alloys retained a small fraction (~ l v o l % ) . The effects of l h annealing 

temperature on the grain size of the four alloys are shown in Figure 16. The three wrought 

alloys exhibited a sharp increase in grain growth between 1040 and 1050°C which is 

almost certainly associated with the dissolution of 5-phase (see previous section). In the 

W2 and W3 alloys, the rate o f increase with temperature above 1050°C fell again. A 

possible reason is that the grain growth accelerates upon the loss of the 5-phase until the 

grain boundaries come under the control o f a new population of precipitates (for example 

carbides, nitrides and borides). Similarly, the SF alloy exhibited only a moderate increase 

in grain growth over the entire investigated temperature range suggesting that its grain 

growth was controlled solely by a population of less soluble, non-5 particles. 
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4. Conclusions 

The precipitation and dissolution kinetics of the 8-phase have been studied in three wrought 

versions and one spray-formed version of the nickel alloy, Inconel 718 with Nb contents 

ranging from 5.06 and 5.41 wt%. The precipitation in the spray-formed version (5.06 wt% 

Nb) and one wrought version (5.41 wt%Nb) has been characterised for isothermal ageing 

treatments of up to 100h between 700 and 1000°C. The 8-phase precipitated in the form of 

non-uniformly distributed thin platelets and an alternative method of measuring volume 

fraction of this precipitate morphology has been proposed. A t and above 800°C the 

precipitation was measured quantitatively in terms of the volume fraction and platelet 

thickness distribution. The maximum rate of precipitation occurred at approximately 

900°C. The solvus temperature lay between 1005 and 1015°C for the Nb contents o f 5.06 

and 5.41 wt% respectively. A study was made of the dissolution of the 8-phase in all four 

alloys using isochronal treatments and this confirmed the above solvus temperature range. 

Approximately five hours annealing was required to attain phase equilibrium within this 

temperature range. The effect of 8-phase and its dissolution on the grain growth of the 

alloys was also determined. The 8-phase can contribute to the control o f grain growth but 

in its absence other precipitate particles such as carbides can also provide grain growth 

inhibition. 

Acknowledgements 

This research was supported financially by the Swedish National Energy Board (Statens 

energimyndighet) as part o f a national program on the use of materials in thermal energy 
generation processes ( K M E ) . The research co-operation of Volvo Aero Corporation is also 

gratefully acknowledged. The authors were all formerly employed at Luleå University of 
Technology where the majority of the experimental work was carried out. The alloys were 
provided by Volvo Aero Corporation, Trolhättan, Sweden. 

References 

1. E. E. Brown and D. R. Muzyka: 'Nickel-Iron Alloys in Superalloys I F , (ed C. T. Sims, 
N . S. Stoloff and W. C. Hagel), Wiley, New York, 1987, 165-188. 
2. K. M . Chang and A . H . Nahm: Proc. Conf. on 'Superalloy 718', Metallurgy and 

Applications, (ed. E. A . Loria, Minerals, Metals and Materials Society), Warrendale, 1989, 

631-646. 
3. S. Azadian, L . Y . Wei , F. Niklasson and R. Warren: Proc. Conf. on 'Superalloys 718, 
625, 706 and Various Derivatives', (ed. E. A. Loria, The Minerals, Metals and Materials 

Society), 2001,617-626. 
4. J. M . Oblak, D. F. Paulonis, and D. S. Duvall: Met.Trans. A S M , 1969, 62, 611-622. 

5. J. W. Brooks and P. J. Bridges: Proc. Conf. on 'Superalloys 1988', (ed S. Reichman et 
al., The Metallurgical Society), Warrendale, 1988, 33-42. 
6. A . Oradei-Basile and J. F. Radavich: Proc. Conf. on 'Superalloys 718, 625, 706 and 

Various Derivatives', (ed. E. A . Loria, The Minerals, Metals and Materials Society), 
Warrendale, 1991, 325-335. 

82 



Delia Phase Precipitation in Inconel 718 

7. C. Slama, C. Servant and G. Cizeron: J. Mater. Res., 1997,12, 2298-2316. 
8. L . Qiang: ' H A Z Microstructural Evolution in Al loy 718 after Multiple Repair and 
PWHT Cycles', 1999, PhD dissertation, Ohio State University. 
9. Y . Desvallées, M . Bouzidi, F. Bois and N . Beaude: Proc. Conf. on 'Superalloys 718, 

625, 706 and Various Derivatives', (ed. E. A . Loria, The Minerals, Metals and Materials 
Society), Warrendale, 1994, 281-291. 
10. M.J., Donachie and S.J., Donachie: 'Superalloys a Technical Guide", A S M , Materials 
Metals Park, 2002, Ohio. 
11. G. Sjöberg, N . Ingesten: Proc. Conf. 'Superalloys 718, 625, 706 and Various 
Derivatives', (ed. E. A . Loria, The Minerals, Metals and Materials Society), Warrendale, 
1991,603-620. 

12. S. Azadian, L . Y. Wei , and R. Warren: 'Ageing response of Spray Formed Inconel 718 
between 600° and 1000°C. Submitted to Materials Science and Technology 
13. E.E. Underwood: 'Quantitative Stereology', Addison-Wesleg, Reading, USA, 1970. 

14. M . Sundararaman, P. Mukhopadhyay and S. Banerjee: Met. Trans. A, 19A, 1988, 453-
465. 
15. J. He: Mater. Sei. Techno!., 10, 1994, 293-303. 
16. W. C. L i . Z. L . Chen and M . Yao: Met. Trans. A, 30A, 1999, 31-40. 

17. J. P. Collier, S. H . Wong, J.C. Phillips and J . K . Tien: Met. Trans. A, 19A, 1988, 1657-
1666. 
18. M.G . Burke and M . K . Mil ler : Proc. Conf. on 'Superalloys 718, 625, 706 and Various 
Derivatives', (ed. E. A. Loria, The Minerals, Metals and Materials Society), Warrendale 
1991, 337-390. 

19. R.B. L i , M . Yao, W.C. L iu and X.C. He: Scripta Met., 46, 2002, 635-638. 
20. M . Stockinger, E. Kozeschnik, B . Buchmayr and W . Horvath: Proc. Conf. on 
'Superalloys 718, 625, 706 and Various Derivatives', (ed. E. A . Loria, The Minerals, 
Metals and Materials Society), Warrendale, 2001, 141-148. 

83 



Delta Phase Precipitation in Inconel 718 

84 



The Effect of Delta Phase on the Creep Notch Sensitivity of Spray-Formed Inconel 718 

Paper V 

The Effect of Delta Phase on the Creep Notch Sensitivity of Spray-Formed Inconel 718 

85 





Tile Effect of Delta Phase oil the Creep Notch Sensitivity of Spray-Formed Inconel 718 

The Effect of Delta Phase on the Creep Notch Sensitivity of Spray-Formed Inconel 718 

F. Niklasson 

Volvo Aero Corporation 

SE Trollhättan, Sweden 

S. Azadian and 

R. Warren 

Technology and Society 

Ma lmö University 

SE 20506 Malmö , Sweden 

Corresponding authors: R. Warren and S. Azadian 
Malmö University, Division of Technology and Society, 205 06 Malmö, Sweden 
Email address: richard.warren@ts.mah.se 

Telephone: +46(0)40-6657637 

Email address: saied.Azadian@ts.mah.se 

Telephone: +46(0)920-492269 

To be submitted. 

87 



The Effect of Delta Phase on the Creep Notch Sensitivity of Spray-Formed Inconel 7 IS 

The Effect of Delta Phase on the Creep Notch Sensitivity of Spray-Formed Inconel 718 

F. Niklasson 

S. Azadian and R. Warren 

Abstract 

An investigation was made of the creep notch rupture behaviour of a spray-formed version 

of the alloy I N 718 after a standard heat treatment and after treatments designed to prevent 
creep notch embrittlement. The creep rupture tests were carried out at 649°C and an initial 
stress of 686MPa according to the SAE Aerospace Material Specification 5662K. The 
alloy when subjected to a standard heat treatment involving a solution treatment step of 

954°C/ lh prior to ageing was found to be creep notch embrittled. This embrittlement could 
be prevented by introducing an intermediate heat treatment step at 875°C or 900°C with or 
without a following 954°C solution treatment. The transition from notch sensitivity to 

notch insensitivity was associated with a small but critical change in the amount and 

morphology of the 5 phase at the grain boundaries brought about by the intermediate heat 
treatment step. The results were not consistent with an earlier suggestion that the creep 

notch embrittlement was due primarily to shearing of the y" precipitate particles leading to 
heterogeneous plastic deformation. 

Introduction 

The alloy I N 718 is a precipitation hardened Ni-Fe based superalloy with excellent 

mechanical properties and good microstructural stability up to about 650°C. Unlike most 

precipitation hardened nickel alloys it is not only hardened by the cubic N i 3 (T i .Al ) phase 

(Y) but also and primarily by N i 3 N b (y") a tetragonal phase. These are generally 

precipitated by double ageing treatments at around 720 and 620°C. The alloy is also 

characterised by the precipitation of a third phase at higher temperatures (around 900°C) , 

namely an orthorhombic Ni^Nb phase, commonly referred to as the 5 phase. The latter 

generally precipitates as thin plates which do not provide effective hardening but which 

can be exploited when present in moderate amounts to improve grain boundary stability 

(see for example ref. 1). A recommended heat treatment for wrought versions of I N 718 is 

a solution treatment at around 950°C, which generally retains a small fraction of 5 

precipitate formed during earlier thermomechanical processing, followed by the above 

mentioned double ageing treatment. 
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In common with a number of other Ni-base alloys, I N 718 can in certain 
circumstances suffer creep notch embrittlement in the fo rm of premature intergranular 
creep crack growth. The alloy is most susceptibility to this embrittlement in the 
temperature range 600-700°C and at relatively high stress levels. As a consequence a 
standardised creep notch rupture test (2) is used to define creep notch sensitivity based on 
a combined smooth and circumferentially notched test bar (3) loaded at 649°C (1200°F) at 

an initial stress o f 686 MPa (100 ksi) on the smooth section. The criterion for notch 
insensitivity is that the sample should fai l in the smooth section of the bar in not less than 
23h and wi th not less than 4% elongation strain to fracture. 

Whether or not the alloy wi l l exhibit notch creep embrittlement is related 
sensitively to the microstructure but exactly how is not clear. A number of hypotheses 

regarding the mechanism of creep crack growth and regarding the role of microstructural 
factors have been forwarded. These include the proposal that intergranular creep crack 
growth is environmentally assisted, for example by oxidation of grain boundary 

precipitates (4,5), that it occurs by grain boundary sliding (6, 7), that it occurs as the result 

of shearing o f subcritically sized y/y"precipitates by dislocations (rather than Orowan by
passing o f the precipitates) leading either to heterogeneous deformation in the alloy (6, 8) 

or to fracture o f the particles (9), or that it occurs as a result of a precipitate-free zone close 
to the grain boundaries due to Nb depletion by grain boundary precipitation of carbides 
(10) . It is reasonable to suppose that any one of these mechanisms could be valid 
depending on circumstances or that two or more of could act in combination. 

Regardless of the uncertainty of the mechanisms involved, certain empirical 

observations have been confirmed. A material that contains a fraction of 5 particles after 
thermomechanical processing prior to the standard heat treatment involving a 954°C 
solution treatment (here referred to as StHT) wi l l generally not suffer notch embrittlement 
(11) . The material wi l l become notch sensitive however, i f prior to the standard heat 

treatment, it is subjected to a solution treatment above the 5 phase solvus temperature (= 

10I0°C) that dissolves most or all of the 5(4, 11). The subsequent solution treatment at 

954°C leads to only a limited fraction of 8 confined to the grain boundaries. The notch 
ductility of the material embrittled by the above-solvus solution treatment can be restored 
by replacing the subsequent 954°C treatment by an intermediate treatment at a temperature 
between about 850° and 920°C (4, 5, 8, 11). The latter leads to a somewhat higher fraction 

of 5 precipitated in the form of many platelets intersecting or crossing the grain boundaries 

as well as to an overaged precipitation of the y" phase. Most authors suggest that the 

restored notch ductility is due to a "reinforcement" of the boundaries by the 5 phase 
leading, for example, to crack deflection or to a resistance to grain boundary sliding. 
Wilson, however, suggested that the effect is not directly related to the grain boundary 

morphology but due to the fact that the y" particle size coarsens to beyond the critical size 
for particle shearing, thus preventing heterogeneous deformation (8). 

The present work was undertaken to investigate the creep notch rupture 

behaviour o f a spray-formed version of I N 718. In the as-delivered state the alloy was free 

of 5 phase and so in view of the above discussion was suspected to be notch sensitive. The 
alloy was therefore subjected to a program of heat treatments to assess its notch sensitivity 
and to learn whether any loss of notch ductility could be restored by the application o f 

intermediate heat treatments. Notch rupture tests were accompanied by metallographic 
investigations in an attempt to understand the role of microstructural effects. 
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Experimental 

Material 
The alloy studied was supplied in the form a large spray-formed conical ring with a wall 

thickness going f rom 17 to 65mm over a length of 176mm. The chemical composition is 

given in Table 1. Prior to supply the ring had been hot isostatically pressed at 

1024°C/172MPa/4h followed by slow cooling. A preliminary investigation showed that the 

ring exhibited good homogeneity with respect to composition and grain size over the 

majority of its section. The grain size measured in terms o f the mean intercept length lay 

between 46 and 55pm except close to the spray forming substrate mandrel where it was 33 

pm, due to faster cooling. The Vickers hardness lay between 355-408HV indicating that 

some precipitation of the hardening phases had occurred during cooling (the hardness of 

the solution treated and quenched alloy was approximately 180HV). The microstructure 

was however free of 8 phase. 

Table 1 Composition of the spray-formed IN 718. 

Element N i Fe Cr Nb M o T i A l Co C Mn Si 

Wt (%) 53.24 17.9 18.8 5.06 3.04 0.93 0.44 0.36 0.03 0.05 0.08 
B. P. S. O and N all less than 0.01% 

Heat treatments 
A series of four heat treatments listed in Table 2 were investigated. The first heat treatment 
step, 1010°C/lh followed by air cooling was a solution treatment intended to dissolve all 

intermetallic precipitates. Samples for the study of microstructure were blocks cut f rom the 
ring with dimensions 10x7x5 mm. The samples were heat treated in air by placing them in 
a furnace pre-heated to the required heat treatment temperature. The heating time to the set 
temperature was around 10-15 minutes after which the timing was started. After each step 

in the heat treatment cycle the samples were cooled in f lowing argon down to room 
temperature with the exception of a direct heating between the stages of 875°C/6hr to 

954°C/ lhr and 900°C/4hr to 954°C/ lhr and direct cooling at 56°C/h between the 718° and 

620°C ageing steps. 

Table 2 The heat treatment program.  

I 1010°C/lhr + 954°C/lhr + 720°C/8hr + 620°C/8hr 
I I 1010°C/lhr + 875°C/6hr + 954°C/ lhr + 720°C/8hr + 620°C/8hr 
I I I 1010°C/lhr + 900°C/4hr +954°C/ lhr + 720°C/8hr + 620°C/8hr 
I V 1010°C/lhr + 875°C/6hr + 720°C/8hr + 620°C/8hr 

I t can be noted that, apart f rom the initial 1010°C/ lh solution treatment the 

first heat treatment cycle, (I) , is a recommended standard heat treatment (StHT) for I N 718 

in which the 9 5 4 ° C / l h stage is a solution treatment normally intended to retain a small 

fraction of 8 phase (see Introduction). The cycles ( I I ) and ( I I I ) introduce an intermediate 

ageing step before the StHT while the fourth cycle, ( IV) , is identical to cycle (II) but 

omitting the 954°C/ lh solution stage of the StHT. 
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Notch rupture tests 
Samples for notch creep rupture were cut f rom the spray formed ring and heat treated 
according to the above four treatments before machining to cylindrical test bars. The test 

bar geometry was based on that recommended in A S T M E 292 (3) but with the dimensions 
given in Figure 1. The notch dimensions corresponded to a stress concentration factor of K, 
= 3.9. The creep tests were carried out in air at a temperature of 649°C and an initial load 
corresponding to 689 MPa on the smooth gauge length in accordance with the 
recommendation o f SAE A M S 5662K for the alloy I N 718 (2). The temperature control o f 
the creep test was performed in accordance with A S T M E 292 with a thermocouples on 
each side of the notch and a third on the smooth portion o f specimen. Tests were continued 

to fracture. The rupture time and elongation to fracture were measured. 

j—Detail 

Figure 1 Standard cylindrical specimen (D=diameter of gauge: 4.45mm. 
G=gauge length: 18mm. R= radius of notch: 0.13mm, E=shoulder length: 
9.5mm. H=shoulder diameter: 6.4mm, r=radius of fillet: 3.2mm). 

Metllography and fractography 
Samples f rom the heat treatment studies and longitudinal sections of creep rupture tested 

samples were examined metallographically by optical and scanning electron microscopy 
(SEM) after conventional metallographic preparation of polished surfaces and etching in 

10% oxalic acid. Volume fractions o f 5 phase were estimated using a method of 

quantitative metallography described in (12). Use was also made of energy dispersive 
spectroscopy in SEM to ascertain the chemical composition of phases. The fracture 

surfaces o f creep specimens were also investigated in SEM. The SEM instruments used 
were a CamScan series 4 (Link-eXl system) and Jeol JSM -6460LV (Link- ISIS E D X 
system). Secondary ion mass spectroscopy (SIMS) was applied to the polished sections of 

two creep tested samples to determine qualitatively the distribution of certain alloying 
elements in the microstructure. The instrument used was a Cameca EMS 3F. Thinned foils 
of one sample (heat treated 1010°C/ lh + 875/6h) was examined by transmission electron 

microscopy (TEM). The foils were thinned electrochemically in 10% HC104 in ethanol. 
The instrument used was a Jeol 2000 EX, 200 KeV (Link- 10000 XEDS system). The T E M 
study has been reported earlier (13). 
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Results 

Heat treatments 
Following the solution heat treatment at 1010°C/lh only small fractions o f carbide, nitride 

and boride particles remained. The matrix grains were equiaxed with a mean intercept 

length of « 50pm (see Figure 2). After heat treatment at 954°C/ lh a very small fraction, 1.5 

- 2 v o l % of 8 phase had precipitated. This consisted of rows o f very short platelets in and 

close to the grain boundaries as well as rows o f particles and/or thin fi lms along the grain 

boundaries (see Figure 3). The grain size remained almost unchanged i.e. » 50pm. No Y or 

Y' precipitation could be detected. The appearance of the microstructure in SEM did not 

change significantly after the fu l l heat treatment cycle I (see Figure 4) although both Y and 

Y' can be assumed to have precipitated during the two final ageing stages. 

After the intermediate heat treat treatment at 875°C/6hr the fraction of 

precipitated 8 was significantly higher, around 3.5 vo l%, while no noticeable grain growth 

was observed. In this case the 8 phase had formed larger colonies of fine plates growing out 

f r o m and across the grain boundaries. Moreover, a homogeneously distributed background 

intragranular precipitation of relatively coarse y" was observed throughout the structure 

(see Figure 5). Following this treatment with the 720 and 620°C ageing steps (i.e. cycle I V ) 

did not change this microstructure significantly since most of the y" had already 

precipitated. On the other hand, fol lowing the treatment with the StHT (i.e. cycle I I ) caused 

re-solution o f the coarse y" at 954°C followed by reprecipitation in a finer form during the 

ageing steps. However little change in the grain structure and the 8-phase precipitation 

could be detected. Examples of the microstructure fol lowing cycle I I are shown in Figures 

6 and 7. Cycle (III) was similar to cycle ( I I ) , differing only in its having a slightly higher 

temperature/shorter time intermediate step (900°C/4h instead of 875°C/6h). The 

microstructure after this cycle was very similar to that after cycle I I . 

Figure 2 SEM secondary electron image (SEI) Figure 3 SEM (SEI) micrograph of sample heat 
micrograph of alloy solution treated at 1010°C/lh. treated 1010°C/lh + 954°C/lh. 
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Figure 4 SEM (SEI) micrograph of sample heat Figure 5 SEM (SEI) micrograph of sample heat treated 
treated according to cycle I . 1010°C/lh 875°C/6h showing 5 precipitation in grain 

boundary and a background precipitation of y". 

Figure 6 SEM (SEI) micrograph of sample heat treated Figure 7 SEM (SEI) micrograph of sample heat treated 
according to cycle I I . according to cycle II. 

Creep Notch Rupture Tests 
The results of the creep notch rupture test are summarised in Table 3. The sample heat 
treated according to cycle I , the standard heat treatment, fractured at the notch after 4h 

without any significant elongation. It was therefore creep notch embrittled according to the 
AMS criterion for notch insensitivity. Samples heat treated according to cycles I I , I I I and 
IV all failed in the smooth section of the test specimen with rupture times between 115 and 

150h and with elongations of 12 - 16%. They were all therefore notch insensitive. 
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Table 3 Summary of the creep notch rupture tests 

H T cycle Heat treatment 
Time to rupture 

(h) 

Elongation at 
fracture (%) 

I 1010°/ lh + 95471h + 72078h + 62078h 4 -

I I 
101071 h + 875 76h + 95471 h + 72078h + 

62078h 
115, 151 12, 13 

I I I 
101071 h + 90074h + 95471 h + 72078h + 
62078h 

115, 141 13,13 

I V 101071h + 87576h + 72078h + 62078h 132, 139 16, 15 

Fracture characteristics and microstructure of creep tested samples 
Typical fracture surfaces and fracture profiles o f the notch sensitive sample and a notch 

insensitive sample are shown in Figures 8 and 9 respectively. The fracture characteristics 
were similar in that the fractures consisted of a region of intergranular fracture with a brittle 
appearance (see Figure 10) and a more ductile region with a dimpled appearance. A 
probable interpretation is that the intergranular region was created by an initial creep crack 

growth. The ductile region then formed by f inal tensile failure when the stress on the 
remaining ligament reached the tensile fracture stress. The main difference between the 

fractures of the two samples is that the notch insensitive fracture occurred in the smooth 
section of the test bar and only after significant creep strain; it therefore occurred on a 
much smaller cross-section. Consequently it exhibited a much smaller relative area of 
creep fracture since the tensile fracture stress would have been reached at an earlier stage. 

Figure 8 Fracture surface and fracture profile of the Figure 9 Fracture surface and fracture profile of a notch 
notch sensitive sample. Note that the fracture surface insensitive sample, heat treated according to cycle I I . 
diameter is 4.5mm. Note that the fracture surface diameter is 2.5mm. 
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On closer examination it was also observed that in the notch insensitive 
samples the creep fracture region contained islands of ductile dimpled fracture as well as 
more instances of transgranular fracture than in the notch sensitive sample. The creep 
fracture regions also exhibited secondary grain boundary cracks penetrating the fracture 
surface (Figure 10). These were more numerous in the notch sensitive specimen. The creep 
fracture surfaces of the notch ductile samples showed evidence o f a heterogeneous slip 
process in the form of a stepped topography (Figure 11). Occasional evidence of 

heterogeneous slip could also found in favourably oriented grains in the polished 
longitudinal sections o f the samples since the intersections of slip bands were decorated by 
particles presumably precipitated during creep (Figure 12). 

Figure 10 Detail of creep fracture region of the Figure 11 Detail of creep fracture region of the 
fracture surface of the notch sensitive sample. fracture surface of a notch insensitive sample showing 

stepped deformation. 

Figure 12 SEM (SEI) micrograph showing 
evidence of heterogeneous slip after creep test in 
a notch insensitive sample heat treated according 
to cycle I I . The loading direction was in the 
vertical direction of the picture. 
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The morphology and amount of 8 phase did not appear to be affected 
significantly during creep i.e. it had a similar appearance to that described above with 
respect to the heat treatment studies and shown in Figures 2-7. However, the rupture tested 
samples, and in particular the notch insensitive materials, did exhibit microstructural 

damage beneath the fracture surfaces. In the notch insensitive samples this consisted of 
grain boundary cracks (Figure 13). These cracks seldom extended beyond one grain facet 

and seemed to be halted at transversely oriented 5 plates or colonies. These cracks were 
found over the whole gauge length. Short transverse cracks were also observed at intervals 
along the surface of the gauge length and secondary cracks were found along the fracture 

surface. Most of these cracks appeared to fol low the interface of 8 plates or the outer edges 

of 8 plate colonies suggesting that they may have propagated in the Nb-depleted zone in the 
matrix adjacent to the plates. Much fewer cracks of these types were observed in the notch 
sensitive sample. Instead, a limited amount of grain boundary cavitation, presumably 

initiated at grain boundary precipitates, was observed but only close to the fracture surface 
(Figure 14). This is understandable since the sample suffered very little creep strain prior to 

fracture. 

Figure 13 SEM (SEI) micrograph showing F ' g " r e 14 SEM (SEI) micrograph showing grain 
grain boundary cracks in a rupture tested, notch boundary cracks in the rupture tested, notch 
insensitive sample. sensitive sample. 

EDS in combination with SIMS microanalysis revealed the presence of 

isolated particles containing boron, carbon and/or nitrogen combined with such elements as 

A l , T i and/or Nb. Apart f rom the 8 phase there was no evidence of continuous 

configurations of these elements in the grain boundaries. No differences between the notch 

sensitive and a notch insensitive material (heat treatment cycle I I ) were observed in this 

respect. 

The T E M investigation of the sample heat treated at 875°C/6h confirmed that 

the background precipitation shown in Figure 5 was y" and that its particle size, was 

approximately 500 nm measured as the major axis o f its lens-like particle shape It was also 

observed that extremely fine 8 platelets had formed within the grains away f rom the grain 

boundaries. These were seen to bisect y" particles suggesting that they had nucleated in the 

latter. 
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Discussion 

The present results confirm the conclusion of earlier investigations that a solution treatment 

of EN 718 at a temperature above the 8 phase solvus leading to complete dissolution of the 

8 phase leads to creep notch embrittlement in the alloy when it is subsequently subjected to 

a standard heat treatment involving a solution treatment around 950°C. It is also confirmed 

that notch ductility can be restored by application of an intermediate treatment that leads to 

precipitation of an appropriate amount and morphology of 5 phase around the grain 

boundaries. Notch sensitivity occurred in the alloy heat treated at 954°C/ lh which 

produced 8 precipitation mainly within and parallel to the grain boundaries. It is probable 

that in this form the 5 phase promoted a grain boundary crack growth process by providing 

low energy crack paths. The intermediate treatments at 875°C and 900°C not only 

produced somewhat higher fractions of 8 phase but also a morphology of many platelets 

emanating f rom the boundaries and growing into the grains. This would provide a source o f 

crack deflection and consequently a reduction in the crack tip stress intensity. Direct 

observation of such a deflection process has been reported by Zhang Yun et al. (14). 

Creep notch embrittlement occurs i f cracks initiated at an early stage in the 

locally high stress f ie ld o f the notch can continue to grow at a rate faster than creep 

deformation at the crack tip can dissipate the crack tip stress field. A sharp transition f rom 

notch sensitivity to insensitivity can be expected to occur since the introduction of any 

small hindrance to the crack growth w i l l be further reinforced by crack blunting due to 

creep deformation. In the present case the sharp transition f rom notch sensitivity to 

insensitivity could then wel l have been brought about by the observed small change in the 

amount and morphology of the 8 phase. 

Intermediate treatments in the region o f 900°C are probably effective in 

producing the appropriate morphology because the rate of 8 precipitation is greatest around 

this temperature (12). Moreover, the y" precipitation is still present at this temperature, at 

least for a number of hours (12) and this could encourage the favourable morphology of 8 

plates growing at angles to the boundaries. At 950°C the y" phase is not present. 

It is of interest to note that the heat treatment cycles I I and I V gave very 

similar creep notch ductility. The two cycles were similar but cycle I V omitted the 

954°C/lh step and therefore corresponded closely to the treatments -recommended in 

previous publications- that yield a microstructure with a relatively coarse y" precipitate (see 

Introduction). The precipitate size was well above the critical size for particle by-passing 

identified by Wilson (8). However, in cycle I I the 954°C/ lh step fol lowing the intermediate 

age at 875°C effectively redissolved the y" which would then have been reprecipitated 

during the double ageing steps to produce a much finer, subcritical precipitate size. This 

was confirmed by the observations of heterogeneous deformation in this material. The fact 

that it exhibited a similar good notch ductility to the cycle-EV treated material is thus 

inconsistent with the suggestion that notch embrittlement is primarily due to particle 

shearing leading to heterogeneous deformation. Instead it provides support for the view that 

notch ductility is associated with the creation of a favourable 8 phase morphology at the 

grain boundaries. This is o f some practical significance since it implies that creep notch 

insensitivity can be restored without loss of precipitation hardebability. 
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Conclusions 

Spray-formed I N 718 when subjected to a standard heat treatment involving a solution 

treatment step of 954°C/ lh prior to ageing was found to be creep notch embrittled. This 

embrittlement could be prevented by introducing an intermediate heat treatment step at 

875°C or 900°C with or without a fol lowing 954°C solution treatment. The transition f rom 

notch sensitivity to notch insensitivity was associated with a small but critical change in the 

amount and morphology of the 8 phase at the grain boundaries brought about by the 

intermediate heat treatment step. The results were not consistent with an earlier suggestion 

that the creep notch embrittlement was due primarily to shearing of the y" precipitate 

particles leading to heterogeneous plastic deformation. 
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The High Temperature Tensile Behaviour of I N 718 in Relation to Liquation Cracking 

T. Antonsson, S. Azadian, G. Sjöberg 

J. Ockborn, R. Warren and H . Fredriksson. 

Abstract 

The high temperature tensile properties have been measured of a wrought version of the 

alloy I N 718 against the background of susceptibility to hot cracking in the heat affected 

zone during welding. Measurements were made of the zero strength temperature on heating 

and the ultimate tensile strength and ductility as a function of temperature upon cooling 

after heating the test specimen in-situ to a peak temperature close to the zero strength 

temperature. The measurements were made on the alloy after heat treatment to produce 

microstructures with and without 5-phase precipitation and with two grain sizes (80 and 

200pm - measured in terms of the mean intercept length). Moreover the same 

measurements were made on the alloy after in-situ melting and solidifying the hot zone of 

the test samples. 

The in-situ solidified alloy exhibited no macroscopic ductility down to 900°C. 

For the heated treated versions of the alloy, the on heating zero strength temperatures and 

the on cooling brittle-to-ductile transition temperatures were lowered only slightly by 

precipitation o f large fractions of 5-phase at 900°C. Similarly only small reductions were 

caused by an increase in grain size f rom 80 to 200pm. A more significant reduction in the 

brittle-to-ductile transition temperature occurred when a small fraction o f 5-phase was 

precipitated at 960°C. It is suggested that this decrease arose because the 8-phase in this 

case precipitated predominantly at the grain boundaries. A segregated grain boundary layer 

of B was observed in the heat treated samples and it is suggested that this could contribute 

to the reduced hot ductility through interaction with the precipitated 5-phase. 

1. Introduktion 

The alloy IN718, available in both cast and wrought forms, is one o f the most commonly 

used Ni-base alloys for moderate to high temperature applications and is used for example 

extensively in turbines and aerospace components. As well as favourable mechanical 

properties i t is characterised by a weldability that is superior to that o f many other 

precipitation hardened Ni-base alloys. The favourable weldability is largely due to the fact 

that the principle precipitation hardening phase in IN718 is the tetragonal N i j N b (so-called 

Y") rather than the usual cubic Ni3 (Al ,T i ) , y , found in the majority of Ni-base alloys but 

only as a minority phase in IN718 (1). An additional feature of I N 718 is that at 

temperatures above about 850°C, the y" phase gives way to the formation o f an 

orthorhombic Ni3Nb phase usually referred to as 5 phase. This forms in general as thin but 

extensive plates and is not effective as a hardening phase. 
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In certain circumstances, the weldability of I N 718 is reduced due to hot 

cracking within the heat affected zone (HAZ) during the cooling phase of the welding 

cycle. The hot cracking arises f rom grain boundary liquation due to small fractions of melt 

formed for example by precipitates and/or segregated species which extend the alloy 

melting range in the grain boundaries. The susceptibility is greater in the cast alloy since 

this exhibits greater compositional segregation but an increased susceptibility has also been 

observed in wrought material containing high fractions of 8-phase (2, 3). This has been 

found to be of practical significance in the repair welding of components since repeated 

repair welding followed by post weld heat treatment (PWHT) leads to a progressive 

accumulation of 8 phase. The accumulation occurs because the standard PWHT involves a 

solution treatment at around 950°C which is just below the 8 phase solvus temperature. The 

role of the 8-phase in the hot cracking susceptibility in the wrought alloy is not completely 

clear. One suggestion is that the 8 phase, which dissolves during the heating stage of the 

weld cycle, contributes to a reduction in the local grain boundary melting temperature 

through the resulting increase in the content of Nb at the boundary available for increased 

interaction with other segregated species (2, 3). Several studies indicate that boron in small 

quantities at the grain boundaries is one of the main participants in such interactions (3, 4, 

5, and 6). The hot cracking susceptibility has also been observed to increase with 

increasing grain size (5) which is expected since the level of grain boundary segregation 

generally increases with grain size. The possible contribution of 8-phase to hot cracking 

susceptibility leads to the suggestion that a rejuvenation heat treatment involving a solution 

treatment above the 8-phase solvus be applied after repeated repair welding cycles (4). 

In the present work the high temperature tensile properties (ultimate tensile 

strength and ductility) and their relationship to the microstructure were investigated in a 

wrought version of I N 718 after various heat treatments. The heat treatments, which were 

selected against the background of hot cracking during welding as outlined above, were 

designed to produce microstructures with and without 8-phase and with two grain sizes. In 

addition, one treatment involved the in-situ melting followed by cooling of the test 

specimen in the tensile testing equipment in order to measure the properties o f a cast 

structure similar to that formed in the melt zone during welding. 

Although the investigation was made against the background of hot cracking 

susceptibility in welding it should be considered to be of a more general nature. The 

specimen heating was achieved using a mirror furnace. Although this permitted fast heating 

rates of 100-300°C/min these cannot be considered as a direct simulation of weld heating 

cycles in which heating to the melting point occurs within a few seconds. 

105 



The High Temperature Tensile Behaviour of IN 718 in Relation to Liquation Cracking 

2. Experimental procedure 

A specially designed high temperature testing unit (see below) was used to determine the 

high temperature tensile properties of the alloy in an interval between 900°C and the 
liquidus temperature. Two types o f test were performed namely: 1) tensile properties of heat 

treated samples as a function of decreasing temperature after heating to a peak temperature 
of 1210°C (just below the zero strength temperature (ZST)) and 2) tensile properties as a 
function of decreasing temperature o f samples in-situ melted in the testing unit. 

2.1. Material 

The material used for the hot tensile tests was a commercial grade wrought version of I N 

718 produced by A L L V A C by vacuum-induction melting (VPM) and electroslag-remelting 
(ESR) followed by thermomechanical processing to bar. The Nb content was 5.12 wt%. The 
f u l l chemical composition is given in Table 1 and a microstructure is shown in Figure 1. 

Table 1 Chemical analysis of the tested IN718 material in wt% 

C S Mn Si C r Mo Co T i A l 
0.020 <0.003 0.05 0.06 17.71 2.88 0.11 0.97 0.50 

Fe C u Ni P Nb T a w V Y 
18.33 0.04 53.85 0.006 5.12 <0.01 0.01 0.03 -
B Z r 
0.003 <0.01 

Figure 1 SEM micrograph of the as-received alloy, etched in oxalic acid. 
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2.2. Heat Treatments 

Five different heat treatments listed in Table 2 were made to study the effect o f 5-phase and 
grain size on the hot ductility. The first two heat treatments were solution heat treatments 

intended to produce homogeneous, 5-phase free materials with two different grain sizes, a 
high temperature (HST) and lower temperature solution treatment (LST) respectively. They 
also represent possible rejuvenation treatments fo l lowing several PWHT. The solution 

treatment temperatures were selected to be well above the 5-phase solvus temperature 
(about 1010°C (7)) in order to ensure the complete dissolution of this phase. However, 
rapid grain growth takes place at high temperatures in FN718, when the pinning effect of 
secondary phases vanish and normally such treatments are minimised to avoid excessive 
grain growth. Here, the LST treatment of 1040°C/ lh was judged to be the optimum 
solution treatment. The microstructure consisted of the austenitic matrix with a small 
amount o f carbides and nitrides, (Figure 2). Microprobe measurements showed that the 
material was almost fu l ly homogenous with little segregation. Its grain size measured in 
terms of the mean intercept length was ~ 80pm. The microstructure after the HST treatment 
of 1100°C/ lh was similar but the grain size had increased to 200pm. 

The next two heat treatments, HSDT and LSDT, included an ageing stage of 
900°C/24h after the above solution treatments in order to precipitate large fractions of 5 
phase. Ageing at this temperature was expected to give rapid precipitation of 5 to an 
equilibrium fraction within 24h (7) and so represents the structure that might be expected 
after repeated PWHT cycles. The grain sizes were 175pm after the HSDT treatment and 
80pm after the LSDT treatment. The LSDT microstructure exhibited as expected a high 
content of 5-phase (~ 15 vol % ) precipitated as thin, uniformly distributed plates (Figure 3). 

In the HSDT samples, with a larger grain size, the fraction of 5-phase was somewhat lower 
(~ 12 vol % ) and more of the phase was found in the neighbourhood of grain boundaries 
than in the grain interiors (Figure 4). 

The f i f t h heat treatment, HTPT, consisted o f the 1100°C/lh solution 
treatment fol lowed by a furnace cool to 960°C and a 24h hold at 960°C. This was a 
relatively high temperature 5-phase precipitation treatment which was expected to give a 
small fraction of 5-phase confined mainly to the grain boundaries (7). As expected the 
microstructure consisted of a small fraction (~ 2 vol % ) of coarse 5 platelets and particles 
along the grain boundaries. The grain size was = 200pm (Figure 5). 

The "in situ" solidified samples were in the as-received condition (Figure 1) 
prior to heating to the melting point in the testing unit. 

2.3. Hot Tensile Testing Procedure 

Special hot tensile testing equipment has been developed. The equipment was designed to 
perform different types of tensile tests, including "in-situ" solidification tests. In this work 
it was used for both the "in situ" solidified samples and the heat treated materials. 

2.3.1. Hot tensile testing equipment 
Figure 6 shows schematically the high temperature tensile testing unit. A mirror furnace 
with control unit built for this special purpose was installed in an MTS tensile testing 
machine. Three halogen lamps positioned within gold-plated ellipsoidal reflectors formed 
the furnace. Each lamp was placed at one of the focal points of the mirrors while the test 
specimen was positioned at the other, common, focal point. This made it possible to melt a 
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Table 2 Summary of heat treatments applied before testing 

Designation Heat treatment Microstructure after heat treatment 

H S T 
(High 
temperature 

solution 
treatment) 

1100°C l h (vacuum) + 
free cooling 

Homogenous y-phase with small fraction 

carbides and nitrides. Grain size 

approximately 200pm 

L S T 
(Low 
temperature 

solution 

treatment) 

1040°C l h (air) + water 
quench 

Homogenous y-phase with carbides and 

nitrides. Grain size approximately 80pm 

H S D T 
(High solution 

temperature + 
delta age) 

1100°C l h (air) + direct 

cool to 900°C/24h + 

water quench 

y-phase with carbides and nitrides. Large 

fraction 8 (12%), precipitated as thin plates 

mainly around grain boundaries. Grain size 

approximately 175pm. 

L S D T 
(High solution 
temperature + 

delta age) 

1040°C l h + direct cool 

to 900°C 24h + water 

quench 

y-phase with carbides and nitrides. Large 

fraction 5-phase, (15%), precipitated as 

thin uniformly distributed plates. Grain 

size approximately 80pm. 

H T P T 

(High 
Temperature 
Precipitation 
Treated) 

1100°C l h (vacuum) + 

direct cool to 960°C/24h 

+ free cooling 

y-phase with carbides and nitrides. A small 

fraction of coarse 5-phase platelets, (2%), 

mainly in grain boundaries. Grain size 

approximately 200|im 

In-situ melted none As-received (see Figure 1) 

Figure 2 SEM micrograph of the alloy solution heat Figure 3 SEM micrograph of the alloy solution heat 

treated at 1040°C/lh (LST), etched in oxalic acid. treated at 1040°C/lh and then 8-phase precipitation 
treated at 900°C/24h (LSDT). etched in oxalic acid. 
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Figure 5 SEM micrograph of the alloy solution heat 
Figure 4 SEM micrograph of the alloy solution heat t r e a t e d M , m o Q n h a n d ^ ^ p r e c i p i t a ( i o n 

treated at 1100°C/lh and then 5-phase precipitation treated at 960°C/24h (HTPT), etched in oxalic acid, 
treated at 900°C/24h (HSDT). etched in oxalic acid. 

Figure 6 Schematic drawing of the equipment used for high temperature tensile testing 
1. Tensile test specimen. 4. Quartz tube. 
2. Grips. 5. Seal. 

3. Tension rod connected to MTS. 6. Gold-plated reflectors. 
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zone in the middle of the specimen. The heated zone was about 5 mm long. The maximum 
power of the furnace was 1020 W . A thermocouple of type S, Pt-Ptl0%Rh, placed inside 
the centre of the specimen (see below) was used for temperature measurement and control 
of the furnace. A program regulator combined with a tyristor unit controlled the furnace. 

The regulator could be programmed to give required heating sequences. 
The specimens had a circular cross section with a diameter of 4 mm and a 

length of 40 mm. A hole was drilled axially f rom one end to the centre of each sample to 

allow the thermocouple to be inserted. The sample was enclosed in a quartz tube with an 
argon atmosphere to minimise oxidation. The sample was fixed in the tensile testing 

machine via water-cooled rods. A n extensiometer on the lower grip measured the 

elongation. The force was measured by a 5 k N load cell with a measuring range ± 2.5 k N . 
The computer controlling the testing machine also sampled force, position of the piston, 
elongation and temperature. 

2.3.2. Testprocedure 

To test "in-situ" solidified samples the specimens were heated to about 5°C above the 

melting point of the alloy, ~1340°C , at between 300 and 60°C/min and then cooled at 

120°C7min down to the selected test temperature. A schematic diagram of the 

heating/cooling cycle is shown in Figure 7. 

Temp 

Time 

Figure 7 Schematic heating/cooling cycle for the "in-situ" 
solidified samDle tests. 

During heating and cooling, the tensile test equipment was set to regulate on 
zero force to compensate for the thermal expansion and contraction of the sample. For the 

in-situ samples this became impossible at the point when the sample attained a temperature, 
T', just below the melting point of the alloy, where the material could not support the force 
regulation. At this point the equipment was instead set to position control and position was 

maintained during melting of the heated zone. A liquid zone with a length of approximately 
5 mm was formed and kept in place by the surface tension. During the cooling sequence, 
the equipment was returned to zero force control when T' was reached again. The zero 
force control was maintained until the tensile test temperature was reached. The 

temperature T' was selected after preliminary testing. It was found to be close to the zero 
strength temperature (ZST) on heating determined as described below. After cooling to the 

test temperature, the tensile test was performed under isothermal conditions at a constant 
pulling rate of 0.5 mm/s, which corresponded to a strain rate of 0.1 s" , assuming that the 

length of the deformed zone was the same as the length of the heated zone, i.e. 5 mm. 

110 



The High Temperature Tensile Behaviour of IN 718 in Relation to Liquation Cracking 

To test the heat treated samples they were first heated to a peak temperature 

of 1210°C, i.e. 10-20°C below the zero strength temperature (ZST) at 300°C/min to 
1200°C fol lowed by 100°C/min to 1210°C and then cooled down at 400°C/min to the 
predetermined tensile test temperature. The heating/cooling cycle is shown schematically in 
Figure 8. During the cycle the zero force control was maintained throughout until the test 
temperature was reached after which the test was performed as described for the in-situ 

melted samples. 

T = 1 2 1 O - C 

Figure 8 Schematic heating/cooling cycle for the heat treated sample tests. 

The ZST on heating of the heat treated materials was determined by heating a 
sample at 5°C/s under a constant applied load of 50N until the sample fractured. A n 
example o f the experiment is shown in the fo rm of the resulting force versus temperature 

diagram in Figure 9. The fracture temperature was used as the ZST. It is here termed 
ZST(H) to distinguish it f rom the ZST determined by extrapolation of a strength versus 

temperature on cooling curve. 

2 30 

- • - f o r c e t e m p 

\ 
1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 

T e m p [°C] 

Figure 9 Force versus temperature record for an HST sample heated at 
5°C/s to 1250°C showing fracture at 1220-1230°C. 
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2.3.3 Method of evaluation 

The tensile test data yielded the maximum force, F,„as, for pulling the samples apart and the 

elongation Al. The ultimate tensile stress, &/„ was defined as: 

Oh - Fmax /An 

where Ao is the original cross sectional area o f the sample. True strain e, was defined as: 

£ = In 1(1 o+ Al)/I0] 

where /o is length of the heated zone, i.e. 5mm. 

The hot ductility was generally measured as the area reduction at fracture. The 

brittle-to-ductile transition temperature on cooling, TBD, was determined in terms of this 
parameter. The area reduction (ductility) was defined as: 

RA = (Ao-A,)/A0 

where A/ is the fracture area. 

The area reduction is the most obvious direct measure of the hot ductility of a material. I f 

the material has no visible area contraction it w i l l be brittle and i f the area reduction is 
100% it is totally ductile. However, even in cases where the fracture appeared to be 
macroscopically brittle, some true plastic strain at maximum stress was sometimes 

observed and could then be used as a measure of the hot ductility. Strain can be an 
important input parameter for crack prediction and simulation. The ability o f the material to 
plastically deform even at a low strain value decreases the susceptibility for cracking 
significantly. 

2.4. Interrupted Heating Cycles 

In order to obtain information on the state o f the microstructure of the 8-phase-containing 
samples during the tensile test heating cycle, dummy samples were placed in the furnace of 
the testing unit and heated at the appropriate heating rate to selected temperatures in the 

heating cycle after which they were cooled as rapidly as possible. The samples were then 
examined metallographically. 

2.5. Metallography and Microanalysis 

The fracture surfaces of the tensile tested samples were examined fractographically using 
scanning electron microscopy (SEM). Then one half of the broken test sample was 
sectioned longitudinally and prepared wi th conventional grinding and polishing techniques 

for metallographic and microanalytical investigation. Metallographic examination was 
carried out using optical microscopy and SEM while microanalysis included energy 
dispersive spectroscopy (EDS) in SEM and secondary ion mass spectroscopy (SIMS). 
Cross-sections of the interrupted cycle samples were examined metallographically in SEM. 

For examination by optical microscopy the polished samples were etched in 
aqua regia. The etchant for SEM examination consisted of 10g oxalic acid in 90ml distilled 
water applied electrolytically at 3-5V for 10 -15 seconds. The sample was subsequently 
cleaned with methanol. The metallography, microanalysis and fractography in SEM were 

performed in one of two instruments, namely a Camscan series 4 (Link-eXl system) and a 

Philips X L 30 (Link-ISIS EDX system) having nominal point resolutions of 5nm and 10-15 

nm respectively. In samples containing 5-phase, the volume fraction of the phase was 
estimated using a quantitative metallographic method described in (7). 

The SIMS investigation was carried in a Cameca 1 MS 3F instrument. The 
samples investigated were brittle samples of the HST and HSDT treatments as well as 
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both brittle and ductile samples of the HTPT treatment. Analysis was performed on areas 
close to the fracture surfaces and areas close to the cooled ends of the samples which 
remained unaffected by the heating cycle of the tensile test and which therefore remained 
in the as-heat treated condition. The emphasis was on determining qualitatively the 
distribution in the microstructure of alloying constituents and impurity species and in 
particular with respect to their possible segregation at grain boundaries. The primary 

exciting ions were CK Imaging with both positive and negative emitted ion species was 

used. 

3. Results 

3.1. Ultimate tensile stress and Z S T 

The ultimate tensile stresses, UTS, were determined as a function of temperature on 
cooling for the HST and LSDT treated alloy and the in-situ solidified samples. The results 

are shown in Figure 10. 

Figure 10 Ultimate tensile stress as a function of temperature of heat 

treated material without delta-phase, HST 0 , heat treated material with 

delta-phase, LSDT , and in-situ solidified samples*. 

A l l three materials had almost the same UTS below 1050°C down to 900°C 

despite dissimilar microstructures and thermal history. The heat treated materials exhibited 

a steep change in strength between approximately 1200 and 1100°C whereas in the in-situ 

solidified alloy the change was more gradual, some strength being developed even in the 

solid-liquid two-phase region (remembering that the solidus temperature is somewhat 

below 1100°C). The dendritic solidification microstructure with entangled dendrites 

presumably gives the material its strength. The brittle-to-ductile transition is not reflected 
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in the UTS curve. By extrapolating the UTS curves to zero, a ZST could be determined as 

1235°C for the HST material, 1223°C for the LSDT material and 1278°C for the in-situ 

solidified samples. Regarding the homogenous, solution treated alloy (HST) the ZST 

temperature coincided with the solidus temperature found by D T A , during heating [8]. The 

LSDT material with a large fraction of 8-phase prior to testing thus had a slightly lower 

ZST-temperature than the solution treated alloy, but the difference was small. 

3.2. Area Reduction 

The area reductions of all the materials as a function of temperature between 1230 and 

900°C are shown in Figure 11. The "in-situ" solidified samples showed no or very small 

area reduction in this temperature interval. The fracture of these samples could thus be 

considered to be macroscopically brittle at all temperatures above 900°C. 

The solution treated material, HST, exhibited a sharp brittle-to-brittle 

transition, TBD, between 1150 and 1162°C. The fracture mode changed from completely 

brittle to 100% ductile in a narrow temperature interval. The delta phase precipitation 

samples, L T D T and HTDT, had brittle-to-ductile transition temperatures between 1125-

1175°C, i.e. in a similar interval to the HST material. However, the transition was broader 

and, for the L T D T material, it continued to a slightly lower temperature. 

T e m p e r a t u r e [ ° C ] T s (on heating DTA) 

Figure 11 Area reduction of the tested materials as a function 
of temperature on cooling. 

The transition behaviour of the HSDT and HST materials was very similar 

indicating that the large fraction of 8-phase in the base material did not influence hot 

ductility significantly in these large grained samples. The best hot ductility was exhibited 

by the 8-free LST material, its transition temperature being slightly higher than that of the 

8-phase containing-material with the same grain size (LSDT). For the HTPT treatment 

(HST + 960°C/24h) the additional treatment of 9 6 0 ° C / l h led to a marked fa l l in and a 

broadening of the transition range to between 1000 and 1125°C. 
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The results of the hot tensile tests on the heat treated samples are summarised 
in Table 3. Some conclusions to be drawn are: 

1. The 8-phase-containing materials had a slightly lower ZST temperature. 

2. The HTPT material had a significantly lower transition temperature than the other 

samples. 

3. The LST treated alloy had a slightly higher ZST and transition temperature than the 
other materials. 

Table 3 Transition and ZST(H) temperatures for the heat treated materials 

Code Treatment ZST(H) (°C) 7w (°C) 

HST 1100°C/ lh 1220-1230 1150-1162 

LST 1040°C/ lh 1230-1240 1175-1185 

HSDT 1100°C/ lh + 900°C/24h 1215-1220 1150-1175 

LSDT 1040°C/ lh + 900°C/24h 1205-1210 1150-1175 

HTPT 1100°C/ lh + 960°C/24h 1205-1220 1025-1125 

3.3. True Strain of In-Situ Solidified Alloy 

The in-situ solidified samples exhibited a very small area reduction as a function o f 

temperature down to 900°C. Instead true strain at the maximum stress was used as a 

measure of the hot ductility. The true plastic strain values obtained f rom the tensile test 

curves are presented as a function o f temperature in Figure 12. 

0 I ' ' 1 1 X X X * - K 1 

850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 

Temperature [°C] 

Figure 12 True plastic strain at fracture of the in-situ 
solidified samples as a function of temperature. 
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Two transitions in the strain were observed. The first was a transition between 

1100 and 1150°C, where the strain increased f rom 0 to approximately 0.02 while the 

second transition occurred at around 975°C, where the strain increased sharply with 

decreasing temperature to a much higher level. The solidified material was thus extremely 

brittle above 1150°C and somewhat less brittle down to 975°C. 

3.4 Fracture Surfaces and Microstructure 

3.4.1. The heat treated materials 

The heat treated samples exhibited a very distinct transition from brittle to ductile fracture. 

Typical brittle fracture and ductile fracture surfaces are shown in Figures 13 and 14 
respectively. The brittle fracture was intercrystalline and showed no signs of plastic 
deformation either on the macroscopic or the microscopic scale. 

Figure 13 Brittle fracture in HST sample Figure 14 Ductile fracture in HST 

tested at 1162°C. sample tested at 1150°C. 

A region o f a brittle fracture surface is shown at higher magnification in 

Figure 15. Secondary grain boundary cracks can be seen in grain boundaries intersecting 

the fracture surface. A t temperatures above 1150°C evidence of liquid formation was found 

in some samples both on the fracture surfaces and sides of the samples (Figure 16). 

Longitudinal polished sections of the brittle samples confirmed the 
intergranular nature of the fracture and the presence of secondary cracks joining the 

fracture surface (Figure 17) and in grain boundaries short distances below the surface. 
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Figure 15 Intercrystalline fracture in Figure 16 The surface at the side of the 
HST sample tested at 1162°C. HST sample tested at 1162°C. Grain 

boundary cracking can be seen. 

Figure 17 SEM micrograph close to the fracture 
surface of a brittle SHT sample. The fracture surface 
is at the bottom of the picture (etched in oxalic acid). 

Polished longitudinal sections through the ductile fracture surfaces revealed 

that much of the deformation was associated with the grain boundaries which led to 
recrystallized zones along the former grain boundaries with much finer grain size. The 

zones also developed large cavities in the necked region. 
The test samples of the HTPT treated alloy which had a significantly lower 

brittle-to-ductile transition seemed to melt more readily and remain l iquid to a lower 
temperature compared to other samples (Figure 18). Signs of liquid f i l m migration, L F M , 

could be seen (Figure 19) but this was relatively rare. 
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Figure 18 Grain boundary liquid (see arrow) 
between grains at the fracture surface of the 
sample HTPT tested at 1150°C (Optical 
micrograph: etch aqua regia). 

Figure 19 Wavy shaped grain boundary 
perpendicular to the fracture surface, right, is an 
indication of L F M during the cycle. A eutectic-like 
structure closely connected to the grain boundary is 
seen in the centre (arrow). HTPT sample tested at 
1150°C. (Optical micrograph; etch aqua regia). 

Metallographie examination of the interrupted cycle samples of the LSDT and 

HSDT treated materials showed that the 8-phase became f u l l y dissolved during the heating 

stage of the tensile test cycle at approximately 1190°C. However, local concentrations of 

Nb higher than the average Nb content remained up to the peak temperature at the locations 

of the former 8-phase plates. 
The SIMS investigation revealed a variety o f particles in the microstructure 

but the most frequently occurring (aside f rom Nb rich 8-phase in the as-heat treated areas 

of the HSDT and HTPT samples) were Nb and T i rich particles in combination with 
carbon, presumably M C carbides. These were less frequent in the neighbourhood of the 
fracture surfaces indicating that some dissolution had occurred during heating to the test 
temperature. There were very few examples of boron rich particles. Instead boron was 

found as continuous f i lms along grain boundaries, an example being shown in Figure 20. 
This distribution of boron was found in all areas of all the examined samples but it 

appeared to be less pronounced close to the fracture surfaces. No segregation of S or P 
could be detected. 

3.4.2. The in-situ solidified alloy 

The hot ductility of the in-situ solidified samples was very poor at all test temperatures. 

Examples of fracture surfaces are shown in Figure 21 and 22. Above 1075°C liquid is 
present in the interdendritic areas, according to a solidification study of the material (8). A t 
900°C the sample still exhibited very little area reduction, but the fracture surface did show 
signs o f plastic deformation including dimple patterns (Figure 23). The fracture in the 
solidified samples seems to be initiated in the interdendritic areas combined with plastic 
deformation in more strongly bounded areas between dendrites (Figure 24). 

Shrinkage porosity as well as secondary phases such as Laves, NbC and T i N 
appeared to initiate or enhance fracture in the temperature range 1150°C-900°C (Figure 

25). 
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Figure 21 Fracture surface of an in in-situ 

solidified sample tested at 1200°C. Note 
that the interdendritic areas contain a 
substantial amount of liquid at the test 
temperature. 

Figure 23 A part of the fracture surface of in-

situ solidified sample tested at 900°C, 
showing plastic deformation with dimples 
combined with some interdendritic brittle 
fracture. 

Figure 20 SIMS image of boron distribution in an 
HST sample taken in the cooled region (i.e. the 
microstructure is as-heat treated) showing boron 
segregation in the grain boundaries. The image is 
approximately 150pm across and is taken with 
positive 1 'B ions. 

Figure 22 In-situ solidified sample 

tested at 900°C. 

Figure 24 A part of the fracture surface of 

in-situ solidified sample tested at 900°C 
showing interdendritic fracture combined 
with some plastic shear fracture at dendrite 
brideed areas. 
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V 6 

Figure 25 Longitudinal section of 
an in-situ solidified sample tested at 

1100°C. The fracture surface, at 
bottom is partially interdendritic. 
Some plastic deformation has taken 
place in small isolated areas. 
(Optical micrograph: etchant aqua 
regia). 

4. Discussion 

Considering first the hot ductility behaviour of the heat treated samples, the results 

summarised in Table 3 indicate that the presence of a large fraction o f 5-phase prior to 

testing had a relatively small effect on the hot ductility of the alloy. This can be seen by 

comparing the HST with the HSDT material and the LST with the L S D T material. 

Nevertheless, the LSDT material did exhibit a slight but measurable decrease in Tnr> and 

lower ZST relative to the LST material. Comparing the LST and HST materials also 

confirms the expected decrease of hot ductility with increased grain size. 

The values of TBD obtained here are similar to but slightly higher than the 

ductility return temperatures (DRT) measured in a Gleeble system by Guo et al. (5). In 

their study the DRT temperatures were sensitive both to grain size and B content. The B 

contents of the two alloys they studied were 0.0011 wt% and 0.0043 wt% as compared to 

0.003 wt% in the present work. Their alloys were free of 8-phase but for a given grain size 

the ductile return temperature fe l l by 50°C with the increase of B content f r om 0.0011 to 

0.0043 wt%. 

In the present work a significant reduction in the TBD was brought about by a 

5 precipitation treatment at 960°C which introduced only a small fraction o f 5-phase. This 

suggests that the nature o f the 5-phase was of greater significance than the amount o f the 

phase. When precipitating at 960°C the 5-phase is largely confined to the grain boundaries 

due to a greater diff icul ty of nucleation than at 900°C (7). Thus the small amount 

precipitating would probably be as effective in participating in grain boundary processes as 

the larger quantities precipitating at lower temperatures. The higher precipitation 

temperature would probably also increase the likelihood of interactions with other 

segregated species such as the segregated B . An interaction between Nb and B could 

promote embrittlement by a number of processes such as reduction of melting point, an 

increased volume of liquid or the formation o f brittle Nb-B compounds. A closer 

investigation of these possibilities is required. 
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The tensile tests on the in-situ solidified alloy showed that this had a 
significantly lower hot ductility than the heat treated materials and it therefore might be 
expected that the weld metal should be prone to solidification cracking. This is however 
seldom the experience in practice. 

5. Conclusions 

A study has been made of the high temperature tensile properties of a wrought version of 
IN 718 both after in-situ melting and solidification of the hot zone of the test specimen and 
after heat treatments designed to produce microstructures with different grain sizes and 
with and without precipitation of 5-phase. The in-situ solidified alloy exhibited no 
macroscopic ductility down to 900°C. For the heated treated versions of the alloy the on 
heating zero strength temperatures and the on cooling brittle-to-ductile transition 

temperatures were only lowered slightly by precipitation of large fractions of 5-phase at 
900°C. Similarly only small reductions were caused by an increase in grain size -measured 
in terms of mean intercept length- f rom 80 to 200pm. A more significant reduction in the 

brittle-to-ductile transition temperature occurred when a small fraction of 5-phase was 

precipitated at 960°C. It is suggested that this decrease arose because the 5-phase in this 
case precipitated predominantly at the grain boundaries. Moreover the higher precipitation 

temperature could have increased the interaction of the 5-phase with the segregated B that 
was present in all the heat treated samples. 
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