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Abstract An Inconel 718 sheet alloy was tested in

tension at a temperature of 965�C and an initial strain

rate of 10–4 s–1 corresponding to the conditions for

optimum superplastic deformation. Detailed observa-

tions and quantitative measurements record the evo-

lution of the d-phase during tensile deformation. The

experiments show that the total precipitation of the

d-phase increases with strain but there is a decrease

with strain in the number density of the needle/plate

d-phase particles and a corresponding increase with

strain in the number density of the blocky/globular

d-phase particles.

Introduction

The Inconel 718 superalloy has a wide range of uses in

high-temperature applications including aircraft

engines and power generation. Accordingly, much

attention has been devoted to developing and evalu-

ating the superplastic potential of this material [1–7].

The early development of superplastic forming tests

and diffusion bonding trials provided a clear demon-

stration that complex parts may be fabricated from the

Inconel 718 alloy using gas–pressure forming [8, 9]. In

subsequent detailed evaluations of the superplastic

behavior, tests were conducted on samples of the alloy

having a grain size less than 6 lm at a temperature of

982�C [1, 2] and later more extensive testing was

conducted at 954�C where the strain rate sensitivity

was measured as ~0.4 at an initial strain rate of 10–4 s–1

[3–7]. To provide a detailed evaluation of superplas-

ticity in this material, extensive testing was conducted

using samples of Inconel 718SPF sheet over a range of

temperatures from 920 to 1,040�C and with initial

strain rates from 10–4 to 10–2 s–1 [10]. The results from

these tests showed that the maximum value of the

strain rate sensitivity was ~0.37 and this peak value

occurred when the measured elongation was ~200%

at a testing temperature of 965�C using a strain rate of

10–4 s–1. Accordingly, it was concluded that this corre-

sponds to the condition for optimum forming.

The phases normally present in the Inconel 718

superalloy are discrete MC particles, the needle or

plate-like d-phase, the disk-shaped c¢¢-phase and the

spheroid c¢-phase [11]. There have been numerous

investigations of the precipitate characteristics and the

strengthening mechanisms of the metastable body-

centered tetragonal (BCT) coherent precipitate c¢¢
(Ni3Nb) phase and the face-centered cubic (FCC)

coherent precipitate c¢ (Ni3Al) phase in Inconel 718

and the influence of these phases on the properties [12–

15]. In practice, the major strengthening phase is the

c¢¢-phase and only a small volume fraction (<25%) is
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needed to transform Inconel 718 into a high-strength

superalloy. In contrast, the volume fraction of c¢-phase

in Inconel 718 is less than 5% and the strengthening

contributed by this phase is incidental [16].

The equilibrium structure corresponding to the c¢¢
(Ni3Nb) phase is the orthorhombic incoherent d
(Ni3Nb) phase [17–19]. The precipitation of the

d-phase is highly heterogeneous because of the dissim-

ilar structure with respect to the FCC c-matrix. The

precipitation of d-phase occurs in the temperature

range of approximately 750–1,020�C. At the lower

temperatures, below ~900�C, the precipitation of the d-

phase is preceded by c¢¢ precipitation but at higher

temperatures the d-phase precipitates directly from the

austenite. It has been shown that the most rapid

precipitation of the d-phase in Inconel 718 occurs at a

temperature of approximately 900�C [20].

It is well established that the equilibrium d-phase

has an important influence not only on the microstruc-

ture but also on the mechanical properties of Inconel

718. Thus, it has been reported that the d-phase

precipitates, whether formed at the grain boundaries

or within the matrix, influence the fatigue [21–23],

stress-rupture [24–25] and hot working [26–28] prop-

erties of the alloy. However, despite the obvious

significance of the d-phase, there have been no reports

to date concerning the influence of the evolution of the

d-phase on the superplastic properties of Inconel 718.

The present investigation was initiated to address this

deficiency in two ways. First, by evaluating the varia-

tions in the presence of the d-phase during superplastic

deformation of the alloy. Second, by developing the

nature of the relationship between the d-phase, the

testing temperature and the strain introduced into the

material during tensile testing.

Experimental material and procedures

An Inconel 718 sheet was provided by Inco Alloys

International (Huntington, WV) after cold-rolling to a

thickness of 1.6 mm with mill annealing in a continu-

ous annealing furnace for 132 s at 954�C followed by

air-cooling. Table 1 summarizes the chemical compo-

sition of the as-received material. Based on the well-

established TTT diagram [29], it is anticipated this

rapid anneal puts the c¢¢ precipitates into solution so

that the matrix is supersaturated with Nb and further

exposure to temperatures above 900�C will lead to

precipitation and growth of the d-phase. In the as-

received condition, the measured average grain size

was ~9 lm.

Tensile samples were machined from the as-received

sheet and these samples were pulled to failure at a

temperature of 965�C using an initial strain rate of

10–4 s–1 in a testing machine operating at a constant

rate of cross-head displacement: these conditions were

selected because earlier work showed this corresponds

essentially to the optimum temperature and strain rate

for superplastic deformation of the Inconel 718 alloy

[10]. For comparison, a recent report described exper-

iments conducted at 950�C over a range of strain rates

using an Inconel 718 alloy obtained from a different

source [30]. The tensile tests were interrupted at

selected nominal strains in order to evaluate the extent

of the development of the d-phase during the defor-

mation process.

Measurements were taken to determine the charac-

teristics of the d-phase precipitation after tensile

testing to selected strains. Specifically, quantitative

measurements were recorded using a Quantimet 500

image analysis software package and separate mea-

surements were taken of the number density of

precipitates, their area fraction and their size. These

measurements were undertaken by using a scanning

electron microscope, recording ten fields for each

strain level at a magnification of 3,500· and then

further magnifying these micrographs by a factor of

approximately 3· when transferring to the image

analyzing system. It was estimated that the errors

associated with the measurements of the sizes of the

d-phase was of the order of ±0.03 lm, thereby permit-

ting a reliable estimate of the phase area fraction and

the number density. All measurements were carried

out on the longitudinal faces of the samples after

polishing using diamond paste and then etching for

Table 1 Chemical composition of as-received Inconel 718 sheet

Al B C Co Cr Cu Fe Mn Mo

wt. % 0.57 0.002 0.02 <0.01 18.11 <0.01 18.40 <0.01 3.03
at. % 1.23 0.01 0.1 <0.01 20.36 <0.01 19.26 <0.01 1.85

N Nb Ni P S Si Ta Ti

wt. % <0.01 4.95 53.95 0.003 0.0003 0.01 <0.01 0.95
at. % <0.042 3.11 53.71 0.006 0.0005 0.02 <0.003 0.27
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5–20 s with Kalling’s reagent (4 g CuCl2 + 40 ml

HCl + 60 ml C2H5OH).

Experimental results

The occurrence of d-phase precipitation during defor-

mation is illustrated in Fig. 1 where the white

particles are the d-phase, the photomicrograph

labeled (a) is for the untested condition at zero

strain and the other photomicrographs are for nom-

inal strains of (b) 0.16, (c) 0.35, (d) 0.55 and (e) 1.0,

respectively. At zero strain it is apparent that the d-

phase precipitates occur in a banded structure and

there are areas within the matrix where the density

of precipitates is very low. Similar bands were visible

in the initial stages of deformation although the

extent of the non-uniformity gradually decreased with

increasing strain: examples are shown in Fig. 1b at a

strain of 0.16 and Fig. 1c at a strain of 0.35. At even

higher strains, the distribution of the d-phase became

more uniform, as is evident from inspection of

Fig. 1d and e at strains of 0.55 and 1.0, respectively.

Thus, the d-phase is initially distributed non-uni-

formly during the tensile deformation but the pre-

cipitation becomes more uniformly distributed as the

strain increases.

The appearance of the precipitates is shown at a

higher magnification in Fig. 2 for strains of (a) 0.16, (b)

0.35, (c) 0.55 and (d) 1.0, respectively. It is apparent

that the d-phase precipitates both within the grains in a

lamellar form (needle or plate) and at the grain

boundaries where it has a more equiaxed and blocky

or globular appearance. In general, the precipitates

become more blocky or globular and less needle-like

or plate-like as the level of deformation increases.

Fig. 1 The d-phase
distribution following
deformation at 965�C with a
strain rate of 10–4 s–1 to e = 0
(a), e = 0.16 (b), e = 0.35
(c), e = 0.55 (d) and e = 1.0
(e)
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For comparison purposes, Fig. 3 shows photomicro-

graphs recorded in the undeformed material after

holding at a temperature of 965�C for periods of (a)

33 min, (b) 65 min, (c) 98 min and (d) 170 min. In the

undeformed matrix, and in contrast to the deformed

material, it is apparent that the d-phase precipitates

remain non-uniformly distributed.

The distributions of the sizes of the d-phase are

shown in Fig. 4 following deformation to selected

strains up to a maximum of 1.0. It is apparent that at

Fig. 2 The d-phase
morphology at 965�C with a
strain rate of 10–4 s–1 at
e = 0.16 (a), e = 0.35 (b),
e = 0.55 (c) and e = 1.0 (d)

Fig. 3 The d-phase evolution
in the undeformed material at
965�C after 33 min (a),
65 min (b), 98 min (c) and
170 min (d)
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zero strain, shown on the right, the relative frequency

exhibits a single peak with a small tail and the

maximum relative frequency of ~60% relates to the

d-phase having a thickness of 0.1–0.2 lm. However, as

the strain increases to 1.0 the relative frequency

gradually transforms to two peaks with a long tail.

Thus, at a strain of 1.0 the maximum relative frequency

of ~30% corresponds to a thickness of 0.1–0.2 lm but

there is also a second peak with a relative frequency of

~13% corresponding to a d-phase thickness of 0.4–

0.5 lm. Thus, the distribution of the thicknesses of the

d-phase changes from a narrow range at the lower

strains to a relatively wide range at the higher strain.

For statistical analysis, the morphology of the

d-phase was divided according to the d-phase particle

thickness. Thus, if the thickness was greater than

0.35 lm the d-phase was considered to belong to the

blocky or globular category whereas if the thickness

was less than 0.35 lm the d-phase was considered to

belong to the needle or plate category. Quantitative

analyses of the d-phase area fraction (as a percentage)

and the d-phase density (as lm–2) are shown in Figs. 5

and 6 where the area fraction of 2.64% for the total

amount of the d-phase present in the alloy at zero

strain corresponds to the measured area fraction after

heating to 965�C and holding at temperature for

20 min prior to tensile testing. It follows from inspec-

tion of Fig. 5 that the total extent of the d-phase

increases with increasing strain but there is a corre-

sponding reduction in the extent of the needle or plate-

like precipitates, and from Fig. 6 it is concluded that

the density of the d-phase decreases significantly from

0.36 to 0.14 lm–2 with increasing strain but there is a

concomitant small increase in the density of the blocky

or globular precipitates over the same strain increment.

Discussion

Very little information is available on the influence of

composition on d-phase formation in the Inconel 718

alloy. The saturation level of the d-phase precipitate,

corresponding to the equilibrium content, depends on

the temperature and the specific composition of the

alloy. Thus, Liu et al. [31] reported an equilibrium

content of the d-phase of about 5.7 wt.% (equivalent to

10.3 vol.%) at 965�C when using an alloy with compo-

sition (in wt.%) of 5.10% Nb, 0.11% Si, 0.50% Al,

1.0% Ti, 1.50% (Al + Ti) and an Al/Ti ratio of 0.5.

Comparing this composition with the composition for

the present alloy listed in Table 1, it appears that the

as-received Inconel 718 sheet is slightly low on Nb and

Si, slightly high on Al, the Al/Ti ratio is high and the

(Al + Ti) concentration is almost identical. There is

experimental evidence showing that high concentra-

tions of Nb and Si and a low value of Al promote

Fig. 4 The d-phase size
distribution at 965�C with a
strain rate of 10–4 s–1
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d-phase precipitation [32]. On the other hand, Collier

et al. [19] showed that the driving force to form the

d-phase in a nickel-based alloy decreased with increas-

ing Al/Ti ratio and (Al + Ti) concentration. Accord-

ingly, the equilibrium content of the d-phase at 965�C

in the present Inconel 718 sheet, although not known

exactly, should be lower than the equilibrium content

of 5.7 wt.% (equivalent to 10.3 vol.%) reported by Liu

et al. [31]. This is consistent with the observation that,

after heating for 20 min at 965�C before tensile testing

and at zero strain, the d-phase area fraction was only

2.64% which is lower than the reported equilibrium

concentration of 5.7 wt.% or 10.3 vol.%. Considering

the relatively low d-phase content of 2.64% at zero

strain, and by comparison with the reported equilib-

rium concentration of 10.3 vol.%, it is reasonable to

assume that this value is far below the equilibrium

content for the present alloy. This is consistent with the

experimental results in Fig. 5 where the d-phase area

fraction increases with increasing strain.

Based on the microstructures in Fig. 1, the starting

material has banded d-phase precipitates due to resid-

ual segregation within the sheet. As deformation

continues, these banded regions gradually disappear.

In the undeformed specimens, as shown in Fig. 3, the

banded d-phase is continually present. Thus, these

results provide a clear comparison of the variations of

the banded d-phase precipitates between the deformed

and undeformed areas and they indicate that defor-

mation affects both the disappearance of the banded

d-phase regions and the corresponding change in

morphology of the d-phase.

The factors controlling the morphology of the

d-phase are complex. It is known that the plate-like

d-phase precipitates in the c matrix mainly along (111)c

in an intragranular form while the globular d-phase

precipitates primarily on the grain boundaries [33].

Desvallees et al. [27] found that the stable morphology

of the d-phase depended mainly on the temperature

such that for heat treatments below 930�C the stable

morphology was plate-like whereas spherical d-phase

precipitates were formed as the temperature increased.

For the Inconel 718 sheet used in the present exper-

iments, the temperature remained constant at 965�C

during the deformation process and it is therefore

concluded the deformation process and the time

contribute to the dissolution of the needle-like and

plate-like d-phase and the concomitant growth of the

blocky and globular d-phase. These general trends are

visible in Fig. 6 and it is evident from Fig. 4, and

supported by the pictorial evidence in Fig. 2, that the

d-phase precipitation thickness increases with strain.

There are two possible explanations for the increase

in the blocky/globular d-phase and the corresponding

decrease in the needle/plate d-phase with increasing

strain. The first possibility is that the needle/plate

d-phase has a larger surface energy than the blocky/

globular d-phase so that the needle-like and plate-like

precipitates are less energetically stable. This suggests

a tendency for the needle/plate d-phase to dissolve

during the deformation process and to grow into a

more blocky morphology in order to attain a lower

surface energy. The second possibility is related to the

migration of a high-angle boundary through the d
precipitates which may lead to a dissolution of most of

the needle/plate d-phase, the loss of their orientation

relationship with the matrix for any small amount of

remaining needle/plate d-phase, followed by the

growth of this remaining phase into a blocky d-phase.

There is some support for the latter proposal because

an essentially similar trend was reported by Nes [34]

when investigating the hot deformation of an Al–Cu–

Zr (Supral) alloy. In the work on the Al–Cu–Zr alloy,
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it was found that a migrating boundary was capable of

dissolving all of the smaller particles thereby leaving

behind a distribution of coarser incoherent dispersoids.

In view of the latter experimental observation, it is

reasonable to conclude that boundary migration and

particle dissolution may play at least a partial role in

the evolution of the d-phase during deformation of the

Inconel 718 alloy.

Summary and conclusions

1. Experiments were conducted on the Inconel 718

alloy to evaluate the evolution of the d-phase

during deformation at a temperature of 965�C and

strain rate of 10–4 s–1 corresponding to the condi-

tions for optimum superplastic deformation.

2. The results show that the total precipitation of the

d-phase increases with strain, the number density

of the needle/plate d-phase particles decreases with

strain and the number density of blocky/globular

d-phase particles increases with strain under these

testing conditions.
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