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Abstract

A comparison has been made of the phase compositions predicted by thermodynamic calculations and measured by atom probe
tomography in a commercial Alloy 718 nickel based superalloy. The results indicate that caution should be taken in the
application of the Ni�Fe database/Thermocalc™ to superalloys because some of the predicted phases may not correspond to
actual microstructure of commercial alloys. When microstructural information is taken into account and absent phases are
suppressed in the calculations, reasonable agreement between the atom probe data and the thermodynamic predictions may be
achieved. Published by Elsevier Science B.V.
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1. Introduction

The design of new or modified nickel-based superal-
loys for high temperature applications is an extremely
expensive and time consuming process. Therefore, ther-
modynamic calculations are being introduced in an
attempt to reduce these costs. However, little experi-
mental data are available on the effectiveness of these
predictive tools in complex multiphase and multicom-
ponent commercial alloys. The three-dimensional atom
probe (3DAP) is able to determine the partitioning and
concentrations of the alloying elements in the phases
present in these complex systems [1].

In this study, thermodynamic predictions of the
phase compositions [2] are compared to the composi-
tions of the phases, as determined by atom probe
tomography, at various annealing temperatures. The
alloy selected for this study was a commercial Alloy 718
[3]. Niobium-containing Alloy 718 is strengthened by a
combination of DO22-ordered Ni3(Nb,Ti) �� and

Ni3(Al,Ti,Nb) �� phases in a face centered cubic �
matrix [3–7]. Previous atom probe tomography charac-
terizations of Alloy 718 [8–10] revealed that the sec-
ondary or fine (� �20 nm diameter) precipitates
consisted of two distinct types of regions enriched in
either niobium or in aluminum and titanium that are
characteristic of the �� and �� phases, respectively. This
study complements a previous atom probe tomography
study on another Alloy 718 with a different multistep
heat treatment [10].

2. Experimental

The nominal composition of the commercial Alloy
718 used in this study was Ni—21.5 at.% Fe, 19.6% Cr,
0.31% Co, 1.76% Mo, 3.24% Nb, 1.18% Ti, 1.27% Al
and 0.19% C (Ni—20.7 wt.% Fe, 17.6% Cr, 0.32% Co,
2.92% Mo, 5.21% Nb, 1.05% Ti, 0.55% Al, and 0.04%
C). The material was given a multistep heat treatment
of 1 h at 1093 °C, 8 h at 718 °C, a slow cool at a rate
of 55 K h−1 to 621 °C, 8 h at 621 °C and an air cool
to room temperature. The microstructural characteriza-
tions were performed after the step 8 h at 718 °C and
after the complete multistep heat treatment.
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Table 1
Predicted compositions of the coexisting phases

� �� ��Bulk at.%Element

621 °C 718 °C 621 °C 718 °C 621 °C1093 °C 718 °C

27.93 1.09 0.7021.56 3.64Fe 2.9526.4521.47
19.61 23.75 22.86 0.56 0.31 0.80 0.52Cr 19.69

Co 0.350.31 0.21 0.19 0.17 0.160.32 0.34
1.37 0.50 0.43 0.181.82 0.111.76 1.77Mo

0.463.24 0.20 20.41 20.88 7.52 7.503.12Nb
0.05 3.89 3.53 7.59Ti 7.361.18 1.21 0.14
0.21 0.20 0.17 8.430.38 8.711.19Al 1.27

78.07% 72.09% 9.35% 10.70% 10.29% 11.60%99.61%Mole percent

�Element Bulk at.% NbC Cr23C6

621 °C 718 °C 621 °C1093 °C 718 °C

0.30 16.54 15.13–Ni –50.94
Fe 1.5521.47 18.66 19.36– –

67.30 49.77 51.670.0219.61Cr 0.07
–0.31 – 0.44 0.52–Co

Mo 10.151.76 14.59 13.320.16 0.23
– – –50.523.24 36.35Nb

3.231.18 – – –17.20Ti
– – –Al 1.27 – –
20.69 – –46.0146.22C 0.19

0.42% 0.93% 1.88% 4.67%0.39%Mole percent

The balance is nickel and the results are in atomic percent.

Table 2
Predicted compositions of the coexisting phases with the �, �, and Laves phases suppressed

Element ��Bulk at.% � ��

1093 °C 718 °C 621 °C 718 °C 621 °C 718 °C 621 °C

Fe 27.4521.47 1.12 0.75 3.60 2.7921.56 26.28
24.60 0.60 0.38 0.8124.36 0.5519.61Cr 19.69

0.350.31 0.36 0.21 0.20 0.17 0.160.32Co
2.07 0.54 0.54Mo 0.201.76 0.161.77 2.11
0.17 20.33 20.70 7.540.43 7.55Nb 3.123.24
0.04 3.93 3.60 7.60Ti 7.381.18 1.21 0.14
0.20 0.20 0.16 8.470.37 8.85Al 1.191.27

99.61% 79.90% 76.72% 9.44% 10.90% 10.22% 11.45%Mole percent

MCElement Cr23C6Bulk at.%

1093 °C 718 °C 718 °C 621 °C

0.51 0.25–Ni –50.94
21.47 – 1.81 1.41Fe –

66.90 67.45Cr 19.61 0.07 0.02
0.01 -–0.31Co –

0.251.76 10.10 10.190.16Mo
–Nb –3.24 36.35 50.60
– –3.191.18 17.20Ti

–1.27 – ––Al
20.69 20.69C 0.19 46.22 45.94
0.005% 0.93%0.42%0.39%Mole percent

The balance is nickel and the results are in atomic percent.
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Fig. 1. Dark field transmission electron micrographs taken with a
DO22 superlattice reflection of the distribution of fine precipitates in
Alloy 718: (a) after 8 h at 718 °C and (b) after 8 h at 718 °C, a slow
cool at a rate of 55 K h−1 to 621 °C, 8 h at 621 °C and an air cool
to room temperature.

a commercial 12 element Ni�Fe database [2]. The
phases considered in the calculation were face centered
cubic �, L12-ordered ��, DO22-ordered ��, �, Laves,
MC, M6C, M23C6, M7C3 and liquid. It was necessary to
suppress the orthorhombic Ni3Nb � phase from
the calculations due to the interference with the ��
phase.

The thermodynamic predictions of the phase compo-
sitions and their molar fractions at 718 and 621 °C are
shown in Table 1. At 1093 °C, the only phases pre-
dicted to be present were the � matrix and a small
volume fraction of NbC carbide. At 718 and 621 °C,
��, �� and � phases were also predicted to be present. A
small volume fraction of Cr23C6 was also predicted to
be present at 621 °C. These calculations predicted that

Fig. 2. Field ion micrographs of the distribution of brightly-imaging
fine precipitates in Alloy 718: (a) after 8 h at 718 °C and (b) after 8
h at 718 °C, a slow cool at a rate of 55 K h−1 to 621 °C, 8 h at
621 °C and an air cool to room temperature.

The microstructure of this Alloy 718 was character-
ized with a combination of atom probe tomography
and analytical electron microscopy. The atom probe
tomography characterizations were performed with an
energy-compensated optical position-sensitive atom
probe (ECOPoSAP) with a specimen temperature of
50–60 K, a pulse fraction of 20% and a pulse repetition
rate of 1500 Hz. Transmission electron microscopy was
performed with Philips EM400T and CM12 analytical
electron microscopes equipped with Link LZ5 EDS/
AN10/85S analyzers.

3. Thermodynamic predictions

The equilibrium compositions and amounts of phases
present in Alloy 718 at different temperatures were
calculated with the use of Thermocalc™ version M and
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Fig. 3. Atom map of the interior of a fine precipitate. Each sphere represents the position of an individual atom. Only niobium, aluminum,
titanium and iron atoms are shown for clarity. The dual phase nature of this precipitate is evident by the two �� regions enriched in aluminum
and titanium and the central �� region enriched in niobium.

iron, chromium, cobalt and molybdenum partition
preferentially to the � matrix, niobium and titanium
partition to the �� phase and approximately equal levels
of aluminum, titanium and niobium partition to the ��
phase. Niobium, titanium and carbon were predicted to
be present in a small volume fraction of NbC carbides
at both 1093 and 718 °C and chromium, molybdenum
and carbon to be present in Cr23C6 carbides at 621 °C.
Chromium, iron, nickel, and molybdenum were also
predicted to be present in a small volume fraction of �
phase at both 718 and 621 °C. Compared to those at
718 °C, the predictions at 621 °C showed that the
molar fractions of the �� and �� phases increased and
the � matrix decreased. The iron and chromium levels
decreased in the �� and �� phases and increased in the �
phase. Similarly, the niobium, aluminum and titanium
levels decreased in the � phase, and the niobium level
increased and the titanium level decreased in the ��
phase.

As the � phase was not observed experimentally, a
second set of predictions was also calculated with the �
phase suppressed and the results are given in Table 2. It
was also necessary to suppress the Laves phases when
the � phase was suppressed. When the � and Laves
phases were suppressed in the calculations, the molar
fraction of the � matrix increased and the chromium
and molybdenum levels in the � matrix increased. In
addition a trace of the Cr23C6 carbide was predicted to
form at 718 °C.

4. Microstructure

Transmission electron microscopy of this alloy has
revealed a uniform distribution of precipitates in the �
matrix, as shown in Fig. 1. No significant difference in
the microstructure was noted between the 8 h at 718 °C
and subsequent stages of the heat treatment. The size of
these precipitates was approximately 5–13 nm. No
other intragranular phases, such as � and Laves, were
observed. All the grain boundaries were free of �, Laves
and NbC precipitates. The low chromium level of this
particular Alloy 718 may be significant in suppressing
the formation of � and chromium-enriched Laves
phases. However, a few coarse (1–2 �m) MC-type
inclusions were observed. No � phase precipitates were
observed. Field ion micrographs of the intragranular
precipitates are shown in Fig. 2. As with the transmis-
sion electron micrographs, no difference was discern-
able between the precipitates after the different stages
of the heat treatment.

As in previous investigations of Alloy 718, atom
probe tomography has revealed that the intragranular
precipitates consisted of regions of �� and �� phases. An
example of the dual phase nature of the precipitates is
shown in the atom map in Fig. 3. The size of the
precipitates was in agreement with the transmission
electron microscopy estimates. The compositions of the
phases, as determined by selective volume analysis in
the 3DAP, are summarized in Table 3. Each composi-
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tion listed is the average value of several regions. The
partitioning of the alloying elements was found to be in
agreement with the thermodynamic predictions in that
iron and chromium partition to the � matrix, niobium
and titanium partition to the �� phase, and aluminum,
titanium and niobium partition to the �� phase. In
addition there was a general agreement between the
measured and predicted compositions. Some minor dif-
ferences were observed between the atom probe mea-
surements and the equilibrium compositions predicted
by thermodynamic calculations. The niobium level in
the � matrix was slightly higher than the predictions.
The iron, chromium, molybdenum and titanium levels
were slightly higher than predicted in the �� phase. The
iron level was lower and the molybdenum level was
higher than predicted in the �� phase. Some of these
differences may be due to the compositions of the
phases not attaining equilibrium due to the multistep
heat treatment and the relatively short times of the heat
treatment.

5. Conclusions

The results of this study indicate that caution should
be taken in the application of the Ni�Fe database/Ther-

mocalc™ to superalloys because some of the predicted
phases may not correspond to actual microstructure of
commercial alloys. When microstructural information
is taken into account and absent phases are suppressed
in the calculations, reasonable agreement between the
atom probe data and the thermodynamic predictions
may be achieved. These results also indicate that mi-
crostructural characterization is an essential component
in the alloy design process.
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Table 3
Compositions of the phases as determined by atom probe tomogra-
phy after the 718 °C and 621 °C stages of the heat treatment

�Element

718 °C 621 °CBalance Ni

Fe 25.54�0.18 26.92�0.17
Cr 23.48�0.17 25.25�0.17

0.38�0.02Co 0.47�0.02
2.13�0.05Mo 2.50�0.05
1.59�0.04Nb 0.99�0.03

Ti 0.21�0.010.47�0.02
0.58�0.03Al 0.34�0.02

��
2.11�0.22 1.73�0.20Fe
2.16�0.22Cr 1.93�0.22

Co 0.05�0.03 0.19�0.07
1.30�0.17Mo 3.00�0.27

20.07�0.68Nb 19.27�0.68
Ti 4.73�0.345.59�0.36
Al 0.44�0.100.35�0.09

��
2.00�0.13 2.24�0.23Fe

0.83�0.140.79�0.08Cr
Co 0.10�0.050.09�0.03

0.53�0.07 1.38�0.18Mo
7.22�0.24 7.54�0.43Nb

Ti 8.24�0.447.38�0.25
Al 8.79�0.469.11�0.27

The values are quoted in atomic percent and the errors are one
standard deviation.
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