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Abstract: The development of high-temperature heavy-duty turbine disk materials is critical for
improving the overall efficiency of combined cycle power plants. An alloy development strategy to
this end involves superalloys strengthened by ‘compact’ γ′-γ” coprecipitates. Compact morphology
of coprecipitates consists of a cuboidal γ′ precipitate such that γ” discs coat its six {001} faces. The
present work is an attempt to investigate the microstructure and creep behavior of a fully aged
alloy exhibiting compact coprecipitates. We conducted heat treatments, detailed microstructural
characterization, and creep testing at 1200 ◦F (649 ◦C) on an IN718-variant alloy. Our results indicate
that aged IN718-27 samples exhibit a relatively uniform distribution of compact coprecipitates,
irrespective of the cooling rate. However, the alloy ruptured at low strains during creep tests at
1200 ◦F (649 ◦C). At 100 ksi (689 MPa) load, the alloy fails around 0.1% strain, and 75 ksi (517 MPa)
loading causes rupture at 0.3% strain. We also report extensive intergranular failure in all the tested
samples, which is attributed to cracking along grain boundary precipitates. The results suggest that
while the compact coprecipitates are indeed thermally stable during thermomechanical processing,
the microstructure of the alloy needs to be optimized for better creep strength and rupture life.

Keywords: superalloy; IN718; creep; microstructure; compact; coprecipitates; ECCI; grain boundary

1. Introduction

The world’s most efficient combined-cycle power plant pairs heavy-duty gas turbines
with steam turbines, currently operating at an efficiency of 63.08% [1]. Higher engine
efficiency leads to cheaper power generation. In fact, for a 1000 MW power plant, a 1%
increase in engine efficiency could potentially reduce the cost of power generation by
$50 million a year [2]. In addition, higher engine efficiency can also result in better fuel
economy and reduced greenhouse gas emissions. One way to increase the efficiency of
combined-cycle power plants is to improve gas turbine efficiency. However, a roadblock
in raising gas turbine efficiency is the current temperature performance of turbine disk
materials. Thus, developing the next-generation advanced cycle, potentially operating at
an efficiency of 65% or more, requires a turbine disk material that can operate at or above
1200 ◦F (649 ◦C).

One important material used to manufacture gas turbine disks is the Ni-based su-
peralloy IN718. Its microstructure comprises γ′, γ′′, and δ precipitates distributed in an
FCC γ matrix [3]. The γ′ and γ′′ phases coherently precipitate in the γ phase with L12
and D022 crystal structures, respectively. These two precipitates may occur in various
isolated or composite morphologies, depending on the processing route involved. Finally,
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the δ precipitates are based on a D0a crystal structure. IN718 is primarily strengthened
by γ′′ precipitation. Note that both γ′′ and δ phases exhibit the same nominal chemi-
cal composition of Ni3Nb. However, these two phases have different crystal structures,
because of which, γ′′ and δ precipitates exhibit different orientation relationships (OR)
with the γ matrix. The different crystal structures and ORs of the two phases result in
different morphology of γ′′ and δ precipitates. Of the two phases, δ is more stable at
higher temperatures. In fact, at temperatures above 1200 ◦F (649 ◦C), γ′′ precipitates begin
to coarsen rapidly, eventually transforming into δ phase. Consequently, the mechanical
behavior of IN718 is severely impaired at temperatures above 1200 ◦F (649 ◦C). Thus, IN718
is inadequate for service at such high temperatures.

Next, other Ni-based superalloys may be considered as potential high-temperature
turbine disk materials. These polycrystalline superalloys are primarily strengthened by
the γ′ phase. However, because of their large size, full-scale disk forgings experience
a considerable variation of cooling rates during thermomechanical treatments. In fact,
thicker sections experience significantly lower cooling rates (~5 ◦C/min) even during
water-quenching. In a γ′ strengthened Ni-based superalloy, such slow cooling rates can
cause significant γ′ coarsening in the thicker sections, leading to a very inhomogeneous
overall microstructure [4–6]. Since γ′ coarsening causes significant strength debit, the
overall mechanical behavior of the disk might not be adequate. Thus, such Ni-based
superalloys strengthened by γ′ precipitation would be insufficient gas turbine disk mate-
rials. Consequently, a novel alloy design strategy is required to meet the demands for a
high-temperature turbine disk material.

A recently posited alloy design strategy involves the development of an IN718-variant
alloy strengthened by ‘compact’ γ′-γ′′ coprecipitates [7]. Compact coprecipitates exhibit a
composite morphology involving a cuboidal core of the γ′ phase with all its six {001} faces
coated by γ′′ discs. In this form, the coprecipitate structure exhibits exceptional thermal
stability [8,9]. However, several questions remain. First, whether this microstructure can
be stabilized across a full-scale land-based turbine disk is currently unknown. Next, the
effect of modified alloy chemistry and slow cooling rate on the evolution of grain boundary
phases has not been determined. Finally, whether the developed alloys containing compact
coprecipitates exhibit superior mechanical behavior at 1200 ◦F (649 ◦C) is also unknown.

We studied an IN718-variant alloy to evaluate if the alloy might be a suitable next
generation gas turbine disk material. To this end, we investigated the microstructure and
creep behavior of the aged alloy. A previously developed alloy—IN718-27 [7] was selected
and subjected to a two-step heat treatment following slow cooling after supersolvus heat
treatment. We have used two different cooling rates to simulate expected cooling rate
variations in a full-scale disk forging: 6 ◦C/min (slow cooled, or SC) and 28 ◦C/min (fast
cooled, or FC). Note, 28 ◦C/min is much slower than air cooling or oil-quenching. While
characterization for single-step aged SC condition is already available in the literature [7],
we have studied microstructural evolution in the two-step aged IN718-27 alloy in both SC
and FC conditions. Then, the mechanical behavior of both the SC and FC aged alloys was
investigated using tensile creep tests at 1200 ◦F (649 ◦C). Finally, the microstructure of the
deformed samples was characterized. The results from these experiments are presented
and discussed.

2. Materials and Methods
2.1. Processing and Heat Treatments

A previously studied IN718 variant alloy [7]—IN718-27 was selected for this present
study. The chemical composition of this alloy is presented in Table 1. Table 1 also contains
the nominal IN718 composition for reference. The alloy was vacuum induction melted,
homogenized, and subsequently forged. After forging, a section was removed from the
ingot for further heat treatments summarized in Figure 1. The ingot was solutionized at
1800 ◦F (982 ◦C) for 2 h followed by controlled cooling to room temperature. Following
this, we used two different cooling rates to mimic the variations in a full-scale disk forging:
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6 ◦C/min (SC) and 28 ◦C/min (FC). After cooling to room temperature, the ingot was finally
provided with a 2-step aging treatment. The aging treatment consisted of an isothermal
hold at 1325 ◦F (718 ◦C) for 8 h, followed by cooling at a cooling rate of 1.1 ◦C/min to
1200 ◦F (649 ◦C). The ingot was held at 1200 ◦F (649 ◦C) for 14 h and then slow cooled to
room temperature.

Table 1. Alloy composition of IN718-27. Typical IN718 composition is included for comparison.

Alloy Name (at.%) Ni Cr Fe Al Ti Nb Mo C

718 51.9 21.2 19.6 1.1 1.1 3.2 1.8 0.1
718-27 51.8 20.7 19.5 2.3 1.1 2.7 1.8 0.1
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Figure 1. Schematic of heat treatment: solution treatment at 1800 ◦F (982 ◦C) was followed by a
two-step age. Two cooling rates (6 ◦C/min and 28 ◦C/min) were used to simulate the cooling rate
variations in a full-scale turbine disk forging.

2.2. Metallographic Preparation and SEM

The fracture surface of the FC sample was cut transversely to the loading axis and
needed to be aggressively cleaned with acetone. A sample for postmortem deformation
analysis was extracted from the gage section transverse to the loading direction about
3 mm away from the fracture surface. A fractured SC sample was cut longitudinally to the
loading axis for easier sample preparation and observation.

An aged FC sample and deformed samples were prepared using standard metal-
lographic techniques. All experiments involving scanning electron microscopy (SEM)
were conducted in a ThermoFischer Scientific Apreo high-resolution analytical SEM (Ther-
moFisher Scientific Inc., Waltham, MA, USA). Aged material was studied using backscat-
tered electron imaging using the concentric backscatter detector at 5 kV using 0.4 nA beam
current. SEM micrographs were analyzed using the MIPARTM software (v3.4, MIPARTM,
Columbus, OH, USA) to determine volume fraction of coprecipitates. The BSE SEM images
were thresholded and converted into binary images, which were subsequently analyzed
to estimate area fraction. Assuming unit thickness, we approximated area fraction to be a
rough estimate of the volume fraction of compact coprecipitates. Note that this method
gives an estimate of the volume fraction of compact coprecipitates and not individual γ′ or
γ′′ phases.

Deformation substructures in these samples were analyzed through electron backscat-
tered diffraction (Hikari Super EBSD Camera, EDAX, Mahwah, NJ, USA) and electron
channeling contrast imaging at 20 kV. While a beam current of 6.4 nA was used for EBSD,
0.4 nA current was used for ECCI.

2.3. STEM-EDS

Electropolished samples were prepared from the aged material for characterization
using Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray
Spectroscopy (EDS). Samples of 0.5 mm thickness were cut and mechanically thinned
to approximately 100 µm using SiC papers. Three-millimeter-diameter disks were then
punched and electropolished in a dual jet electropolisher at−40 ◦C using a 20 pct perchloric
acid/methanol electrolyte.
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Detailed microstructural characterization of the aged samples was performed using
STEM at 300 kV in an image-corrected Titan3 60–300 kV S/TEM, equipped with a Super-X
EDS detector (ThermoFisher Scientific Inc., Waltham, MA, USA). The region of interest was
tilted to a [100]γ zone axis to image γ′-γ′′ coprecipitates and grain boundary precipitates.
The grain boundary precipitates were also investigated at the [110]γ zone axis to investigate
their crystal structure.

2.4. Fabrication of Creep Samples and Creep Testing

Heat treated blanks were utilized for creep sample fabrication. Blanks were machined
into threaded end cylindrical specimen. A typical sample consisted of a 25.4 mm gage
length with a 6.35 mm diameter. Smaller blanks were machined to produce sub-size creep
samples; however, all samples were cylindrical, with threaded ends for placement into
high temperature couplers for testing.

Aged samples were tensile creep tested at 1200 ◦F (649 ◦C). All creep tests were
conducted in air in creep frames using a 16:1 lever arm ratio. Actual gage lengths were
calculated using standard ASTM procedures for determination of the effective gage length.
Extensometers for strain measurement were placed on shoulders machined onto the sam-
ples. All creep strain measurements are based on the effective gage length. Two K-type
thermocouples were attached to the gage section of each sample for temperature monitor-
ing and control. Temperature was achieved using three zone resistance heating clamshell
type furnaces which were attached to the creep frames. Creep strain was acquired using
glass type indicators which provided several readings per minute. Strain resolution was
on the order of 10−5. All tested samples were cooled rapidly under load to preserve
deformation structures for subsequent characterization.

3. Results
3.1. Aged Microstructural Characterization

The microstructure of aged IN718-27 subjected to 28 ◦C/min cooling after solution
treatment (IN718-27 FC) was studied using BSE imaging and STEM-EDS (Figure 2) map-
ping. The average grain size of the alloy is 70 µm. The grains appear almost equiaxed with
a high density of annealing twins (Figure 2a). There are few carbide precipitates with an
average diameter of 4 µm (encircled in Figure 2a), which are speculated to be MC-type
carbides based on previous reports [3,10,11]. Moreover, these carbide precipitates appear
bright in the SEM BSE micrograph (Figure 2a), indicating that they are rich in Nb.

At a higher magnification, the grains appear to consist of two distinct types of pre-
cipitates, as demonstrated by the variation of contrast in the SEM BSE image (Figure 2b).
The precipitates exhibiting a darker contrast than the background are γ′-γ′′ coprecipitates
(referred as coprecipitates from here on). On the other hand, the brighter precipitates near
grain boundaries are presumably δ precipitates, which is consistent with several reports
on conventionally processed (air-cooled) IN718 [12–14]. The coprecipitates appear to be
uniformly distributed within the grains. However, a coprecipitate free zone is evident in
the proximity of the grain boundary. This result is unsurprising, since both the δ phase and
the coprecipitates compete for Nb. Thus, the presence of the δ phase at the grain bound-
aries depletes some of the Nb from the surrounding γ matrix. Subsequently, coprecipitate
nucleation is hindered in this region near the grain boundaries.
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Figure 2. Microstructural characterization of aged IN718-27FC: (a,b) SEM BSE micrographs showing
the overall grain structure, and precipitate distribution within a grain, respectively; (c,d) STEM EDS
maps acquired along <100>-type zone axis showing compact coprecipitates and grain boundary
precipitates, respectively. (c-inset) diffraction pattern confirming γ′ and γ′′ phases.

At an even higher magnification, STEM-EDS mapping confirms that the coprecipitates
observed in the grain interiors exhibit the intended compact morphology (Figure 2c). The
map shows elemental distribution of Al (in green) and Nb (in red). While the γ′ phase is
rich in Al, the γ′′ phase is predominantly Ni3Nb-based. Thus, the EDS map of composite
Nb and Al elemental segregations indicate the respective phases and successfully reveal the
compact morphology of the γ′-γ′′ coprecipitates. The γ′ precipitate, which forms the core of
compact coprecipitates, is between 20–60 nm in size. On the other hand, the γ′′ discs exhibit
thicknesses and lengths of 5 nm and 50 nm, respectively. Overall, the coprecipitates are
about 20–60 nm in size. A detailed TEM-based characterization presentation is presented
in Appendix A.

Finally, the grain boundary microstructure, acquired using SEM and STEM EDS
is presented in Figure 2b,d. All the high angle grain boundaries are decorated by Nb-
rich precipitates about 300 nm in length (encircled in Figure 2b). Although the grain
boundaries appear clean and straight at lower magnification (Figure 2a), the acicular Nb-
rich precipitates lend them a modulating morphology (Figure 2b). However, the sample
exhibits a low volume fraction of the grain boundary precipitates (Figure 2b).

Figure 3 presents the grain boundary precipitates present in the aged FC IN718-27
alloy. From Figure 3b,c, it is clear that there are two precipitates present along the high
angle grain boundary. While the δ precipitates exhibit an overall composition of Ni3(Nb,
Fe, Cr, Al, Ti), the other precipitate (highlighted in orange) appears to be Cr-Mo-Fe rich.
Based on a preliminary analysis of HR-STEM micrographs presented in Figure 3d, the
Ni3(Nb, Fe, Cr, Al, Ti) phase is expected to be δ and the Cr-Mo-Fe phase is expected to be σ.
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Figure 3. Grain boundary precipitates observed in aged FC IN718-27 alloy. (a) HAADF (CL = 73 mm)
micrographs showing grain boundary precipitates, (b) STEM EDS map from the same region as in
(a) highlighting regions of Al, Nb and Mo enrichment in green, red and orange; (c) composition vs
distance plot along the green arrow in (b); (d) High resolution STEM (HR-STEM) HAADF micrograph
showing different atomic ordering present in the two grain boundary precipitates. This is further
confirmed by the two patterns in the inset (i) and (ii) obtained through fast fourier transform (FFT)
of the corresponding regions in the HR-STEM micrograph.

Figure 4 compares the microstructure of aged IN718-27 alloys in SC and FC conditions.
The microstructure of slow cooled (or SC, 6 ◦C/min) and aged IN718-27 is very similar
to the relatively fast cooled (or FC, 28 ◦C/min) sample. However, the aged FC sample
has slightly finer compact coprecipitates (25–40 nm) as compared to the aged SC sample
(40–60 nm). The overall compact coprecipitate volume fraction of both the alloys appears
to be very similar. As shown in Figure 4, the microstructure of both the aged FC and SC
samples comprises of about 25% of compact coprecipitates exhibiting very similar sizes.
This further complements previously published microstructural characterization of a single
step aged SC IN718-27 alloy [7]. Note that this alloy does not exhibit compact coprecipitates
prior to the aging treatment when subjected to either of the cooling rates after solutionizing.
However, both a single-step age at 1400 ◦F (760 ◦C) for 8 h, as well as a two-step age



Metals 2021, 11, 1897 7 of 14

(Figure 1), is sufficient to promote unimodal coprecipitates between 20–60 nm in size in
IN718-27, irrespective of the cooling rate [7]. Thus, the microstructure of the alloy appears
to be insensitive to cooling rates as well as specific aging treatments.
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3.2. Creep Tests

Constant load uniaxial tensile creep tests conducted on two-step aged FC and SC
IN718-27 at 1200 ◦F (649 ◦C) are summarized in Figure 5. Aged IN718-27 FC was tested at
two stress levels—100 ksi (689 MPa) and 75 ksi (517 MPa). However, aged IN718-27 SC
was only tested at 75 ksi (517 MPa). Under both the loading conditions, the aged IN718-27
FC samples fail before accumulating 0.2% strain. In fact, at 100 ksi (689 MPa), the sample
failed in less than 3 h at 0.1% strain. However, at lower stress (75 ksi or 517 MPa), the
sample ruptured in 68 h (0.19% strain). Finally, the apparent creep exponent for IN718-27
FC at 1200 ◦F (649 ◦C) was calculated by manipulating the Norton creep law equation [15]:

.
ε = kσn
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Figure 5. Summary of tensile creep test results for aged IN718-27 FC & SC. Tests were carried out at
1200 ◦F (649 ◦C) in air.

In the above equation,
.
ε is the creep strain rate, k is a temperature-dependent constant,

σ is stress, and n is the stress exponent at a given temperature. In creep experiments, stress
exponents between 3 and 8 imply that deformation is controlled by dislocations interacting
with obstacles in its path, such as precipitates [16]. The calculated stress exponent for aged
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IN718-27 FC was found to be 9. High stress exponents, such as this, have frequently been
reported for two-phase materials. In superalloys, a higher than expected stress exponent
is frequently reported because, in these systems, creep deformation is influenced by an
additional internal back stress [17,18].

The aged IN718-27 SC sample was tested at 75 ksi (517 MPa). The sample eventually
ruptured after accumulating 0.3% strain in 118 h. Note that, while the creep tests for both
the aged IN718-27 FC and SC samples at 75 ksi (517 MPa) concluded different strain levels,
the strain vs. time curves appear to overlap (Figure 5). This indicates that, despite the
different cooling rates, both the aged samples exhibit similar strain rates at 75 ksi (517 MPa).

3.3. Analysis of Creep-Deformed Microstructures

Microstructural analyses of two of the deformed samples are presented in Figures 6 and 7.
Figure 6 summarizes deformation behavior of the aged IN718-27 FC, sample tested at
100 ksi (689 MPa). This sample failed at 0.11% strain. The loading direction for all the
images in Figure 6 is along the viewing direction of the micrograph. The microstructure of
the deformed sample exhibits crack formation at grain boundary δ precipitates (Figure 6a).
Eventually, such cracks might be expected to coalesce and lead to intergranular failure. In
fact, while the fracture surface of this sample indicates mixed mode, intergranular brittle
failure is more dominant (Figure 6b). The top surface of the sample, or the fracture plane,
appears faceted, implying highly intergranular fracture. In addition, the secondary crack
also appears to convey intergranular failure.
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Evidence for grain-boundary assisted failure is provided by ECCI, which reveals
regions of stress concentrations near grain boundaries and triple junctions (Figure 6c).
This is indicated by a bright contrast in these regions. However, most of the grain interior
exhibits planar faults. The contrast indicates slip band formation. Traces of potential
{111}-type planes for this grain orientation are presented as a schematic at the bottom right
of Figure 6c. Note that this grain contains an annealing twin as well. However, for the
sake of brevity, the trace analysis has only been presented for the parent grain. The two
thick lines in the schematic represent traces of potentially active slip systems. Within the
grain interior, only one slip system is active. However, an additional active slip system
may be observed in the vicinity of grain boundaries. A second slip trace is observed which
is parallel to the annealing twin boundary. In Figure 6d, the slip in a different grain is
characterized at a higher magnification. This grain exhibits two faults—marked as 1 and 2
in the Figure 6d. In the case of 1, the precipitate within the slip band appears to be sheared
and exhibiting isolated stacking faults. The stacking faults cause the sheared precipitates
to appear brighter than the background. However, in case of 2, both the precipitates and
the matrix appear to exhibit a brighter contrast, indicating a continuous stacking fault.
However, the occurrence of such faults is very low in the investigated sample, and much
strain accumulation is observed at the grain boundaries (Figure 6c).

In summary, the fracture surface of the IN718-27 FC sample, creep deformed at 1200 ◦F
(649 ◦C) and 100 ksi (689 MPa), exhibits extensive intergranular failure. Further ECCI-
based characterization of the deformed specimen indicates that even though the calculated
apparent stress exponent for this material is 9, ECCI results indicate that deformation is
highly assisted by grain boundary structure.

A second SEM-based experiment was undertaken to study the deformed IN718-27 SC
sample (Figure 7). Because the sample was deformed at a lower stress of 75 ksi (517 MPa),
it fractured after accumulating over 0.3% strain. Figure 7 shows longitudinal sections
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from the deformed sample. The faceted shape of the fracture surface (Figure 7a) indicates
intergranular fracture. Secondary cracks appear to traverse along grain boundaries. In
Figure 7b, grains farther below the fracture surface show various stages of void nucleation
and coalescence along grain boundaries. The grain interiors, however, show significantly
more contrast variations (Figure 7c,d). The grain interior exhibits only one active slip
system in this case as well. However, in this sample, a much higher fraction of slip
bands is present. Another difference from Figure 6c,d is indicated by the absence of stress
concentration pockets near grain boundaries. At a higher magnification, the precipitates
contained within slip bands have been sheared and exhibit stacking faults (Figure 7d).
However, the stacking fault does not appear to be extending to the γ channels between
the coprecipitates. For example, the planar fault traversing from the bottom left to the top
right of the micrograph shows isolated faulted coprecipitates. Isolated faults have been
frequently reported for air-cooled IN718 containing non-compact coprecipitates, deformed
under similar conditions [19–23]. Further, across this micrograph, several dislocation
loop/debris like features are visible. However, the contrast from various sources in the
microstructure make further analyses complicated. This material will be studied in greater
detail using STEM and TEM based characterization techniques and the results will be
subsequently communicated.

Overall, the characterization of two deformed samples strained to different levels
enabled a brief comparison of the creep mechanisms. Both the samples fail in an inter-
granular mode. Both exhibit cracks near grain boundary δ precipitates. Moreover, both
suggest slip and planar fault formation within their grains. However, in the sample tested
at a higher stress level, deformation appears to be more concentrated in pockets near the
grain boundary. On the other hand, the IN718-27 SC sample shows bands of isolated
stacking faults.

4. Discussion

Our results suggest that in slow-cooled IN718-27, a two-step aging treatment suc-
cessfully generated compact coprecipitates. Further analyses suggest that the developed
microstructure complements the findings of Detor et al. [7]. Detor et al. have reported that
IN718-27 does not exhibit compact coprecipitate morphology when cooled at 6 ◦C/min
(SC) or 28 ◦C/min (FC) after solution treatment. However, a subsequent single-step aging
treatment in IN718-27 SC subsequently resulted in compact coprecipitates [7]. This reported
compact coprecipitate distribution is in very close agreement with our present findings on
IN718-27 FC. Consequently, we conclude from our results that a full-scale turbine disk made
of IN718-27 would exhibit a relatively homogeneous compact coprecipitate microstructure.

This compact coprecipitate microstructure is desirable because the compact mor-
phology exhibits superior thermal stability [8,24]. While isolated γ′′ precipitates and
non-compact coprecipitates exhibit significant stress-assisted coarsening, compact coprecip-
itates show negligible coarsening under stress [25–28]. In fact, the compact coprecipitates
have been shown to resist coarsening more than a thousand hours at 1200 ◦F (649 ◦C) [24].

This superior stability is generally explained based on the alloy composition of com-
pact coprecipitate containing alloys. This is partially because the compact coprecipitates
exhibit delayed transformation of γ′′ precipitates to δ phase [29,30]. Compact coprecip-
itate formation in an alloy demands that its three major ratios: (Al + Ti)/Nb, Al/Ti and
(Al + Ti + Nb) be increased [7,9,29]. A consequence of higher (Al + Ti)/Nb and Al/Ti
ratios is a sluggish γ′′ → δ reaction at high temperatures. Ultimately, resistance to γ′′ → δ
transformation also suggests higher overall thermal stability.

However, despite the superior thermal stability of the novel compact morphology,
the alloy exhibits poor resistance to creep deformation at 1200 ◦F (649 ◦C). The results
indicate that IN718-27 exhibits a rupture life of less than 3 h during uniaxial constant stress
creep tests at 100 ksi (689 MPa). In comparison, rupture life of conventionally processed
and air-cooled (cooling rate >28 ◦C/min) IN718 is 200 h at 100 ksi [27]. Note that the
IN718 discussed in [27] showed transgranular failure, while the aged IN718-27 FC/AC
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exhibit intergranular failure. Moreover, reports suggest that in similar γ′-γ′′ precipitate
containing alloys, a slower cooling rate generally increases high temperature strength as
well as rupture life [31,32] However, creep behavior of the developed alloy contradicts
these reports. In fact, all the reports on creep behavior suggest that air-cooled IN706
and IN718-type alloys containing compact coprecipitates are always outperformed by
conventional IN706 or 718, respectively [26,32–36]. This is consistent with our results,
where the aged IN718-27 in both AC and FC conditions rupture at much lower strains than
air-cooled and aged IN718 at 1200 ◦F (649 ◦C).

An obvious reason behind this poor creep performance could be the size of compact
coprecipitates. The size of coprecipitates in the present work is about 70 nm. In comparison,
the average γ′′ precipitates in aged air-cooled IN718 are between 17–21 nm in diameter [37].
Note, the volume fraction of compact coprecipitates is similar to γ′′ precipitate volume
fraction in conventionally processed IN718. Another reason for the performance might
be related to the grain boundary structure in the developed alloys. In conventionally
processed IN718, grain boundary δ phase precipitates may significantly influence the active
deformation mechanism under creep loading [18,26,37–39]. Evidence supporting δ-phase
assisted deformation in the present work is provided by the observation of creep voids at δ
precipitates (Figures 6a and 7c). In fact, creep voids can be observed in the sample after
only 0.1% strain accumulation. This is nonintuitive since grain boundary precipitation in
IN718 is often encouraged to promote serrated grain boundary structures. This serrated
grain boundary structure is known to impede grain boundary cracking under creep condi-
tions. Hence, further studies are required to investigate the deformation behavior of the
developed alloy, with a special emphasis on the role of grain boundary precipitates.

In summary, irrespective of the cooling rate (6 ◦C/min or 28 ◦C/min), aged IN718-27
exhibits a relatively uniform distribution of compact coprecipitates. The creep behavior
of the alloy was studied at 1200 ◦F (649 ◦C). Despite the compact coprecipitates, the alloy
ruptured around 0.1% and 0.3% strains under 100 ksi (689 MPa) and 75 ksi (517 MPa),
respectively. Fractured samples exhibit intergranular failure. Under 100 ksi (689 MPa)
loading, the sample shows extensive void formation near grain boundary δ precipitates.
Within the grains, slip bands exhibiting isolated stacking faults within the compact co-
precipitates were observed. Thus, compact-coprecipitation strengthened alloys, such as
IN718-27, need to be further developed to improve their grain boundary character. This is
because, although the compact coprecipitates possess superior thermal resistance, the weak
grain boundaries in the aged alloy cause premature failure under creep. Subsequently,
addition of grain boundary strengtheners (C, B, Zr) as well as refractory metals may need
to be explored to improve overall grain boundary strength and crack resistance.

5. Conclusions

A coarsening resistant Ni-base superalloy (IN718-27) was investigated in detail to
develop a novel high-temperature turbine disk material. Due to its size, a full-scale land-
based turbine disk experiences a range of cooling rates even when quenched.

Irrespective of the cooling rate (6 ◦C/min or 28 ◦C/min), aged IN718-27 samples
exhibit a relatively uniform distribution of compact coprecipitates.

The tensile creep response at 1200 ◦F (649 ◦C) and 75 ksi (517 MPa) for samples with
both cooling rates are very similar, indicating an insensitivity to cooling rate. Creep under
75 ksi (517 MPa) loading leads to rupture at 0.3% strain, while under 100 ksi (689 MPa)
load, the alloy fails around 0.1% strain.

Fractured samples exhibit intergranular failure. Moreover, all the crept samples show
extensive void formation near grain boundary δ precipitates.

Deformed grain interiors in the 75 ksi (517 MPa) creep deformed sample show slip
bands with frequent shearing of co-precipitates and formation of planar faults within
the particles.

Our results indicate that compact coprecipitation strengthened superalloys, such as
IN718-27, exhibit an insensitivity to cooling rates, which allows their microstructures to be
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thermally stable. Thus, these IN718-variant alloys could potentially replace current turbine
disk materials for use at higher temperatures. However, aged IN718-27 also exhibits lower
creep strength and prematurely fails at 1200 ◦F (649 ◦C) due to grain boundary precipitates.
Thus, while this novel class of compact coprecipitation-strengthened superalloys shows
some promise, significant improvements are needed before it can be considered as a next-
generation turbine disk material. To that end, first, their grain boundary character must be
improved. Next, the intragranular microstructure might also require further optimization.
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