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Abstract Next-generation energy systems require superior resistance to creep defor-
mation due to the considerably prolonged exposure times at operating stress and
temperature. To improve the elevated temperature properties of INCONEL® 725
(IN725), a corrosion-resistant alloy, several variants with different Ti/Al ratios and
judicious amounts of Nb and Ta were made. Furthermore, a high temperature aging
(HTA) heat treatment, designed to promote favorable precipitate phase formation,
was explored. These adjustments allowed to tailor the amount and type of precip-
itate strengthening which led to significant increases in time to failure. The Ti/Al
ratio was used to favor the formation of γ′ or γ′′ precipitates. Compact morphology
precipitates, consisting of γ′ precipitates surrounded by a γ′′ shell, were formed in
alloys with a low Ti/Al ratio. The HTA increased the creep life of various alloy
formulations up to a maximum improvement of 371% as compared to the standard
aging heat treatment. The Nb and Ta additions had a similar effect on increasing
creep life by promoting and stabilizing γ′′ precipitation. The positive effect of the
additions was even more pronounced when coupled with the HTA. A phase stability
study with up to 10,000 h exposure at 700 °C revealed that the compact morphology
helped in slightly reducing coarsening of the γ′ precipitates, although the effect on
creepwas not significant. The findings of this study enable design of dual superlattice
alloys through microstructural engineering that yields superior performance and can
be applied to a wide range of alloys in the IN718 and derivatives family.
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Introduction

INCONEL® 725, i.e. IN725, is a derivative of INCONEL® 625 through the addition
of Ti with aim of promoting the formation of γ′ precipitates [1]. This precipitation
strengthened Ni-based superalloy has high strength and good corrosion resistance
[2], making it a material of choice for a wide variety of intermediate-temperature
applications, especially considering that it does not contain costly Co additions.
Interestingly, although IN625 was designed to be a solid-solution strengthened alloy,
subsequent investigations have conclusively shown the precipitation of the γ′′ phase
at temperatures <750 °C.As a result, the typicalmicrostructure of IN725 also consists
of a face-centered cubic (FCC) matrix with embedded γ′′ precipitates, however, the
Ti addition also promotes the formation of γ′ precipitates; the fraction of the two
secondary phases can vary depending on the employed heat treatment [3]. The γ′
precipitates are Ni3(Al, Ti) with ordered FCC L12 crystal structure, while the γ′′
phase is typically Ni3Nb and has an ordered tetragonal D022 crystal structure. Both
precipitates have solubility for elements such as Co, Cr, Nb, and Mo among others.
Generally, the γ′ phase is preferred for high temperature applications of Ni-based
alloys due to its higher solvus temperature and superior stability compared to that
of the γ′′ precipitates. However, the latter offers more potent strengthening due to
the high coherency stresses with the matrix, that can significantly extend the creep
life in temperature regimes where the γ′′ precipitates are stable. Of note, when co-
precipitated in a compact morphology, as reported by Cozar et al. [4, 5], the γ′′ shell
is thought to be beneficial in preventing significant coarsening of the γ′ precipitates
and further improve the mechanical properties of the alloy.

In addition to the γ′ and γ′′ phases, IN725 also contains carbides such as MC
(Ti/Nb rich), M23C6 (primarily Cr-rich), andM6C (Mo-rich) which are located along
the grain boundaries (GBs) [3]. Furthermore, η phase has been reported to form
at temperatures between 750 and 900 °C for times ranging from 10 to 100 h [6].
The η phase has an ordered hexagonal D024 crystal structure and a composition
consisting ofNi3Ti. Similar to δ phase precipitates, which have aD0a crystal structure
and a composition of Ni3Nb, the effect of η phase on the mechanical properties of
Ni-based superalloys has been the subject of numerous investigations. Small and
stable precipitates have been shown to be beneficial to alloy 718Plus by slowing
down fatigue crack growth rates [7], while unstable precipitates were found to be
detrimental to the creep performance of alloy 263 [8]. Small δ platelets are formed
in IN718 using a high temperature aging heat treatment [9]. Finally, η-Ni6AlNb and
the coexistence of δ and η phases have been reported in several alloys [10, 11].

Using IN725 in high-temperature applications would be very valuable to fully
utilize its superior corrosion resistance and relatively low cost. Particularly, alloys
capable of operating for extended times at temperature in demanding environments
are needed for next-generation land-based energy systems [12]. However, to date,
there have been very fewhigh-temperaturemechanical properties reported for IN725,
with most assessments being up to 550 °C or 650 °C [13, 14]. This investigation
explores the high-temperature creep properties of several variants of IN725 that
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were designed with several key parameters. The stability of the γ′ and γ′′ phases
was explored using changes from the nominal composition of IN725 according
to the Ti/Al ratio. Additions of Ta and Nb were chosen to promote the formation
of desirable phases and a high temperature aging heat treatment was designed to
increase the precipitation of those features. Compared to the baseline alloy tested at
700 °C/483 MPa, condition most representative of IN725, the creep life of the vari-
ants increased by up to 256%. The relationships between alloying, microstructural
formation and evolution, and creep properties are presented and discussed.

Methods

The alloys were developed starting from the composition of commercial IN725, as
described in Ref. [2]. A computational approach was utilized to obtain the targeted
compositions using Thermo-Calc with the TCNi8 database for phase formation and
JMatPro for kinetics. The baseline alloy, referred to as STD, consists of near-nominal
composition for IN725 with a Ti/Al ratio of 4.3 (calculated using at.% throughout
this study). A slightly higher Ta-containing version was made and named A. Then,
the Ti/Al ratio was systematically decreased from variants A to D with values equal
to 5.4, 1.3, 1.1, 0.7 in alloys A, B, C, and D, respectively. Finally, the amount of Nb
+ Ta was increased to 2.7 at.% in variants with the high and low Ti/Al ratio, namely
STD and D, to promote the formation of GB phases, such as δ phase precipitates,
according to plots from Ref. [11] or γ′′ precipitates within the matrix. Tantalum was
added to alloys STD and D to form alloys E1 and E, respectively. Similarly, Nb was
added to alloys STD and D to form alloys F2 and F, respectively.

High-purity, industry grade, stock materials were used to constitute the compo-
sitions of the alloys and form 8 kg cylindrical ingots measuring 75 mm in diameter
using vacuum induction melting (VIM). The charges were melted to a 50 °C super-
heat temperature under 200 Torr Ar partial pressure. Following solidification, ~5mm
thick sliceswere cut from the top of each ingot for chemistry analysis.Major elements
were determined using X-ray fluorescence (XRF) on a Rigaku ZSX Primus II while
C was determined using combustion analysis on LECO systems. The ingots were
homogenized in a vacuum heat treatment furnace under 50 Torr Ar partial pressure
and using Ar forced gas fan cooling. The heat treatment schedule was optimized
computationally for the alloys based on their chemistry and the ingot microstructure
to reduce the predicted residual elemental inhomogeneity to below 1% [15]. The
heat treatment cycle consisted of 1030 °C for 1 h, 1065 °C for 3 h, 1090 °C for 3 h,
1115 °C for 3 h, 1135 °C for 6 h, and 1150 °C for 72 h. Hot working consisted of
steps of forging followed by steps of hot rolling with reheat between each pass to
produce plates measuring 10 mm in thickness with an equiaxed grain structure. The
last reheat step was used as a solution heat treatment.

Two separate aging heat treatments were investigated. The first consists of the
standard aging heat treatment for IN725 and is referred to as standard aging (SA):
730 °C for 8 h followed by cooling to 620 °C at 1 °C/min and holding at 620 °C for
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8 h. The alternate aging heat treatment was designed to promote the formation of
precipitate phases at higher temperatures, and thereby, is referred to as high temper-
ature aging (HTA), described as follows: 800 °C for 20 h followed by cooling to
750 °C at 1 °C/min and holding at 750 °C for 8 h. The aging heat treatments were
performed in the vacuum heat treatment furnace under 50 Torr Ar partial pressure
and Ar forced gas fan cooling was performed at the end of the cycles. Specimens
characterized andmechanically tested received either the SA orHTAheat treatments.

Cylindrical creep test specimens were produced with 76 mm in overall length,
10 mm in overall diameter with ANSI 3/8 × 16 threaded ends, and a reduced
gage area. The reduced gage section measured 32 mm in length and 6.3 mm
in diameter. Creep screening was performed according to ASTM E139 standard
using a dead weight creep frame [16]. Four conditions were selected for constant
load creep testing: 700 °C/483 MPa, 727 °C/414 MPa, 750 °C/345 MPa, and
790 °C/207 MPa. Not every alloy was tested at each condition, but all alloys were
tested at 700 °C/483 MPa.

After standard metallographic sample preparation, observation of the microstruc-
tures was performed on a FEI Inspect F scanning electron microscope (SEM) in
backscatter electron mode and equipped with an Oxford Instrument X-Max energy
dispersive spectrometer (EDS) for phase characterization. Transmission electron
microscopy (TEM) samples were prepared by extracting ∅3 mm discs from as-aged
material and from the grip sections of post-creep specimens. Following grinding
on progressive grit papers to ~70 μm, the TEM blanks were thinned to electron
transparency using twin-jet polishing in a solution of 20% perchloric acid and 80%
ethanol at−16 °C and 18 V. A JEOL JEM 2100PLUS, operating at 200 kV, was used
for selected area diffraction (SAD) and bright field (BF), dark-field (DF) and high
resolution (HR) imaging.

Results

Alloy Chemistry

The measured chemistries of the alloys are listed in Table 1. The high Ti/Al ratio
alloys are STD, E1, F2, and A. Note: the Ti/Al ratio was lower in alloy STD likely
due to minor Al loss in the other alloys which occurred during melting. In this series,
the Ta content was increased to 3.6 wt.% in E1 and the Nb content was raised to
4.6 at.% in F with a sum Nb + Ta between 2.4 and 2.7 at.%. The Ti/Al ratio was
decreased from A to D with values equal to 5.4, 1.3, 1.1, and 0.7 in A, B, C, and D,
respectively. Finally, the low Ti/Al ratio series included alloy D and high-Ta variant
E with 3.5 wt.% Ta and high-Nb variant F with 4.5 wt.% Nb. The sum of Nb + Ta
is between 2.5 and 2.8 at.% for both alloys. Thus, this alloy series allows for the
investigation of the effect of the Ti/Al ratio and additions of Nb or Ta to alloys with
the highest and lowest Ti/Al ratios.
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Table 1 Composition of the alloys with Ni balanced fromXRF analysis (major elements), combus-
tion analysis (C), and addition to the melt (B) in wt.% except for the ratio Ti/Al and sum Nb + Ta
in at.%

Alloy Cr Mo Ti Al Nb Ta Fe Mn Si C B Ti/Al Nb
+
Ta

High Ti/Al Ratio

STD 21.2 7.1 1.82 0.24 3.4 0.2 3.9 0.04 0.02 0.039 0.003 4.3 1.8

E1 20.5 7.0 1.87 0.20 3.4 3.6 3.8 0.05 <0.01 0.049 0.003 5.4 2.7

F2 20.6 7.1 1.88 0.19 4.6 0.4 3.9 0.05 <0.01 0.049 0.003 5.6 2.4

Varying Ti/Al Ratio

A 21.2 7.1 1.84 0.19 3.4 0.4 3.9 0.05 0.01 0.040 0.003 5.4 1.8

B 21.2 7.1 1.41 0.60 3.4 0.4 3.9 0.04 0.02 0.039 0.003 1.3 1.9

C 21.2 7.1 1.30 0.68 3.4 0.4 3.9 0.05 0.01 0.040 0.003 1.1 1.9

Low Ti/Al Ratio

D 21.2 7.1 1.10 0.85 3.4 0.4 3.9 0.06 0.03 0.044 0.003 0.7 1.9

E 21.2 7.0 1.15 0.89 3.4 3.5 3.9 0.04 0.02 0.038 0.003 0.7 2.8

F 21.3 7.1 1.13 0.84 4.5 0.4 3.9 0.04 0.01 0.040 0.003 0.8 2.5

Microstructure

Analysis of the microstructure of the alloys following hot working and solution heat
treatment revealed equiaxed grain structures with similar grain sizes ranging from
42 to 47 μm. The grain size was calculated using the linear intersect technique [17]
with four regions considered, each used to perform four measurements. For each
alloy, half of the material received the SA aging heat treatment while the other half
received the HTA heat treatment. The microstructures observed using the SEM and
including GB regions are shown in Fig. 1. First, the microstructures following SA
(commercial heat treatment for IN725) revealed very fine precipitates that could
hardly be resolved with the SEM, as shown in the insets of Fig. 1. The GBs of alloy
F, however, contained larger precipitates when compared to alloys STD, D, and E.
Images for E1 and F2 are not available at the time of writing.

The microstructures of the alloys following the HTA heat treatment revealed
coarser precipitates. Particularly, a dense distribution of γ′ and/or γ′′ particles can
be resolved within the grain interior. Typically, the γ′ phase appears darker in Z-
contrast backscatter images due to the higher content of light-element Al, while
γ′′ appears bright from the Nb and other heavy refractory elements. Various GB
phases also formed. Dark, blocky precipitates were found in all alloys, and EDS
analysis performed on similar but overaged specimens (to enable coarsening and
more accurate EDS measurements) associated them with Cr-rich M23C6 carbides.
The small, blocky, and bright precipitates are likely M6C due to high Mo concentra-
tions and traces of Si [18]. This correlates well with other investigations of IN725
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Fig. 1 SEM images of the microstructure of alloy a STD, b E1, c F2, d D, e E and f F including
grain boundaries following the HTA heat treatment with insets for the SA heat treatment condition
for alloys STD, D, E, and F

[3]. Overall, no significant differences are noticeable between the alloys, particularly
STD, Fig. 1a, E1, b, F2, c and D, d. Alloys E, Fig. 1e and F, 1f, however, contained
discrete needle/rod-shaped precipitates consistent with δ or η phase and a primarily
Ni3(Nb, Ti) composition. Such precipitates were also found in STD and F2 to a lesser
extent. Additional details on the EDS analysis can be found in Ref. [19].

Higher resolution images of the γ/γ′ and/or γ′′ were taken using TEM and the
results for alloys STD, D, E, and F heat treated using either the SA or HTA are shown
in Fig. 2. In general, the microstructural components and morphology of each alloy
are the same between the two heat treatments, however, the size is much coarser
following HTA. The STD alloy formed mostly γ′′/γ′/γ′′ sandwich-type structures,
where the γ′′ formed on only two faces of the γ′ precipitates. Alloy D predominantly
formed γ′ precipitates. To better show the absence or presence of γ′′ in this alloy, DF
images using the shared γ′/γ′′ (100) reflections are shown in Fig. 2b and f. Interest-
ingly, a small fraction of γ′′ precipitates were observed for the SA condition, while
γ′′ was not observed at all post-HTA. Alloys E and F show similar microstructures
to each other following SA, Fig. 2c and d, respectively, and after HTA, Fig. 2g and
h, respectively, where the γ′/γ′′ precipitates exhibit compact morphologies in both
aging conditions. The major microstructural difference between the two alloys being
that alloy F has a slightly thicker and higher fraction of γ′′ precipitates, and that the
precipitates are significantly coarser after HTA compared to SA.

Themicrostructures of alloysE1 andF2 afterHTA (these alloyswere not subjected
to the SA) were also observed by TEM and representative microstructures are shown
in Fig. 3. The addition of Ta and Nb to E1 and F2, respectively, stabilized the γ′′
precipitates, such that a γ/γ′′ microstructure (with the absence of any γ′ precipitates)
formed. The two alloys exhibit similar γ/γ′′ microstructure with three variants of
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Fig. 2 TEM images of alloys a, e STD, b, f D, c, g E and d, h F for the γ′ and/or γ′′ precipitates
following the SA (a–d) or HTA (e–h) heat treatment. Note Images a, c, d, e, g, and h are BF, while
b and f are DF

rather coarse γ′′ precipitates. Figure 3c and d shows DF images of one of the γ′′
variants, obtained using the shared γ′/γ′′ (100) reflection. As can be seen, γ′ precip-
itates were not present, and the fraction of γ′′ precipitates tends to be higher in alloy
F, Fig. 3d. Such observations were performed at other locations and with the other
shared γ′/γ′′ reflections as tomore conclusively determine whether γ′ formed in these
alloys; it did not.

To better understand the formation and distribution of the γ′′ precipitates in some
of the alloys, HRTEM was performed. As shown in Fig. 2b and f, a small fraction
of γ′′ precipitates were observed only after SA in alloy D. The diffraction patterns
showed faint γ′′ reflections, even when such precipitates were not observed using DF
imaging. Figure 4a shows a HRTEM image of a γ′ precipitate in alloy D after SA
aging. Interestingly, 2–3 atomic layer thick γ′′ structure was observed on the faces
of the γ′ precipitate, and such a structure was observed on most of the γ′ precipitates
in this alloy. Figure 4b shows an HRTEM image of alloy F after HTA, where the
γ′/γ′′ compact structure was readily apparent in Fig. 2h. Indeed, the faces of the γ′
precipitates are entirely covered (edge-to-edge) with γ′′ that is tens of atomic layers
thick. Finally, an HRTEM image from a γ′′ precipitate in alloy E1 after HTA such as
the ones in Fig. 3a and c is shown in Fig. 4c. The γ′′ precipitate was not connected
to any other type of precipitate, and γ′ structure was not observed.

Creep Properties

The results from all performed creep tests are shown in the form of a Larson-Miller
parameter (LMP) plot in Fig. 5. The alloys were all tested at 700 °C and 483 MPa
in either SA or HTA heat treatment condition, at the exception of alloys E1 and
F2 only tested after HTA. Additional testing was performed at lower stresses for
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 E1  F2 
(a) (b) 

(c) (d) 

Fig. 3 TEM images of alloys a, c E1, and b, d F2, for the γ′′ precipitates following HTA heat
treatment, where a, b show BF images, and b, d show DF images at the same location

5 nm2.5 nm

γ′

γ″ γ″
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γ″

γ

γ

(c)

Fig. 4 HRTEM images of the γ/γ′/γ′′ interfaces in alloys a D with the SA heat treatment, b F with
the HTA heat treatment and c E1 with the HTA heat treatment

alloy STD to form a curve for the baseline creep properties. The testing temperature
was raised for testing time constraints. From creep at 700 °C and 483 MPa, it is
shown that the LMP decreases from 21.69 to 21.31 with decreasing Ti/Al ratio from
alloy STD to D. However, using the HTA instead of the SA heat treatment increased
the LMP values to above those for alloy STD with SA. The best-performing alloys
were those with added Nb and Ta, namely E, F, E1 and F2, and with the HTA heat
treatment. Particularly, alloy E1 HTA outperformed all other alloys on the LMP plot
with additional testing performed to draw a fitting curve for comparison to alloy
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Fig. 5 Larson-Miller plot
for testing of the alloys under
four conditions and after the
SA or HTA heat treatment

STD SA and F2 HTA. The LMP increased by 0.54 at 700 °C/483 MPa and 0.25 at
790 °C/207 MPa from alloy STD SA to alloy E1 HTA.

Discussion

A series of alloys based on IN725 was designed with several aspects that led to
improvements in creep performance [20, 21]. The Ti/Al ratio was varied, additions
of Nb and/or Ta were considered, and a high temperature aging (HTA) heat treatment
was compared to the standard aging (SA) for IN725. From Fig. 5, the HTA combined
with Nb or Ta additions led to the best properties. The effect of each design attribute
is described in the following sections.

Effect of the Ti/Al Ratio

The Ti/Al ratio was decreased from alloys STD/A to D which led to changes in
the microstructural features of each variant. Minimal differences were found along
the GBs when comparing high Ti/Al ratio alloy STD and low Ti/Al ratio alloy D
following the HTA heat treatment, Fig. 1a and d, respectively. More of the elongated
δ/η platelets were found in alloy STD. A more significant microstructural difference
was observed within the grains. As shown in Figs. 2 and 3, the high Ti/Al ratio alloys
STD, E1, and F2 primarily contained γ′′ precipitates while the low Ti/Al ratio alloys
D, E, and F mostly contained γ′ precipitates surrounded by a varying fraction of γ′′
precipitates. Only alloy D after HTA contained just γ′ precipitates. The decrease in
the Ti/Al ratio consisted of a ~40% decrease in the Ti content and a ~4.5× increase
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Fig. 6 Creep strain as a
function of time for testing at
700 °C and 483 MPa for the
alloys with decreasing Ti/Al
ratio and following the SA
heat treatment. TEM images
of the precipitates in alloy
STD and D in the aged
condition are provided

in the Al content. Therefore, the decrease in the Ti/Al ratio stabilized the γ′-Ni3Al
precipitates over the γ′′-Ni3Nb particles.

The creep curves from testing of the alloys in the SA condition at 700 °C and
483 MPa are shown in Fig. 6 with the alloy Ti/Al ratio denoted for each curve. The
decrease in Ti/Al ratio correlatedwell with a decrease in creep life and ductility. Thus,
a 63% decrease in creep life and 81%decrease in elongation to failure weremeasured
from alloys A toD. Testing of the alloys in theHTA condition revealed a similar trend
with respect to creep ductility, as highlighted in Fig. 7 which shows the elongation
to failure as a function of time to failure. However, the creep lives of B HTA and
C HTA were greater than those for STD HTA, A HTA, and D HTA. Therefore, the
switch from predominant γ′′ to γ′ precipitate strengthening was associated with a
loss in creep ductility and creep life, the latter being more evident for the SA heat
treatment. The γ′′ phase is known to provide more potent strengthening due to the
high coherency stresses with the γ matrix. The effect of the HTA heat treatment is
further discussed in the next section.

Effect of the Aging Temperature

The HTA heat treatment had a pronounced effect on the microstructure of the alloys
when compared to the SA heat treatment. First, coarser precipitates were found along
the GBs which is shown in Fig. 1a, d, e, and f. The precipitation of secondary phases,
such as δ and/or η, was promoted as well. Second, the γ′ and/or γ′′ precipitates were
also coarser following HTA compared to SA, by comparing Fig. 2a-d to Fig. 2e-h.
That is, the higher temperature of the HTA heat treatment accelerated the kinetics of
phase formation. Furthermore, the first step of the HTA was not only higher than SA
(800 °C compared to 730 °C) but also longer (20 h compared to 8 h) which enabled
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Fig. 7 Elongation to failure as a function of creep life for testing at 700 °C and 483 MPa for the
alloys following the SA and HTA heat treatments with TEM images of the γ′/γ′′ precipitates taken
in the gage section

the coarsening of the various precipitate phases. Note: the solvus temperature of the
γ′′ phase was predicted from JMatPro to be between 820 °C and 860 °C depending
on the alloy formulation, therefore, the first step of the HTA was below the solvus
for γ′′ and mechanical testing was also performed at temperatures below the γ′′
solvus temperature. Secondary precipitation along the GBs has been the subject of
numerous studies on IN718, particularly regarding δ phase precipitates. Typically,
an additional step is used above the γ′′ solvus temperature to promote the formation
of δ precipitates [22]. With the highest temperature in the HTA heat treatment being
below the γ′′ solvus temperature, it is not surprising to see little to no precipitation of δ
phase (depending on the variant) in the aged conditionwhile fault-free γ′′ precipitates
are present in the microstructure. However, these γ′′ precipitates are expected to
transform (at least partially) to δ phase with fault accumulation during prolonged
creep exposure or aging.

The effect of the HTA on the creep performance of the alloys was considerable.
An overview is presented in Fig. 7 in which the alloys in the SA condition are
compared to those in the HTA condition. Furthermore, the alloys with the Nb/Ta
additions are also compared in the SA condition (SA + Nb/Ta) and HTA condition
(HTA + Nb/Ta). Significant increases in both creep life and elongation to failure
were measured between the SA and HTA heat treatments. Table 2 summarizes the
percent increase in creep life and creep ductility when using the HTA instead of the
SA heat treatment. The greatest improvements were measured for the alloys with the
Nb and Ta additions, particularly alloy E which showed a 371% increase in creep
life and 550% increase in creep ductility. Alloy STD SA, most representative of
IN725, showed a 40% increase in creep life and 53% increase in creep ductility if
the HTA heat treatment is used.With the HTA promoting precipitation strengthening
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Table 2 Percent increase in creep life and elongation to failure from the SA to the HTA heat
treatment for testing at 700 °C and 483 MPa

Alloy Ta (at.%) Nb (at.%) Ti/Al % increase in elongation to
failure

% increase in creep life

STD 0.04 1.77 4.3 53 40

A 0.10 1.74 5.4 25 33

B 0.10 1.81 1.3 56 122

C 0.11 1.81 1.1 130 178

D 0.10 1.80 0.7 235 189

E 0.95 1.82 0.7 550 371

F 0.10 2.39 0.8 264 153

as well as precipitation at the GBs, additional obstacles to dislocation motion were
formed which benefited the creep performance of the alloys. Furthermore, the right-
hand side of the figure shows TEM micrographs of the post-creep microstructures.
As can be seen, the γ′/γ′′ precipitates remained relatively constant and only slight
coarsening occurred compared to the aged conditions. Interestingly, alloy D HTA
which did not form γ′′ precipitates after aging, Fig. 2f, shows thin γ′′ precipitates at
the γ′ cube faces. These likely formed during the lower temperature creep exposure.
The precipitate stability in terms of size is deemed beneficial for long-term creep
exposures where precipitate coarsening typically leads to deterioration of the creep
resistance.

The Role of Nb and Ta Additions

Additions of Nb or Ta were made to high Ti/Al ratio alloy STD to form alloys E1
(Ta-rich variant) and F2 (Nb-rich variant) and to low Ti/Al ratio alloy D to form
alloys E (Ta-rich) and F (Nb-rich). The sum of Nb + Ta in alloys E1, F2, E, and F
was kept nominally constant at 2.7 at.%. Adding Ta or Nb to STD, Fig. 2e, resulted
in a greater density of γ′′ precipitates, as shown in alloy E1, Fig. 3a, and F2, Fig. 3b.
The addition of Nb was found more beneficial in promoting the formation of γ′′
which was expected considering the composition of the γ′′ phase, heavily comprised
of Nb. In the low Ti/Al ratio alloys, the additions also led to the precipitation of γ′′;
however, since these alloys contained a dense repartition of γ′ precipitates, the γ′′
phase formed at the γ/γ′ interfaces to form compact precipitates, Fig. 4b. It should be
noted that the effect of the additions was mostly concentrated within the grains for
the high Ti/Al ratio alloys which contained predominantly γ′′ precipitates while the
effect was more pronounced towards the GBs for the low Ti/Al ratio alloys, as shown
in Fig. 1e and f, where δ phase precipitates were present. With more γ′ present in the
low Ti/Al alloys, the Nb and Ta likely partitioned to the GB phases as opposed to γ′′
in the high Ti/Al alloys. Nevertheless, avoiding δ phase formation at the GBs in a γ′′
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containing alloy may be preferable according to recent findings from Nicolay et al.
[23] on IN718. The authors revealed improved mechanical properties by avoiding
the first step of the three-step heat treatment, thereby reducing δ formation at the GBs
and increasing the amount of γ′′ precipitates within the grains, since those phases
have similar compositions.

The Nb and Ta additions, as expected considering their impact on the microstruc-
ture of the alloys, were associated with significant improvements in the creep life
of the alloys particularly when combined with the HTA heat treatment, as shown in
Fig. 7. As such, the creep life of those alloys was between 409 and 690 h compared
to 194 h for STD (and 271 h in the HTA condition) and 80 h for D (231 h in the
HTA condition). The greater amount of precipitate strengthening was responsible
for decreases in the minimum creep rate, as described in Ref. [19].

Phase Stability

A phase stability study was performed on the alloys following the HTA heat treat-
ment. Specimens were exposed to 700 °C for times ranging from 500 to 10,000 h.
Figure 8 provides an overview of the results after 5,000 h exposure. The GB phases,
particularly δ-Ni3Nb (identified using TEM-EDS, not shown) which appear as bright
elongated platelets, coarsened when compared to the as-aged conditions of Fig. 1.
Interestingly, alloys STD, E1, F2, and D were found to evolve in a similar manner.
Alloy D did not contain as much δ precipitates compared to the other alloys. Alloys
E and F, however, revealed extensive formation and growth of the δ phase as well
as the formation of intragranular α-Cr precipitates, which appear black in the SEM
images of Fig. 8e and f. Such α-Cr precipitate formation has been associated with the
formation of intragranular δ-Ni3Nb in IN718, as the δ phase rejects Cr at longer expo-
sures and results in a local enrichment at the γ/δ interface [24]. Interestingly, in such
cases, α-Cr is observed at temperatures <650 °C, while σ phase is observed at higher
temperatures [25]. The stability range of the α-Cr precipitates in IN725 remains to
be explored further (work underway) as IN718 contains a significantly higher level
of Fe which would typically stabilize the σ phase. The lower Ti/Al ratio in alloys E
and F predominantly stabilized the γ′ as opposed to γ′′. In the high Ti/Al ratio alloys
E1 and F2, the γ′′ phase ties up elements prone to the formation of δ phase, such as
Nb. Therefore, formation of δ phase was retarded in those alloys. Eventually, δ forms
as shown in the inset of Fig. 8c after 10,000 h exposure at 700 °C. It is important to
note that γ′′ is metastable and eventually transforms into its stable δ form [26].

Higher resolution images of the γ/γ′/γ′′ microstructures of D, E, and F in the HTA
condition and after 10,000 h of exposure at 700 °C were taken using TEM and the
results are shown in Fig. 9. The [001]γ diffraction patterns of each condition show
distinct γ′′ reflections at differing intensities (D being the weakest, while F shows
strong intensity reflections). The shared (100) γ′/γ′′ reflections (in red circle) were
used for DF imaging and these images show that all three microstructures contain γ′
and γ′′ precipitates, where the γ′′ fraction increases in order of F > E > D. To confirm
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Fig. 8 SEM images of long-term exposure of alloy a STD, b E1, c F2, d D, e E, and f F at 700 °C
for 5,000 h following HTA with inset for alloy F2 following 10,000 h exposure

the presence of the γ′′ precipitates, intensity line profiles across the shown reflections
were measured, and the results are shown in Fig. 9e. Notice that although weak, there
is still a γ′′ signal for alloy D, whereas this phase was absent after HTA, as shown in
Fig. 2f, but present after creep at 700 °C and 483MPa, Fig. 7. This suggests that the γ′′
precipitates form during the 700 °C exposure at certain γ′ precipitate faces (and quite
often a γ′′ precipitate is sandwiched between two γ′ precipitates—the formation of
this configuration remains to be explored further). As part of the analysis, the mean
diameter of at least 40 γ′ precipitates after HTA and 10,000 h exposure was manually
measured, and the results are shown in Fig. 9d. The analysis shows that statistically,
the starting γ′ sizes are similar at ~45 nm (E having a slightly smaller average size
of ~40 nm) and after 10,000 h at 700 °C, the precipitates coarsen to similar levels of
~60 nm (D coarsening slightly more up to ~68 nm). This represents a 50% increase in
size after 10,000 h, which shows that these precipitates do not coarsen substantially
(in accordance also to the post-creep microstructures), especially considering that
60 nm is still a very fine precipitate size. The alloys with added Ta (E) and Nb (F) and
therefore a stronger compact structure (viz. thicker γ′′ precipitates) showed lower γ′
coarsening compared to alloy D.

Conclusions

Different alloy variants based on IN725 were designed with varying Ti/Al ratio, a
high temperature aging (HTA) heat treatment and additions of Ta or Nb to improve
the creep performance of the commercial alloy IN725. Compared to the baseline
alloy tested at 700 °C/483 MPa, condition most representative of IN725, the HTA
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Fig. 9 a–c γ/γ′/γ′′ microstructures and d coarsening behavior of the γ′ precipitates in alloys a D,
b E and c F following 700 °C exposure for 10,000 h after HTA heat treatment with corresponding
TEM BF, SAD and DF images. The DF images were produced with the reflections in red circles in
the SAD patterns, while the intensity profiles along the given lines are plotted in e

and Nb addition resulted in 111–123% improvement in creep life (depending on the
Ti/Al ratio), the HTA and Ta addition resulted in 138–256% improvement in creep
life. The following can be concluded:

1. The Ti/Al ratio controlled the stability of γ′ vs. γ′′ precipitates.While both phases
formed in each variant, a high Ti/Al ratio ~5 favored formation of predominantly
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γ′′ precipitates while a low Ti/Al ~1 favored formation of predominantly γ′
precipitates. The increase in Al was greater than the decrease in Ti. The creep
life and ductility were reduced with decreasing Ti/Al ratio in the SA condition.

2. The HTA promoted coarsening of the γ′/γ′′ precipitates as well as the formation
and growth of GB phases. The HTA led to significant increases in creep life and
ductility from the creation of additional obstacles for dislocation motion during
creep.

3. Compact precipitates were formed in the low Ti/Al ratio alloys consisting of
γ′ precipitates surrounded by a γ′′ shell. The faces of the γ′ precipitates were
entirely covered (edge-to-edge) with γ′′ that was a few to tens of atomic layers
thick in some alloys. The thickness of the γ′′ increased with the additions of Nb
or Ta.

4. The compact precipitates did not coarsen substantially after 10,000 h exposure
at 700 °C, or after creep at 700 °C/483 MPa, and remained below 70 nm in
equivalent diameter. The additions of Ta and Nb were associated with slightly
reduced γ′ coarsening likely due to a stronger compact structure (due to the
thicker γ′′ precipitates).

5. The long-term phase stability was impaired by the additions of Ta and Nb with
significant growth of δ precipitates, particularly in the low Ti/Al ratio alloys. In
the high Ti/Al ratio alloys, the growth of δ from the GBs was slowed down since
the Ta and Nb additions mostly contributed to the increase in γ′′ density within
the grains.
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