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ABSTRACT

ARTICLE HISTORY

The Ni-base superalloy Rene 65 is a newly introduced cast and wrought alloy, used for turbine
disc applications in aero-engines. The fine-grained and γ  -strengthened alloy was developed
to increase service temperatures up to over 700°C and therefore, enhance the efficiency of
aerospace turbines.
In this work, the phases occurring in the as-received material as well as after continuous cooling experiments are characterised by transmission electron microscopy (TEM). In the as-received
material, a tri-modal γ  size distribution is found, ranging from a few nanometres up to approx.
5 µm. In addition, borides are found preferentially at grain boundaries with a size of approx. 1 µm.
For different cooling rates, a change in morphology and size distribution of γ  precipitates is
found.
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Introduction
The main objectives for developing new alloys for aeroengines applications are high strength, long-term stability of the microstructure and corrosion resistance
at elevated temperatures and high pressures. A wide
range of Ni-base superalloys meets these requirements.
Most of them exhibit an fcc γ -matrix with fine dispersed coherent γ  precipitates, forming an ordered
L12 crystal structure of Ni3 (Ti,Al) type, or other Ni3 X
compounds, like e.g. the γ ”-phase in the Inconel 718
alloy [1].
The recently developed Ni-base superalloy Rene 65
has been designed by General Electrics typically for turbine disc applications in aero-engines. One of the main
design objectives was to increase the service temperature up to over 700°C, and therefore, enhance the efficiency of aerospace turbines. This aim is achieved by the
forming of more stable γ  precipitates than γ ”, which
occur in the currently used alloys like Inconel 718 and
are prone to dissolve at higher temperatures [2,3]. In
contrast to the powder metallurgical alloys like IN100,
Rene 65 is produced by the less cost-intensive triple
melting technology which consists of Vacuum Induction Melting (VIM), followed by Electroslag Remelting (ESR) and Vacuum Arc Remelting (VAR) [4]. The
Rene 65 is a fine-grained and γ  -strengthened alloy
which is processed by the cast and wrought route. The
chemical composition (see Table 1) is derived from the
Rene 88DT alloy. In comparison to Rene 88DT, another
advantage of Rene 65 is its forgeability in a conventional
hot die forging routine [5].
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Industrially applied complex heat treatments lead to
multimodal size distributions of γ  precipitates, reaching high number densities and volume fractions up to
60% [6]. Large primary γ  precipitates pin the grain
boundaries and thus stabilise the microstructure, the
fine dispersed secondary and tertiary γ  precipitates are
responsible for the high strength of the material [7].
Therefore, the knowledge of the precipitation kinetics
and the control of the precipitate evolution are crucial for ensuring the optimal mechanical properties for
turbine disc applications.
It is well known that precipitation occurs in three
stages: nucleation, growth and coarsening [8]. Since
precipitation is a diffusion-controlled process, the
nucleation and growth mechanisms are strongly dependent on the temperature evolving during continuously cooling. The nucleation and growth of tertiary γ  precipitates can be explained by the competition between increasing supersaturation due to continuous cooling and decreasing supersaturation due
to the formation of secondary γ  precipitates in the
matrix [7]. The precipitation of γ  particles in the
matrix results in an elemental partitioning – a local
depletion of γ  forming elements in the γ -matrix
around the precipitates [9–11]. Decreasing temperature reduces the growth of the secondary precipitates
due to decreasing diffusivity. With further undercooling, the matrix supersaturates with γ  forming elements, until a new population of tertiary precipitates
starts to nucleate between the secondary γ  precipitates
[7,12–14].
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Table 1. Chemical composition of the Rene 65 alloy.
Ni

Cr

Mo

W

Co

Fe

Nb

Ti

Al

Zr

B

Bal

16

4

4

13

1

0.7

3.7

2.1

0.05

0.016

Note: Major elements, weight per cent.

Depending on the heat treatment and the γ /γ  lattice mismatch, the morphology of the secondary γ 
precipitates evolves from initially spheres, over cubes
and octo-cubes to more complex structures. Higher
lattice mismatches lead to a faster coherency loss and
a transition to more complex structures during heat
treatments. Slower cooling rates or isothermal heat
treatments at high temperatures lead to more complex
structures [1,6,7,10,15–17].
Besides of the γ  precipitates also other precipitate phases are expected in the Rene 65 alloy, such
as borides, titanium nitrides, or topologically closed
packed (TCP) phases. The addition of a small amount
of boron improves the high-temperature mechanical
properties. Boron segregates to the grain boundaries,
retarding the formation of carbides there. Excess boron
forms borides with Mo, Ti, Cr and Ni, which are as
well as carbides, nitrides and TCP phases reported
to be deleterious to the alloys due to their brittleness
[1,2,18–20].
The aim of this work is to characterise the phases
present in the as-received material condition as well
as in heat-treated conditions after continuous cooling
experiments, using transmission electron microscopy
(TEM). By evaluating the results, the phase stabilities of
the occurring precipitates can be determined. According to the experimental results for the Rene 88DT alloy
published by Wlodek et al. [16] and Mao et al. [21], we
expect a multimodal size distribution for the γ  precipitates for slow cooling rates only, and a unimodal
distribution for high cooling rates. In a follow-up publication, we will compare the experimental results of
this work with thermo-kinetic precipitation simulations, employing the CALPHAD-based software package MatCalc [22].

Experimental
The samples for continuous cooling experiments were
machined from the mid-radius position of the asreceived billet disc material. The nearly cylindrical
shape of the samples had a diameter of approx. 5 mm
and a length of 10 mm. The heat treatments were carried out on the dilatometer Bähr DIL 805 A/D, where
the samples were heated up inductively in a vacuum
and cooled by He gas. The process temperature was
controlled by S-type thermocouples. In order to ensure
the same condition for all experiments, the as-received
material was heated up and solution annealed at 1150°C
for 1 h first. At this point all γ  precipitates are dissolved
and the alloying elements homogenously distributed in

Figure 1. Continuous cooling experiments. After solution
annealing at 1150°C for 1 h, the samples are cooled down
to room temperature at constant cooling rates from 0.1 to
50 K s−1 .

the γ -matrix. Subsequently, the samples were cooled
down to room temperature at constant cooling rates
ranging from 0.1 up to 50 K s−1 . A schematic graph of
the heat treatments is shown in Figure 1.
In order to analyse the as-received condition as
well as the evolution of γ  precipitates depending on
the cooling rate in TEM, thin foils were prepared.
The samples were cut and ground down to a thickness of approx. 0.1 mm. After punching out discs
with a diameter of 3 mm, they were electrochemically
etched on a Struers Tenupol 5, using a 7% solution
of a perchloric acid at temperatures around −10°C.
The investigation of the samples was performed on
the transmission electron microscope FEI Tecnai F20,
equipped with a field emission gun and operated at
200 kV. The chemical composition of metallic phases
was analysed by means of energy dispersive x-ray
spectroscopy (EDX). In the detected boride phases,
the EDX-quantification was combined with the results
of electron energy loss spectroscopy (EELS) because
of the weak x-ray yield of boron. In the EEL spectra, the ratio of B and Cr was estimated upon the
K-edges of these elements and combined with EDX
results. The crystal structures were determined using
selected area electron diffraction (SAED). Based on
the results on the chemically similar Rene 88DT alloy
[16], two tetragonal crystal structures for the borides
were taken into account: M3 B2 with lattice constants of
a = b = 0.5787 nm and c = 0.3123 nm and an M5 B3
phase with a = b = 0.572 nm and c = 1.08 nm. The
imaging of the γ  precipitates were achieved in two
modes: TEM dark field mode and scanning TEM mode
with a high angle annular dark field detector (STEMHAADF). Since the γ -matrix and the coherent γ  precipitates form the same fcc crystal structure with a
lattice constant mismatch below 1%, the L12 ordered γ 
phase shows < 001 > diffraction reflections which do
not occur in the disordered γ -matrix due to a systematic absence. This allows the visualisation of the γ  precipitates in dark field TEM mode on < 001 > diffraction spots. In STEM-HAADF mode a fine electron
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probe is scanning over a defined sample area and the
contrast is dependent on the mass of each illuminated
point. Heavier elements and thicker regions appear
bright, light elements and thin regions dark. Area fractions of secondary γ  precipitates, being equal to volume fractions, were calculated from estimated mean
particle diameters, by counting the number of precipitates detected in a defined area, under the assumption
that the sample is thin enough, not to count overlapping
particles.

Table 2. Combined EDX and EELS quantiﬁcation of a M3 B2
boride in the as-received material in atomic per cent.
Ni

Cr

Mo

W

Co

Fe

Nb

Ti

Al

B

3.9

29.3

15.0

4.8

3.0

1.3

1.2

2.7

0.0

38.9

Results and discussion
The microstructure of the as-received material exhibits
a multimodal precipitation distribution. In the representative STEM-HAADF micrograph in Figure 2, fine
dispersed secondary γ  precipitates with sizes of about
200 nm are dense distributed in the matrix. Besides
them a primary γ  precipitate with a diameter of
approx. 3 μm is detected on a grain boundary. The purpose of the primary precipitates is the grain size control
during heat treatments. One of the two approx. 1.5 μm
large particles in the grain was indexed as M3 B2 boride
in the [100] zone axis by means of SAED (see diffraction pattern in Figure 2). The chemical composition of
the borides was determined by acquiring EDX and EEL
spectra. The combined quantification of these spectra
in Table 2 shows a Cr- and Mo-rich boride with a metal
to boron ratio of nearly 3:2, which matches the stoichiometry of the phase very good. A closer view in
Figure 3 shows secondary octo-cube shaped γ  precipitates with sizes of approx. 200 nm. The quantification of
an EDX spectrum obtained on one of these precipitates
in Table 3, shows mainly the typical γ  formers like Ni,
Ti and Al. Between the secondary γ  precipitates some
tertiary precipitates are visible.
Applying solution annealing and subsequent cooling
at different cooling rates, as shown in Figure 1, causes
different size distributions and morphologies of γ  precipitates. Representative TEM dark field micrographs

Figure 3. STEM-HAADF micrograph of the as-received material. Secondary γ  precipitates with diameters of ∼ 200 nm and
tertiary γ  precipitates between them.
Table 3. EDX quantiﬁcation of secondary γ  precipitates in the
as-received material in atomic per cent.
Ni

Cr

Mo

W

Co

Fe

Nb

Ti

Al

68.5

2.6

0.7

0.3

6.4

0.7

0.6

12.0

8.3

on the < 001 > diffraction spot for the applied cooling
rates are shown in Figure 4. As expected, the particle
sizes decrease with increasing cooling rates. Starting
at approx. 300 nm for 0.1 K s−1 , we end up at about
10 nm for 50 K s−1 . Such small precipitates are difficult to measure in TEM dark field micrographs because
of the small volumes, compared to the massive matrix
and therefore very weak contrast. Mao et al. presented a
similar study on the Rene 88DT alloy [21] and derived
an empirical formula from their results, showing the
mean diameter of the precipitates as a linear function
of the cooling rate in a double logarithmic scale. We
compared the values of this formula with our results in

Figure 2. STEM-HAADF overview of the as-received material (left). Matrix with secondary γ  precipitates. Primary γ  precipitate
with a diameter of 3 μm on a grain boundary, two borides with diameters of 1.5 μm. SAED pattern of a M3 B2 boride in [100] zone axis
(right).
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Figure 4. TEM dark ﬁeld images on the < 100 > diﬀraction reﬂection. Evolution of γ  precipitates depending on cooling rates
ranging from 0.1 to 50 K s−1 .

Figure 5. Although we hit the linear trend in the graph,
we measure lower particle sizes for a very similar alloy.
As reason for this mismatch, we assume differences in
the experimental setup and different volume fractions
determined in both studies. While we measure volume
fractions of 40% and above, Mao et al. report 27–36%.
For the slow cooling rates of 0.1 and 0.3 K s−1 , we determined slightly lower volume fractions of the secondary
γ  precipitates at 40% and 39%, respectively. In samples
cooled faster at 1 –10 K s−1 , the corresponding volume
fractions reach values of 44–45%. At slow cooling rates
a part of γ  formers accounts for the forming of tertiary
precipitates, which results in lower volume fractions of

the secondary precipitates. Due to very weak contrast
values, the measuring of tertiary precipitates in slowly
cooled samples and the measuring of the secondary
precipitates in samples cooled at a rate of 50 K s−1 seems
not reliable. In Figure 6, tertiary γ  precipitates between
the large secondary particles are shown in TEM bright
field and dark field mode for the slowest cooling rates.
While in the sample with 0.1 K s−1 (left) small tertiary
precipitates are visible, in the right picture (0.3 K s−1 ) it
seems speculative if there are small tertiary precipitates
directly after nucleation.
In addition, the evolution of particle morphologies for different cooling rates meets the expectations
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Figure 5. TEM bright ﬁeld image of tertiary γ  precipitates at a cooling rate of 0.1 K s−1 with sizes of approx. 10 nm (left) and TEM
dark ﬁeld image at a cooling rate of 0.3 K s−1 with nucleating tertiary γ  precipitates (right).
Table 4. EDX quantiﬁcation of a secondary γ  -precipitate compared to the matrix in a sample with a cooling rate of 0.1 K s−1
in atomic per cent.
Matrix
Sec. γ 

Figure 6. Mean size of secondary γ  precipitates as function
of the cooling rate in comparison to the empirical formula values derived from a similar study on the Rene 88DT alloy by Mao
et al. [21].

coming from former studies on similar alloys. While
the slow-cooled samples exhibit complex and octocuboidal shapes, the secondary precipitates in samples
with cooling rates of 5 and 10 K s−1 are cubes and
spheres. The small precipitates in the sample cooled at
a rate of 50 K s−1 are spherical.

Ni

Cr

Mo

W

Co

Fe

Nb

Ti

Al

48.3
70.8

26.8
2.5

3.3
0.3

0.8
0.3

16.3
6.9

1.7
0.8

0.3
0.5

1.4
11.8

1.2
6.1

A representative EDX-quantification of the matrix
and a large γ  precipitate shown in Table 4 confirms
the enrichment of γ  -formers Ni, Ti and Al in the
precipitate and depletion of the other elements.
In all continuously cooled samples, we found borides
preferable on grain boundaries. An elongated boride
on a grain boundary is shown in the representative
TEM bright field image in Figure 7. We chose this particle on the edge of the sample, in order to improve
the quality of the chemical analysis, by decreasing the
contribution of the surrounding. The indexing of the
corresponding SAED pattern in Figure 7 shows a match
with the M5 B3 crystal structure in the [111] zone axis.
In other samples, we also detected M3 B2 borides on
grain boundaries. The combined quantification of EDX

Figure 7. TEM bright ﬁeld image of an elongated M5 B3 particle in the [111] zone axis on a grain boundary with a length of approx.
0.66 μm (left) and the corresponding SAED pattern (right).
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Table 5. Combined EDX and EELS quantiﬁcation of a M5 B3
boride in a sample cooled at a rate of 1 K s−1 in atomic per cent.
Ni

Cr

Mo

W

Co

Fe

Nb

Ti

Al

B

2.0

45.3

11.2

2.1

1.4

0.3

0.2

0.5

0.1

37.0

and EEL spectra on this particle in Table 5 shows a
B-content of approx. 37 atomic per cent. This value is in
good accordance with the stoichiometry of this phase.
Since the borides occur in the as-received material, as
well as in all continuous cooled samples, they are supposed not to dissolve during solution annealing. After
the dissolution of the primary γ  precipitates the grains
grow during solution annealing and the borides pin the
grain boundaries.

Conclusions
• The microstructure of the as-received material
reveals a tri-modal γ  precipitation with over 1 μm
large primary, about 200 nm large secondary, and
tertiary particles with sizes of approx. 10 nm. Additionally, Cr- and Mo-rich borides with tetragonal
crystal structure larger than 1 μm were found.
• The results of continuous cooling experiments show
decreasing precipitate sizes as a function of increasing cooling rates. A comparison with a study on a
similar alloy [21] shows the same trend but smaller
precipitates for all cooling rates. The discrepancy can
be explained by higher volume fractions of precipitates in that study.
• Tertiary γ  precipitates were detected only in the
samples with the slowest cooling rates of 0.1 and
0.3 K s−1 . This is the reason for the lower volume
fractions of secondary precipitates of 39–40%, compared with values of 44–45% for faster-cooled samples, where no tertiary precipitates were detected.
• The particle morphologies are spherical for high
cooling rates. With decreasing cooling rates, the
shapes of the precipitates become first cuboidal and
then more and more complex.
• Cr- and Mo-rich borides with sizes of approx. 1 μm
occurred in all investigated samples preferably on
grain boundaries. No TCP phases were observed.
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