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Abstract: Ni-based superalloys have attracted much attention due to their good resistance to high-
temperature and -pressure environments. Compared with the traditional 718 Ni-based superalloy,
945A Ni-based superalloy with a lower Ni content showed better performance in terms of precip-
itated hardening and corrosion resistance. In this study, the aging behavior and the evolution of
mechanical properties of the wrought 945A Ni-based superalloy were investigated. Microstructures
were analyzed by scanning electron microscopy (SEM), bright field transmission electron microscopy
(TEM), high-resolution TEM and high-angle annular dark field scanning TEM. Mechanical properties
were measured by tensile and compressive tests. The results illustrated that the compressive yield
stress was significantly improved by increasing aging time from 229 to 809 MPa. The increase was
greater than 220%. This improvement was mainly attributed to the precipitates of the γ′ phase and
carbides during the aging treatment. The residual dislocations generated by the plastic processes
stimulated the formation of these precipitates. The precipitation behavior and the strengthening
mechanism are discussed in detail.
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1. Introduction

Ni-based superalloys are one type of metal alloy for application in harsh conditions,
such as high-temperature, high-pressure and corrosive environments [1,2]. Compared
with the traditional Inconel 718 superalloy, Incoloy 945A superalloy with a lower Ni
content (≈47 wt.%) is a precipitated hardening and corrosion-resistant Ni-Fe-Cr alloy,
which presents excellent strength, ductility and resistance to corrosion cracking [3].

Similar to the traditional 718 Inconel superalloy, the matrix of 945A superalloy is a
face centered cubic (FCC) structure known as gamma (γ) phase. The main second phases of
the 945A superalloy are γ′ (Ni3(Al, Ti, Nb)) and γ′′ (Ni3Nb) [4]. The second phases can be
obtained by using different heat-treatment processes. According to Hagel [5], the γ′ phase
is a stable phase and has a low misfit with the γ matrix, which is only 0.1%. Moreover, the
γ′ phase presents an A3B type, in which ‘A’ is the Ni element and ‘B’ can be replaced by
Al, Ti and Nb [6,7]. The γ′′ phase is reported to be a metastable phase and can only occur
below the heat treatment temperature of 650 ◦C [8,9].

In previous investigations of Ni-base superalloys [10], aging treatment has generally
been performed on alloys in the as-cast condition. However, in actual applications, many
metal alloys are usually processed using plastic deformation, such as extrusion, forging and
rolling [11,12]. Compared with the as-cast metal alloys, metal alloys subjected to plastic
processing usually have a fine microstructure and better mechanical properties [13,14]. At
present, there are few studies on post-deformation heat treatment of Ni-base superalloys.
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Due to plastic deformation, a large number of defects will be generated. In the subsequent
heat-treatment process, the alloying elements tend to segregate at the defects [15]. This
segregation behavior can stimulate the formation of precipitates and affect the distribution
of precipitates [16]. Corresponding phenomena have been widely reported in Mg and Al
alloys [17,18]. For Ni-base superalloys, the types of alloying elements are more numerous,
and their contents are much higher than those in Mg and Al alloys. For example, the 945A
superalloy has high contents of Fe and Cr (>15 wt.%) [19]. For these reasons, element
segregation and precipitation are more likely to occur in Ni-based superalloys. How-
ever, precipitation at defects and the improvement in mechanical properties in Ni-based
superalloys are still unclear.

In this work, the 945A Ni-based superalloy was selected as the object to investigate the
aging behavior after plastic deformation. The sample was deformed by forging and rolling
processes. The aging behavior and the mechanical property evolution of the wrought 945A
Ni-based superalloy were investigated in detail. Study of the aging behavior of the 945A
Ni-based alloy can allow for industrial applications under high-temperature conditions,
such as in generator sets, supercritical and ultra-supercritical conditions.

2. Materials and Methods

The as-cast material was fabricated by the vacuum induction melting plus electroslag
remelting duplex smelting process. The main alloying elements were Fe, Cr, Nb, Mo, Cu, Ti,
Mn, and Al. The rest was the Ni matrix. After the casting process, an ingot with a diameter
of Φ160 mm was obtained. The height of the ingot was 100 mm. The chemical compositions
of the as-cast 945A Ni-based alloy were detected by an X-ray fluorescence spectrometer
(XRF, 800CCDE, Shimadzu Corporation, Shimadzu, Japan). The weight percentages of
element contents are listed in Table 1. The ingot was subjected to hot forging and rolling
processes, resulting in a bar of 16 mm in diameter. The plastic processes were as follows.
First, the forging process was conducted at 1160 ◦C, and finished at 950 ◦C. Then, the
cross-section of the ingot was forged from 160 mm in diameter to 40 mm × 40 mm. After
the forging process, the rolling process was conducted at 1160 ◦C, and finished at 950 ◦C.
The cross-section of the sample was deformed from 40 mm × 40 mm to 16 mm in diameter.
The solid solution treatment of the wrought bars was processed at 1060 ◦C for 1 h. The
cooling method was water quenching.

Table 1. The chemical composition (in weight percentage, wt.%) of the 945A Ni-based superalloy.

Alloy Fe Cr Nb Mo Cu Ti Mn Al Other Ni

945ANi-based superalloy 18.3 21.7 4.0 3.6 1.8 1.0 0.5 0.5 0.3 48.3

The aging treatment parameters are listed in Table 2. The aging temperature was
725 ◦C, and the aging times were 1, 4, 8, 16 and 32 h. The cooling method was air cooling.
The five samples of different aging times were designated as i, ii, iii, iv and v, respectively.
After the aging treatments, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to study the second-phase evolution. The samples
for SEM observation were polished to a mirror finish by using silicon carbide papers
(P240–P2500) and a mechanical polishing machine. The second-phase and grain boundaries
were revealed using Kalling’s reagent etchant, which is a mixed solution of 100 mL ethanol,
100 mL HCl and 5 g CuCl2. The SEM test was conducted on the TESCAN VEGA 3 LMH
SEM (TESCAN, Brno-Kohoutovice, Czech Republic). The acceleration voltage for SEM was
10 kV, while the Energy Dispersive Spectroscopy (EDS) was 20 kV. The probe current was
8 pA. The operation distance was 10 mm. The TEM samples were mechanically polished
to thin foils with a thickness of less than 100 µm. The surface of the polished sample was
like a mirror. We then used a precise ion polishing system (PIPS II 695, Gatan, Pleasanton,
CA, USA) to reduce the thickness of the sample to less than 100 nm. The TEM test was
conducted on the Philips TECNAI 20, Santa Clara, CA, USA. The acceleration voltage was
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200 kV. The TEM data were analyzed by the Digital Micrograph software (Version 3, Ganta,
Pleasanton, CA, USA).

Table 2. The parameters of the aging treatment on the 945A Ni-based superalloy.

Sample Number Temperature (◦C) Aging Time (h)

945A-1h 725 1
945A-4h 725 4
945A-8h 725 8
945A-16h 725 16
945A-32h 725 32

The samples were cut to Φ3 mm × 6 mm to evaluate the compressive properties.
The compressive test was performed on the CMT6305-300KN electronic universal testing
machine (Skyan power equipment Ltd., Shenzhen, China) at room temperature. Every
sample was tested three times to guarantee the repetition ratio of the curves. The strain
rate of the compressive test was 1 × 10−3 s−1.

3. Results

Figure 1 shows the compressive properties of the five samples with different aging
times. The compressive curves in Figure 1a, show that the compressive yield stress was
significantly improved by increasing the aging time. The compressive yield stresses of
the 945A-1h, 945A-4h, 945A-8h, 945A-16h and 945A-32h samples were 229, 355, 405, 743
and 809 MPa, respectively. The relevant data are displayed in Figure 1b. With the increase
in aging time, the compressive yield stress shows a trend of linear increase due to the
precipitate behavior during the aging treatment. Compared to the 945A-1h sample, the
compressive yield stress of 945A-32h sample increased by 580 MPa. The increase was as
much as 220%.

Figure 1. The compressive properties of the 945A Ni-based superalloys. (a) Compressive curves, and
(b) the compressive yield stress vs. aging time distribution map.

The SEM results of the non-heat-treated and 945A-32h samples are shown in Figure 2.
In Figure 2a, some coarse second-phase particles could be found in the non-heat-treated
sample. With the increase in aging time, both coarse and fine particles were observed in the
945A-32h samples (Figure 2b). The coarse particles could be divided into two types: one
type exhibited a black square shape and the other, a white square shape, as shown in the
backscattered electron (BSE) results of Figure 2c. According to the EDS mapping analysis
results, the black square shaped particles were enriched with Ti, and the white square
shaped particles were enriched with Nb and Mo. These coarse particles were most apparent
in the micron scale and were considered to be carbides or nitrides. The coarse particles
were thermally stable and still existed after solid solution treatment [20,21]. According to
Saleem et al. [19], these black square-shaped particles enriched with Ti were TiN. The white
square shaped particles were considered to be carbide. The fine particles, were mainly at
the nanoscale and too small to identify with the SEM.
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Figure 2. The SEM micrograph and the EDS mapping distributions of the aging treatment samples, (a) secondary electron
image of the non-heat treated sample, (b) secondary electron image of the 945A-32h sample and (c) BSE image of the
945A-32h sample. The EDS mapping images were detected in the area of Figure 2b.

Figure 3 shows the TEM images of the 945A-32h sample. After the plastic processes,
many dislocations were formed in the matrix, as shown in Figure 3a. Meanwhile, particles
with a size of ~200 nm could be found on the matrix, as shown in Figure 3b. According
to the EDS point analysis results in Figure 3b, the particles were mainly enriched by Nb,
Ti and C, which was considered a carbide. Residual dislocations were divided into two
types. One was a movable dislocation, which appeared as banding. The other was a
dislocation entanglement region, characterized by high strain. These dislocation lines and
the high-strain region were beneficial to the formation of the precipitated phase.
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Figure 3. The bright field TEM images of the 945A-32h sample, (a) the grain boundaries and the
dislocations, (b) the second phase morphology, (c,d) magnified images of the dislocations.

Meanwhile, many nanoscale precipitates were observed in Figure 4. The size of
the precipitates was 10–20 nm and the space between these precipitates was 5–10 nm.
Such a high density of precipitates illustrated that a large fraction of the solid alloy was
precipitated. Under the spatial axis of (220), two different direction distributions of the
precipitates were found. These two directions were perpendicular to each other as marked
by the yellow box. According to the literature [22], precipitates with such a microstructure
in 945 Ni-based alloys are considered to be γ′ phase. The γ′ phase was precipitated on the
(110) plane of the matrix. The high density of the γ′ phase is beneficial in improving the
mechanical properties after aging treatment.

Figure 4. The TEM image of the nanoscale precipitations in 945A-32h sample, (a) the bright field
TEM image of the precipitates, (b) the selected area diffraction image.
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4. Discussion

It can be seen from the results that the aging time of wrought 945A Ni-based superalloy
has a great effect on its mechanical properties. The existence of the dislocations in the
wrought 945A Ni-based superalloy were conducive to the subsequent precipitation of
the γ′ phase during the aging treatment. Therefore, the precipitation behavior of the γ′

phase and the strengthening mechanism of the second phase in the 945A-32h sample are
discussed in the following sections.

4.1. The Precipitation Behavior of the γ′ Phase

In order to identify the precipitation behavior of the γ′ phase, high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) was employed
to analyze the microstructure and the element composition of the γ′ phase. Figure 5
shows the HAADF-STEM image and the EDS mapping distribution of γ′ phase in the
945A-32h sample. In the HAADF-STEM image, the γ′ phase particles present as the
white square shapes, and the matrix as the dark background. According to the EDS
mapping distributions, these white square particles are enriched with Ni, Ti and Nb. The
distributions of these precipitates were parallel to each other, which was consistent with the
results in Figure 4. A similar distribution was found in an investigation of ATI 718Plus [23],
which was aged at a different temperature (675 ◦C for 8 h and 788 ◦C for 4 h).

Figure 5. The HAADF-STEM image and the EDS mapping distribution of γ′ phase in the
945A-32h sample.

It is accepted that the precipitation of the 945 Ni-based superalloy contains γ′, γ′′,
M23C6, η and δ phases [19,24]. According to the TTT curve investigation of Mannan [25],
the η and δ phase in the 945 Ni-based superalloy only occurs at temperatures higher
than 750 ◦C and that with aging at 600–750 ◦C, the precipitations are γ′, γ′′ and M23C6
phases. In this study, the aging temperature was 725 ◦C, which means the main precipi-
tates were γ′, γ′′ and M23C6 phases rather than η and δ phases. However, in the TEM
results of Figures 3 and 4, only γ′ was found, i.e., no γ′′ phase was detected. According to
Chaturvedi and Oblak [8,9], the γ′′ phase is formed from the γ′ phase at aging tempera-
tures below 650 ◦C. Thus, under the aging temperature of 725 ◦C, the γ′′ phase was not
likely to form. Therefore, besides the carbide, the precipitate in the aging treatment 945A
Ni-based superalloy was γ′.
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Moreover, the sample in this study was in the wrought condition, which contained
many dislocations and deformed regions in the microstructure. During the aging treat-
ment, dislocations and the high strain region are beneficial to stimulate the formation of
precipitates. A similar element segregation behavior at defects has been reported in Al and
Mg alloys [26,27]. High-resolution TEM analysis was employed to clarify the interaction
between the dislocations and the element segregation in the 945A-32h sample. The relevant
high-resolution TEM image and the inverse Fourier transform (FFT) image are displayed
in Figure 6. There were many dislocations in the element segregation region. The existence
of edge-type dislocations (marked with “T” symbols) can be clearly seen in Figure 6b.
This suggests that element segregation was more likely to occur near dislocations. In the
subsequent heat-treatment process, these elements were precipitated in the segregation
region, resulting in fine and dispersed precipitates. Since the dislocation distribution was
striped and crossed, these precipitates also tended to be perpendicular to each other after
precipitation. This was why the precipitates in Figure 4 were perpendicular to each other.
The distribution of the precipitates was conducive to hindering the dislocation movement
in subsequent plastic deformation processes.

Figure 6. The interaction between the dislocations and the element segregation in the 945A-32h
sample, (a) the high-resolution TEM image, (b) the inverse FFT of the red box in the Figure 6a.

4.2. The Strengthening Mechanism of the Second Phase

After aging at 725 ◦C for 32 h, the 945A Ni-based superalloy exhibited a good strength
improvement. The strength improvement was mainly from the precipitation hardening, as
a large number of nanometer precipitates were observed in the microstructure. The effect
of the nanometer precipitates during the plastic deformation process can be understood by
the Orowan relationship [28]

τOrowan =

(
Gb

2π
√

1− v

)(
1
λ

)
log

(
Dp

r0

)
(1)

where τOrowan is the Orowan stress (MPa), G is the shear modulus (MPa), b is the Burgers
vector (m), v is the Poison ratio, λ is the particle spacing (m), Dp is the mean planar
diameter of the particle (m) and r0 is the dislocation core radius (m).

According to Equation (1), it can be seen that the distance between the particles and the
size of the particles have a large impact on the improvement in the Orowan strengthening
effect. The strengthening effect is inversely proportional to the spacing of the particles, and
is proportional to the mean planar diameter of the particle. Aging treatment significantly
changes the distance between the particles and the size of the particles. With the increase in
the aging time, the proportion of nanometer precipitates increased, and the space between
the particles decreased. After aging treatment, the size of the γ′ phase particles was about
10–20 nm, and the distance between the γ′ phase particles was about 5–10 nm, which is a
small size and close spacing. Therefore, the strengthening effect of the Orowan mechanism
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was increased. As the result, the compressive yield stress of the 945A Ni-based superalloy
was significantly improved from 229 to 809 MPa.

5. Conclusions

In this study, the aging behavior of the wrought 945A Ni-based superalloy was inves-
tigated at 725 ◦C with different aging durations. The main conclusions are summarized
as follows:

(1) The compressive yield stress of the 945A Ni-based superalloy was significantly im-
proved by the increase in aging time. Compressive yield stress increased from 229 to
809 MPa, an increase of more than 220%.

(2) After aging at 725 ◦C for 32 h, a large proportion of precipitates occurred in the matrix.
The precipitates contained γ′ phase and carbide.

(3) The formation of the γ′ phase was stimulated by the residual dislocations.
(4) The strengthening effect was attributed mainly to the large number of nanoscale

precipitates of small size and close spacing after the aging treatment.
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