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Abstract: This study takes large size samples after hot-upsetting as research objects and aims
to investigate the optimization double-stage annealing parameters for improving the mechanical
properties of hot-upsetting samples. The double-stage annealing treatments and uniaxial tensile
tests for hot-upsetting GH4169 superalloy were finished firstly. Then, the fracture mode was also
studied. The results show that the strength of hot-upsetting GH4169 superalloy can be improved
by the double-stage annealing treatment, but the effect of annealing parameters on the elongation
of GH4169 alloy at high temperature and room temperature is not significant. The fracture mode
of annealed samples at high-temperature and room-temperature tensile tests is a mixture of shear
fracture and quasi-cleavage fracture while that of hot-upsetting sample is a shear fracture. The
macroscopic expressions for the two fracture modes belong to ductile fracture. Moreover, it is
also found that the improvement of strength by the double-stage annealing treatment is greater
than the single-stage annealing treatment. This is because the homogeneity of grains plays an
important role in the improvement of strength for GH4169 superalloy when the average grain size
is similar. Based on a comprehensive consideration, the optimal annealing route is determined as
900 ◦C × 9–12 h(water cooling) + 980 ◦C × 60 min(water cooling).

Keywords: GH4169 superalloy; annealing treatment; tensile test; mechanical properties

1. Introduction

Ni-based superalloys are widely used for the manufacture of key components in the
aerospace and energy industries due to their good comprehensive mechanical properties [1,2].
Generally, these components are often made by hot forming. To get high-quality forgings,
the thermal deformation behavior of materials should be studied deeply [3–5]. Presently,
some studies have been carried out on the hot deformation behaviors of some Ni-based
superalloys, such as Inconel 625 [6], Alloy 617 [7,8], Monel400 Ni-Cu alloy [9], C276 [10], Ni-
monic 80A [11,12], GH378 [13], Incoloy 901 [14], and GH4169 (Inconel 718) [15–17]. Among
them, GH4169 superalloy is the most used one in the aerospace industry. For GH4169
superalloy, γ” (Ni3Nb) and γ′ (Ni3Al) are the main precipitation strengthening phases [18].
δ phase (Ni3Nb), an equilibrium phase of the metastable γ” phase, has pronounced effects
on material properties [19], the hot deformation [20] and microstructural evolution [21].
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Lin et al. [20,21] studied the flow behaviors of GH4169 superalloy firstly and then estab-
lished the phenomenological and physically based constitutive models. Wen et al. [22,23]
and He et al. [24] established the hot processing maps of the superalloy. Some scholars
studied the microstructure evolution by cellular automaton (CA) simulation [25–27]. How-
ever, since the poor thermal conductivity of GH4169 superalloy and the narrow range of
forming parameters, complete dynamic recrystallization is difficult to occur in the forming
process, which leads to the occurrence of the mixed grains [28,29]. The existence of mixed
grains will reduce the mechanical properties. To get high-quality forgings, they must
be eliminated.

The annealing treatment could be an effective method to eliminate the mixed grain
due to the recrystallization behavior during annealing. However, few studies have been
done on the recrystallization behavior during annealing treatment. In the authors’ pre-
vious work [30], it was found that the large deformed grains have been substituted by
recrystallization grains after a single annealing treatment because of the occurrence of static
recrystallization (SRX). However, some large coarse recrystallized grains are produced.
This is because the high driving pressure and the weak pinning effect of the δ phase pro-
mote the quick growth of dynamic recrystallized (DRX) grain nuclei [31]. In order to avoid
the appearance of coarse recrystallized grains, Chen et al. [32] designed the double-stage
annealing treatment and found that the double-stage annealing treatment has a better effect
on refining grain and improving the homogeneity of microstructure compared with the
single annealing treatment.

The microstructure of forgings determines their mechanical properties [33,34]. Uni-
form and fine grains are beneficial to the mechanical properties of forgings [35,36]. In the
authors’ previous work [32], it was found that the double-stage annealing treatment is an
effective way to eliminate the mixed grains of deformed GH4169 superalloy, but there are
few studies on the improvement of mechanical properties during the double-stage anneal-
ing treatment up to now. Moreover, to simplify the experimental process, the small-size
sample (φ10 mm× 15 mm) deformed on a Gleeble-3500 is selected as the study object in the
author’s previous study [32]. Due to the volume effect of metal components, the obtained
optimized annealing parameters can only provide a reference on the design of double-stage
annealing treatments for large forgings. Hence, this study takes the large size samples
(φ100 mm × 140 mm) after hot-upsetting as research objects and aims to investigate the
optimized annealing parameters for improving the mechanical properties of hot-upsetting
samples. The samples of GH4169 superalloy were forged firstly and then annealed by
diverse annealing treatments. After that, for these annealed samples, the tensile test was
implemented, and the fracture mode of GH4169 superalloy was also investigated.

2. Materials and Experiments

A commercial GH4169 superalloy of which chemical compositions (wt. %) is 52.82Ni-
18.96Cr-5.23Nb-3.01Mo-1.00Ti-0.59Al-0.01Co-0.03C-(bal.)Fe was used in this study. To
obtain the deformed microstructure, there was a hot-upsetting. The size of the specimen
for hot-upsetting is φ100 mm × 140 mm. Before hot-upsetting, the sample was solution-
treated (T = 1040 ◦C, t = 0.75 h). Then, an aging treatment (T = 900 ◦C, t = 24 h) for
precipitating δ phase was done. For the hot-upsetting, the deformation temperature was
950 ◦C, the strain rate was 0.01 s−1 and the true strain was 0.69. After hot-upsetting, the
uniaxial tensile samples were machined from the deformed specimen according to ISO
6982-2 [37]. The geometry dimension of the uniaxial tensile sample is displayed in Figure 1.
Before uniaxial tensile tests, all the tensile samples were treated by annealing treatments
illustrated in Table 1. The first-stage annealing (FSA) and second-stage annealing (SSA)
aim to precipitate the δ phase and promote recrystallization, respectively. Moreover, the
strengthening heat treatment (per AMS 5596) was added for all uniaxial tensile specimens
to precipitate the strengthen γ′ ′ and γ′ phases [38,39]. In addition, to investigate the
difference of tensile behavior at high temperature and room temperature, cases 3 and
9 in addition to 4 and 10 were annealed in the same condition of annealing but deformed
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under different tensile tests. The selection of annealed parameters is based on the authors’
previous study [30,32]. After that, the high temperature and room temperature uniaxial
tensile tests were conducted on a MTS-GWT2105 machine, and the detailed uniaxial
tensile experimental schemes are shown in Table 2. The flow diagram of the whole test is
demonstrated in Figure 2.

Figure 1. Geometry dimension of uniaxial tensile samples (unit: mm).

Table 1. Annealing treatments after hot-upsetting (WC represents water cooling while FC indicates the furnace cooling to
620 ◦C at 50 ◦C/h).

Case

Double-Stage Annealing Treatment
Strengthening Heat TreatmentAnnealing Parameters of

First-Stage Annealing (FSA)
Annealing Parameters of

Second-Stage Annealing (SSA)

1 / /

720 ◦C × 8 h(FC) + 620 ◦C × 8 h(WC)

2 / 980 ◦C × 10 min(WC) [30]
3 900 ◦C × 9 h(WC) 980 ◦C × 60 min(WC)
4 900 ◦C × 12 h(WC) 980 ◦C × 60 min(WC)
5 900 ◦C × 24 h(WC) 980 ◦C × 60 min(WC)
6 900 ◦C × 12 h(WC) 980 ◦C × 10 min(WC)
7 900 ◦C × 12 h(WC) 980 ◦C × 30 min(WC)
8 900 ◦C × 12 h(WC) 980 ◦C × 90 min(WC)
9 900 ◦C × 9 h(WC) 980 ◦C × 60 min(WC)

10 900 ◦C × 12 h(WC) 980 ◦C × 60 min(WC)

Table 2. Tensile experimental schemes.

Case Temperature/◦C Strain Rate/s−1

1–8 650 (High temperature)
0.0019–10 20 (Room temperature)

To investigate the relationship between microstructure and mechanical properties dur-
ing double-stage annealing treatment, Optical Microscope (OM), Electron Back-Scattered
Diffraction (EBSD), and Scanning Electron Microscopy (SEM) technologies were applied
for the microstructure observation. The detailed preparation methods for OM, SEM and
EBSD can be found in References [40,41]. The analysis of microstructure evolution based
on the OM and EBSD technologies has been introduced in the authors’ previous study [32].
Thus, in this study, only SEM technology in the TESCAN MIRA3 LMU was employed to
observe the fracture morphologies of tensile specimens.
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Figure 2. Experimental procedure diagram for the whole test.

3. Results and Analysis

Generally, during the uniaxial tensile test, the gauge section of the sample is regarded
as uniformly elongated before fracture. Therefore, in the gauge section, the area and change
rate of all sections are the same at any time. Moreover, the engineering stress (σE) and
engineering strain (εE) can be expressed as

σE =
F

A0
, εE =

∆L
L0

(1)

where F is the applied external load, A0 is the cross-sectional area of the gauge section,
L0 is the length of the gauge section, and ∆L is the elongation of the gauge section in the
tensile test.

3.1. Effects of Double-Stage Annealing Parameters on High-Temperature Tensile Behaviors
3.1.1. Effect of FSA Time on High-Temperature Tensile Behaviors

(1) Tensile mechanical properties
Figure 3 shows the influence of the FSA time on mechanical properties. From Figure 3a,

it can be found that there is no obvious elastic-plastic transition period, which is consistent
with the normal behavior reported in References [42–44]. Thus, the offset yield strength
corresponding to 0.2% plastic strain (called yield strength) is used. In the plastic defor-
mation period, because of the continuous proliferation, accumulation and interaction of
dislocation, the strain hardening effect of GH4169 superalloy becomes obvious. Compared
to the hot-upsetting sample, the strain hardening of the annealed samples is stronger.
Figure 3b illustrates the effect of FSA time on the strength of GH4169 superalloy. Compared
to the hot-upsetting sample (case 1), the strength of the annealed samples (cases 3, 4, and 5)
significantly increases. This is attributed to the three main strengthening mechanisms for
Ni-based superalloy [45]: (a) solid solution strengthening (the local nonuniformity in the
lattice resulted from the solute atoms (i.e., alloying element) makes plastic deformation
more difficult by impeding dislocation motion through stress fields [46]); (b) precipitation
strengthening (the precipitation strengthening comes out when the second phase hinders
the movement of dislocations to harden the materials [47]); (c) grain-boundary strengthen-
ing, i.e., fine-grain strengthening (the grain boundaries also act as pinning points impeding
further dislocation propagation to increase the strength [48]). On the one hand, there
are more recrystallized grains in the annealed samples, which increases the number of
grain boundaries. During tensile deformation, the resistance to slip is larger, and then
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the strength improves. On the other hand, there are some δ phases in the sample, and it
results in a decrease in the fraction of strengthening γ′ ′ phase after the strengthening heat
treatment [49]. Compared to the hot-upsetting sample (case 1), the fraction of δ phase for
annealed samples (cases 3, 4, and 5) is larger. It means that the precipitation strengthen-
ing is weaker. However, the strength of the annealed samples is larger than that of the
hot-upsetting sample. This illustrates that the strength of the studied alloy after annealing
greatly increases because the fine-grain strengthening plays a leading role in the combined
effect of fine-grain strengthening and precipitation strengthening.

Figure 3. Effect of FSA time on tensile mechanical properties: (a) engineering stress–engineering strain curve; (b) strength;
(c) elongation to fracture.

From Figure 3b, it can also be noticed that the strength increases firstly and then
decreases when the FSA time is increased from 9 h to 24 h. This is because the large
deformed grains are gradually replaced by SRX grains, and the SRX grain size is still small
when the FSA time is less than 12 h [32]. Thus, both the yield and tensile strengths slightly
increase when the FSA time climbs from 9 h to 12 h. However, since the further growth of
SRX grains, the average grain size increases when the FSA time ascends to 24 h. Therefore,
the effect of fine-grain strengthening becomes weak. However, the fractions of δ phases
after aging at 900 ◦C for 12 h and 24 h are similar because the precipitation of δ phase has
reached saturation after aging at 900 ◦C for 12 h [32]. Namely, the effect of precipitation
strengthening is similar for cases 4 and 5. Consequently, both the yield and tensile strengths
significantly decrease as the FSA time further increases to 24 h.

Figure 3c shows the influence of the FSA time on the elongation and reduction of area.
It can be found that the elongation to fracture of the annealed samples is smaller compared
to the hot-upsetting sample. This is because there are more grain boundaries in annealed
samples due to the occurrence of static recrystallization. In the tensile deformation, the
dislocation will accumulate near the grain boundaries, and it will hinder the movement
of dislocation. Therefore, for annealed samples, the tensile deformation is more difficult,
which leads to a decrease in the elongation and reduction of area. Moreover, since the δ

phase promotes the crack propagation during tensile deformation [19], the tensile specimen
is easier to fracture with the increase of FSA times. Thus, the elongation to fracture slightly
drops from 14.1% to 11.9% when the FSA time climbs from 9 h to 24 h.

In short, the FSA time of double-stage annealing treatment mainly affects the mechan-
ical properties of deformed samples by improving their strength. The optimal range of FSA
time is 9 h–12 h because both the strength and elongation are higher.

(2) Tensile fracture mode
Figure 4 shows the fracture morphologies of annealed samples with different FSA

times and the hot-upsetting sample. Obviously, the fracture morphologies of annealed
samples with different FSA times and the hot-upsetting sample have the same character-
istics. It can be observed that lots of tearing edges generate at the fracture surface, and
many small dimples distribute inside the fracture surface. Generally, the large dimen-
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sion of dimple reflects the high plasticity of material, and large numbers of dimples and
tearing edges represent the occurrence of shear fracture [50,51]. This indicates that the
high-temperature fracture modes of annealed samples with different FSA times and the
hot-upsetting sample are the shear fracture. Moreover, for annealed samples with different
FSA times, there are a few flat facets (i.e., cleavage planes) in which some small tearing
edges locate compared to Figure 4a, as shown in Figure 4b–d. This illustrates that the
high-temperature fracture modes of annealed samples with different FSA times contain
quasi-cleavage fracture [52,53]. Therefore, for annealed samples with different FSA times,
the high-temperature fracture mode is a mixture of shear fracture and quasi-cleavage frac-
ture. The occurrence of quasi-cleavage fracture leads to the reduction of plasticity [54,55],
so the elongation of annealed sample is decreased. However, owing to the appearance of
many dimples and some cleavage planes, the fracture mode presents a ductile fracture
macroscopically. Furthermore, from Figure 4d, it is also found that some small cracks come
out, resulting in the occurrence of fracture and reduction of plasticity. This phenomenon is
responsible for the small drop of elongation for case 5.

Figure 4. Fracture morphologies of (a) hot-upsetting sample; and annealed samples with different FSA times: (b) 9 h;
(c) 12 h; (d) 24 h.

3.1.2. Effect of SSA Time on High-Temperature Tensile Behavior

(1) Tensile mechanical properties
Figure 5 demonstrates the role of SSA time on mechanical properties. Similarly, the

uniaxial tensile curve is mainly divided into two stages, and there is no obvious elastic-
plastic transition stage, as depicted in Figure 5a. During the uniaxial tensile deformation,
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all the samples yield quickly. Compared to the hot-upsetting sample, the strain hardening
of the annealed sample is stronger. Figure 5b illustrates the influence of SSA time on the
strength of GH4169 superalloy. Compared to the hot-upsetting sample, the strengths of
annealed samples significantly increase. This attributes to that the fine-grain strengthening
is significantly enhanced by recrystallization during the SSA. Moreover, the strength in-
creases firstly and then decreases when the SSA time is increased from 10 min to 90 min
(cases 4, 6, 7, and 8). Based on statistical analysis, when the SSA time is increased to
90 min, the yield strength increases from 862 MPa to 1063 MPa and then decreases to
1026 MPa, and the tensile strength increases from 970 MPa to 1180 MPa and then decreases
to 1138 MPa. This is consistent with the evolution of microstructure, and the detailed
reasons are listed as follows. In the primary stage of SSA, the average grain size decreases,
and the microstructure becomes more uniform with the rise of SSA time due to the occur-
rence of recrystallization. Therefore, the fine-grain strengthening is stronger and stronger
with the rise of SSA time, which leads to an increase in strength. However, there is full
recrystallization when the SSA time reaches to 60 min [32]. Only grain growth occurs in the
subsequent annealing treatment, which weakens the fine-grain strengthening. Thus, the
strength decreases in the subsequent annealing treatment. Meanwhile, for the sample aged
at 900 ◦C for 12 h, the effect of the precipitation strengthening is similar after annealing at
980 ◦C for 60 min because the dissolution of δ phase has reached a balance after annealing
at 980 ◦C for 60 min (the fraction of δ phase is 3.7%) [32]. Under the combined effects of
both the precipitation strengthening and fine-grain strengthening, the strength increases
first and then decreases. Figure 5c demonstrates the effect of SSA time on the elongation
and reduction of area. It can be noticed that the elongations to fracture of the annealed
samples drop compared to the hot-upsetting sample. This is because large numbers of new
recrystallized grain boundaries hinder the motion of dislocation during tensile deformation
for annealed samples. Moreover, since the δ phase promotes the crack propagation during
tensile deformation, the elongation to fracture increases until the SSA time reaches 60 min.
After that, the value of elongation to fracture drops a little with the rise of SSA time. Hence,
the SSA time of double-stage annealing treatment mainly affects the mechanical properties
of deformed samples by improving their strength. The optimal parameter of FSA time is
60 min because both the strength and elongation are higher.

Figure 5. Effect of SSA time on high-temperature tensile behavior: (a) engineering stress–engineering strain curve;
(b) strength; (c) elongation to fracture.

(2) Tensile fracture mode
Figure 6 shows the fracture morphologies of annealed samples with different SSA

times. From Figures 4c and 6, it can be found that the fracture characteristics of the studied
superalloy with different SSA times are almost the same. A large number of tearing edges
generate at the fracture surface, and many small dimples distribute inside the fracture
surface. Moreover, it can be noticed that a few cleavage planes locate at the fracture surface,
and some small tearing edges generate on those cleavage planes. These phenomena
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demonstrate that the high-temperature fracture mode for annealed samples with different
SSA times is a mixture of shear fracture and quasi-cleavage fracture. Furthermore, the
fracture mode presents a ductile fracture macroscopically due to the existence of large
numbers of dimples and few cleavage planes. This indicates that the effect of SSA time on
the high-temperature fracture mode of GH4169 superalloy is not obvious. In addition, the
small cracks observed in Figure 6a–c are responsible for the small drop of elongation for
cases 6, 7, and 8.

Figure 6. Fracture morphologies of annealed samples with different SSA times: (a) 10 min; (b) 30 min; (c) 90 min.

Based on the above results, the double-stage annealing treatments mainly affect the
high-temperature tensile mechanical properties of the deformed sample by improving the
strength. The optimal double-stage annealing route is 900 ◦C × 9–12 h(water cooling) +
980 ◦C × 60 min(water cooling). The variation role of high-temperature tensile mechan-
ical properties for annealed samples is strongly related to the microstructure evolution
during the double-stage annealing. Furthermore, the high-temperature fracture mode
of deformed GH4169 superalloy after double-stage annealing treatments is a mixture of
shear fracture and quasi-cleavage fracture and presents a ductile fracture macroscopically.
Therefore, it is necessary to study the mechanical properties and fracture mode at room
temperature of deformed GH4169 superalloy after double-stage annealing treatments with
optimal parameters.
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3.2. Comparison of High-Temperature and Room-Temperature Tensile Behavior

The comparisons of mechanical properties at room temperature and high temper-
ature are shown in Figure 7. From Figure 7a, apparently, the strength of the studied
alloy at the room-temperature tensile test is larger than that at the high-temperature
tensile test. Both the strengths of the annealed samples at room temperature and high
temperature have been significantly improved compared with that of the hot-upsetting
sample. This indicates that adopting a suitable double-stage annealing treatment af-
ter deformation is an effective way to improve the strength of deformed GH4169 su-
peralloy. The comparisons of the strength and elongation to fracture at room temper-
ature and high temperature are illustrated in Figure 7b,c. It can be observed that the
strength and elongation to fracture of cases 3 and 4 are similar, so do cases 9 and 10. This
is because the deformed samples that undergo the double-stage annealing treatments
of 900 ◦C × 9–12 h(water cooling) + 980 ◦C × 60 min(water cooling) have the similar mi-
crostructure. Therefore, the effects of fine-grain strengthening and precipitation strengthen-
ing are similar. Furthermore, it is noteworthy that the strength and the elongation at room
temperature are larger than that at high temperature. This is attributed to the softening
of grain boundary and the efficient movement of dislocations during high-temperature
deformation. On the one hand, the softening of grain boundary weakens the resistance
capability of grain boundary on dislocation slip [50]. On the other hand, the nucleation
of microvoids on the δ phase is easier to take place due to the quick movement of disloca-
tions [19]. Hence, both the strength and elongation at high temperature are smaller than
that at room temperature.

Figure 7. Comparisons of tensile mechanical properties at room-temperature and high-temperature: (a) engineering
stress–engineering strain curve; (b) strength; (c) elongation to fracture.

Figure 8 shows the fracture morphologies of the studied superalloy after tensile
tests at room temperature. From Figure 4b,c and Figure 8, it can be noticed that the
fracture morphologies of annealed samples after tensile tests at room temperature and high
temperature have the same characteristics. A large number of tearing edges generate at the
fracture surface, and many small dimples distribute inside the fracture surface. Moreover,
a few cleavage planes in which some small tearing edges exist can be observed. Therefore,
the fracture mode of annealed samples after tensile tests at room temperature is also a
mixture of shear fracture and quasi-cleavage fracture. Moreover, the fracture mode also
presents a ductile fracture macroscopically due to the appearance of many dimples and
some cleavage planes. These phenomena indicate that both the fracture modes at room
temperature and high temperature are similar.
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Figure 8. Fracture morphologies of annealed samples at room temperature tensile: (a) case 9; (b) case 10.

4. Discussion

In the authors’ previous works [30,32], it can be found that the annealing treatments,
including the single-stage annealing treatment and the double-stage annealing treatment,
can refine the deformed grains. The average grain size after different annealing treatments
is shown in Figure 9. It can be found that the average grain size of the deformed GH4169
superalloy after annealing is similar. Therefore, it is necessary to study the effects of
different annealing treatment methods on the improvement of mechanical properties.

Figure 9. The average grain size after different annealing treatments.

The effects of single-stage and double-stage annealing treatments on the high-temperature
tensile behavior are shown in Figure 10. From Figure 10a, it is noteworthy that the strengths of
samples after annealing treatments have been significantly increased compared with that of the
hot-upsetting sample. It is because that the annealing treatments can induce full recrystallization,
which makes the grains fine and uniform. However, there is some difference in the role of
single-stage and double-stage annealing treatments on the high-temperature tensile behavior.
The comparison for the influence of two types of annealing treatments on the yield strength
and tensile strength are shown in Figure 10b. It is noticed that the yield strength increases
from 862 MPa to 962 MPa after single-stage annealing treatment. However, after double-stage
annealing treatments of 900 ◦C × 9 h(water cooling) + 980 ◦C × 60 min(water cooling) and
900 ◦C × 12 h(water cooling) + 980 ◦C × 60 min(water cooling), the yield strength of the
deformed sample increases from 862 MPa to 1051 MPa and 1063 MPa. This implies that the
improvement in strength by double-stage annealing treatments is greater than that of single-
stage annealing treatments. The reasons are as follows. Although the single-stage annealing
treatments can refine grain, the grains are still heterogeneous [31,32]. The relatively large
recrystallized grains come from the quick growth of DRX nuclei and grains, while the
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very fine grains result from SRX nuclei. Therefore, the final grains are still heterogeneous.
However, the microstructure becomes fine and homogeneous after double-stage annealing
treatments with the appropriate annealing parameters [32].

Figure 10. Effect of two types of annealing treatments on high-temperature tensile mechanical properties: (a) engineering
stress–engineering strain curve; (b) strength; (c) elongation to fracture.

The heterogeneous factor (HF) [56] of the deformed GH4169 superalloy after annealing
is shown in Figure 11. According to the definition of HF, the larger the HF is, the more
heterogeneous the grain is [56]. It can be found that the values of HF for deformed
samples after double-stage annealing treatments are smaller. This means that the grains
of the deformed GH4169 superalloy after double-stage annealing treatments are more
uniform. The phenomenon suggests that the homogeneity of grains plays a major role in
the improvement of the tensile mechanical properties for GH4169 superalloy when the
average grain size is similar.

Figure 11. Heterogeneous factor (HF) after different annealing treatments.

The comparisons of the effects of two types of annealing treatments on the elongation
and reduction of area are shown in Figure 10c. It can be found that the elongation to
fracture of the annealed samples decreases compared to the hot-upsetting sample, and the
difference in the elongation between the two types of annealing treatments is small. This
implies that the effect of homogeneity on the elongation to fracture is not obvious.

Figure 12 displays the fracture morphology of the studied superalloy after single-stage
annealing treatment. From Figure 4b,c and Figure 12, it can be noticed that the fracture
morphologies of the studied superalloy with different annealing treatments are almost the
same. The fracture mode of annealed samples after single-stage annealing treatment is
also a mixture of shear fracture and quasi-cleavage fracture. Moreover, the fracture mode
presents a ductile fracture macroscopically due to the appearance of many dimples and
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some cleavage planes. Hence, the fracture mode of annealed samples after single-stage
annealing treatment and double-stage annealing treatment is similar.

Figure 12. Fracture morphology of the studied superalloy with single annealing treatment.

5. Conclusions

The annealing treatments and tensile tests have been finished to study the effect of
double-stage annealing parameters on tensile mechanical properties for deformed GH4169
superalloy. The fracture mode has also been studied. The conclusions are as follows:

(1) The strength of deformed GH4169 superalloy can be improved by annealing
treatments. The double-stage annealing treatment has a better effect on the improvement
of the strength for deformed GH4169 superalloy compared to the single-stage annealing
treatment. This attributes to that the homogeneity of grains plays a major role in the
improvement of strength when the average grain size is similar.

(2) The effect of annealing parameters on the elongation at high temperature and room
temperature is not significant. The fracture mode of annealed samples at high-temperature
and room-temperature tensile tests is a mixture of shear fracture and quasi-cleavage fracture
while that of hot-upsetting sample is a shear fracture. The macroscopic expressions for the
two fracture modes belong to ductile fracture.

(3) The optimal double-stage annealing process is 900 ◦C × 9–12 h(water cooling) +
980 ◦C × 60 min(water cooling). The yield strength of deformed sample is increased from
862 MPa to 1051 MPa and 1063 MPa after the double-stage annealing treatments of 900 ◦C
× 9 h(water cooling) + 980 ◦C × 60 min(water cooling) and 900 ◦C × 12 h(water cooling) +
980 ◦C × 60 min(water cooling), respectively. Moreover, the tensile strength also increases
from 970 MPa to 1160 MPa and 1180 MPa, respectively.
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