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Abstract: To investigate the effect of the primary γ′ phase on the high-temperature endurance
performance of GH4720Li superalloy, samples with different volume fractions of the primary γ′

phase were prepared by adjusting the heat treatment process. The high-temperature endurance
performance was tested, and the microstructure was examined. Results indicate that samples with a
higher volume fraction of the γ′ phase exhibit a greater stress rupture life. Additionally, alloy samples
with varying γ′ phase volume fractions show improved plasticity and toughness at 760 ◦C/530 MPa.
Fracture morphology results reveal that high-volume-fraction primary γ′ phase samples primarily
undergo transgranular fracture, whereas low-volume-fraction samples exhibit intergranular fracture
due to grain boundary sliding. During high-temperature endurance, the secondary γ′ phase in the
crystal is affected. Long-term aging refines the secondary γ′ phase, resulting in a more uniform
distribution. Finally, the influence of the primary γ′ phase and the creep behavior of each material
group on high-temperature endurance performance are discussed.

Keywords: GH4720Li; high-temperature endurance performance; primary γ′ phase

1. Introduction

GH4720Li alloy is a nickel-based aging strengthened superalloy with high service tem-
perature and high-temperature strength. It is mainly used to manufacture aero-engine tur-
bine disks with a service temperature of 650–750 ◦C. It has excellent properties such as high
strength, corrosion resistance, oxidation resistance, and fatigue resistance [1–4]. The main
strengthening phase of GH4720Li is the γ′ phase with a content of up to 40% [5,6], including
the primary γ′ phase (1–10 µm) at grain boundaries, secondary γ′ phase (90–300 nm) in
grains, and dispersed tertiary γ′ phase (15–60 nm).

The γ′ phase, typically consisting of Ni3(Al, Ti), is a coherent, intermetallic precip-
itate that plays a crucial role in strengthening nickel-based superalloys [7,8]. It imparts
high-temperature strength and creep resistance by impeding dislocation motion during
deformation [9–11]. The size, distribution, and morphology of γ′ precipitates are critical
factors that determine the overall mechanical properties of superalloys [12–16]. Conse-
quently, controlling and optimizing the γ′ phase through various processing techniques,
particularly heat treatment, has been a focal point in materials engineering research.

Heat treatment is a fundamental process employed to tailor the microstructure and,
hence, the mechanical properties of superalloys. Previous studies have demonstrated that
high-temperature solution treatments can dissolve coarse γ′ precipitates and homogenize
the alloy’s composition. By manipulating parameters such as temperature, cooling rate, and
holding time, it is possible to control the dissolution nucleation, growth, and distribution
of the γ′ phase within the alloy matrix [9,10,12,17]. Zhang [18] obtained the correlation
between the heat treatment process and γ′ phase morphology by adjusting the temperature
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and time of solid solution and aging. Song [19] found that the size and distribution of three
kinds of γ′ phases were affected by different solution temperatures under the same aging
system. Tang [20] found that the grains of GH4720Li alloy without a primary γ′ phase grew
abnormally, and the properties of the material decreased sharply without the pinning effect
of the γ′ phase on the grain boundary. Zhang [21] found that the precipitated γ′ phase
plays an active role in the creep process of superalloys. Tsai [22] found that the refined
γ′ phase can increase the thermal stability of the material during creep in the creep test
of fine-grained nickel-based superalloys. Zhang [23], in the long-term aging test of In617,
found that the γ′ phase coarsens during long-term aging, and a new heat treatment process
was proposed to prevent the coarsening of the γ′ phase.

Current research on GH4720Li superalloy primarily explores the relationship between
individual mechanical properties and microstructure, with a particular emphasis on the
influence of intragranular precipitates on performance. However, the effect of primary
γ′ precipitates at grain boundaries on high-temperature properties is rarely studied. To
investigate the effect of primary γ′ on rupture life, two samples with identical grain size but
different volume fractions of the primary γ′ phase were prepared by modifying the heat
treatment process. High-temperature endurance tests were conducted at 680 ◦C/830 MPa
and 730 ◦C/530 MPa, respectively. The influence of different primary γ′ phases on high-
temperature performance was examined, along with an analysis of the transformation
process and creep mechanism of the γ′ phase during high-temperature endurance. This
research offers theoretical support for developing high-performance turbine disks.

2. Material and Experimental Procedures

The experimental material GH4720Li superalloy is taken from the turbine disk forging,
and the nominal chemical composition (wt%) of GH4720Li investigated in the present work
is as follows: 15.79 Cr, 14.68 Co, 0.14 Fe, 4.92 Ti, 2.59 Al, 2.97 Mo and Ni balance. The
original microstructure of GH4720Li alloy and the XRD phase analysis of the main phases
are shown in Figure 1. The main phase in the matrix is γ′-AlNi3.
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Figure 1. Original microstructure of GH4720Li alloy; (a) OM, (b) SEM, (c) XRD. 

  

Figure 2. Solution treatment process; (a) gradient process, (b) standard process. 
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In order to obtain the microstructure with the same grain size and different primary
γ′ phase morphology, two different solid solution treatment processes were carried out
on the disk forgings. The solid solution treatment process is shown in Figure 2. The same
650 ◦C × 24 h + 760 ◦C × 16 h bipolar aging treatment was adopted for the two forgings
after solid solution, and the aging treatment was air-cooled.
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Figure 1. Original microstructure of GH4720Li alloy; (a) OM, (b) SEM, (c) XRD. 

  

Figure 2. Solution treatment process; (a) gradient process, (b) standard process. 

 

Figure 2. Solution treatment process; (a) gradient process, (b) standard process.

The plate forgings after heat treatment were sampled at 1/4 of the diameter, and
the microstructure observation and high-temperature endurance performance test were
carried out. The intragranular γ′ phase was observed and photographed by an FEI 650
scanning electron microscope, and precipitated phase electrolytic corrosion was carried
out in 170 mL H3PO4, 10 mL H2SO4, and 15 g CrO3 solution. Electrolytic corrosion was
performed using DC voltage 5 V, current 1~2.5 A, and time 5~12 s. The size of the γ′

phase was statistically analyzed by fiji Image J v1.53q software. The high-temperature
endurance test and sample size were carried out according to GB/T 2039-2012 Metallic
material–uniaxial creep testing method in tension, and the sample size and shape are shown
in Figure 3. The temperature stress conditions of the high-temperature endurance test
are 730 ◦C/530 MPa and 680 ◦C/830 MPa. The fracture morphology was observed and
photographed by an FEI 650 scanning electron microscope, and the microstructure after
fracture was observed by sampling at 1.5 mm parallel to the fracture. The γ′ phase after the
high-temperature endurance experiment was observed by an FEI 650 scanning electron
microscope. The grain orientation and plastic deformation near the rupture fracture were
analyzed by electron backscatter diffraction (EBSD). The electrolytic polishing electrolyte is
20 mL H2SO4 and 80 mL CH3OH. The electrolytic process parameters are DC voltage 25 V,
current 1~1.5 A, and time 5~12 s.
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3. Results
3.1. Effects of Different Heat Treatment Processes on γ′ Phase

The microstructure of GH4720Li superalloy after different heat treatment processes is
displayed in Figure 4. The size and quantity of the primary γ′ phase at the grain boundary
vary significantly. In the gradient heating process, a large number of larger primary γ′

phases remain at the grain boundary. In the standard heat treatment, the primary γ′ phase
at the grain boundary dissolves significantly and is smaller in size, but the grain sizes
of the samples under both processes are similar. The average grain size in Figure 4a is
17.15 µm, while in Figure 4b, it is 17.05 µm. The primary γ′ phase at the grain boundary
inhibits grain boundary migration and restricts grain growth by pinning the boundary.
During the solid solution process, the primary γ′ phase at the grain boundary gradually
dissolves as the holding time increases. After the gradient process, the average particle size
of the primary γ′ phase is 5.01 µm, with a volume fraction of 17.90%. Under the standard
heat treatment, the primary γ′ phase has an average size of 4.03 µm and a volume fraction
of 14.15% (Figure 5). Despite the dissolution, the residual primary γ′ phase still pins the
grain boundary, preventing grain growth, which results in similar grain sizes between the
two processes.

Before heat treatment, the secondary γ′ phase within the crystal is irregular in shape
(Figure 1b), uniformly distributed in the matrix with an average size of 145 nm, and no
tertiary γ′ phase is observed. After heat treatment, the crystal contains two main types of γ′

phases: the coarsened secondary γ′ phase and the nanoscale tertiary γ′ phase. The number
of secondary γ′ phases is significantly reduced, while their size increases compared to pre-
heat treatment. The secondary γ′ phase measures 246 nm after the gradient heating process
and 262 nm after the standard process. The tertiary γ′ phase is dispersed throughout
the matrix.

The melting temperature of the γ′ phase in GH4720Li superalloy is 1150 ◦C. Based on
the Gibbs–Thomson effect, the solubility of the precipitate decreases as its size increases,
causing the secondary and tertiary γ′ phases in the crystal to dissolve first during the solid
solution process. Due to the significant increase in Ai and Ti supersaturation during the
solid solution process, the secondary γ′ phase nucleates at the high-temperature stage of
cooling. As the cooling process is brief, the amount of secondary γ′ phase in the matrix
is limited. In this experiment, without a controlled cooling rate, the morphology of the
secondary γ′ phases in both heat treatment processes remains similar. Despite secondary γ′

phase nucleation during cooling, the matrix remains supersaturated with alloying elements,
leading to tertiary γ′ phase nucleation during aging. During aging, the secondary γ′ phase
coarsens, and after reaching a certain size, dissolves into the γ matrix, promoting further
nucleation of the tertiary γ′ phase. Thus, the secondary γ′ phase observed in Figure 6 is
coarsened during aging, with Al and Ti atoms for tertiary phase nucleation coming from
two sources. One source is the dissolution of secondary γ′ and primary phases during solid
solution, while the other is the dissolution of secondary γ′ phases during secondary aging.
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3.2. High-Temperature Endurance Performance

The high-temperature endurance performance of the samples after different heat
treatment processes is shown in Table 1. Through the comparison of multiple sets of data,
it can be found that the rupture strength under the gradient heating process is significantly
higher than that of the standard process, and the four groups of samples have different
degrees of plastic deformation. Among them, the plasticity of group B is the highest,
which is 35% Au, 56% Zu. Group A has the worst plasticity, which is 12% Au, 18% Zu.
The plasticity of the material in the endurance test shows that it has higher plasticity at
730 ◦C/530 MPa.
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Table 1. Results of high-temperature endurance performance.

Sample Process Test Condition Stress-Rupture
Life (tu), h

Elongation (Au),
%

Shrinkage Rate
(Zu), % Numbering

Gradient process 680 ◦C/830 MPa 225 12 18 A

Gradient process 730 ◦C/530 MPa 125 35 56 B

Standard process 680 ◦C/830 MPa 71 12 20 C

Standard process 730 ◦C/530 MPa 65 17 22 D

3.3. Fracture Appearance

Figure 7 is the fracture SEM morphology of group A samples. From the macroscopic
fracture (Figure 7a), it can be found that during the endurance test, the crack source is
first generated at the I positions, and the crack phase generated by the I position diffuses
and grows around. Obvious cleavage lines and a small number of micropores were found
in Figure 7b, and the proportion of micropores in the fracture increased with the further
growth of the crack (Figure 7c). During the rupture process, the fracture mode changes from
quasi-cleavage fracture and micropore aggregation fracture to plastic fracture dominated
by micropore aggregation, and the residual primary γ′ phase can be obviously observed
in the microstructure of the instantaneous fracture zone (Figure 7d). This indicates that
the primary γ′ phase is the main reason for the generation of micropores during the
rupture process.
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Figure 8 is the fracture SEM morphology of group B samples. According to the
macroscopic morphology, it can be inferred that the crack first initiates from the I position,
the crack grows along the arrow direction during the crack extension, and finally, the
instantaneous fracture occurs in the III region. A large number of micropores can be seen in
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the crack source and crack growth process, and a small amount of micropores can be found
in the instantaneous fracture zone. In the process of forming micropores, instantaneous
fracture occurs due to excessive local stress. Combined with the macroscopic morphology of
the fracture, the fracture under the test conditions in this group is microporous aggregation
ductile fracture.
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Figure 8. Fracture morphology of group B sample; (a) macroscopic morphology, (b) micro-
morphology of point I, (c) micro-morphology of point II, (d) micro-morphology of point III.

Figure 9 is the fracture SEM morphology of group C samples. It can be clearly seen
from the macroscopic fracture morphology that the whole fracture morphology consists
of three regions: river-like pattern region, smooth region, and shear lip formed by instan-
taneous fracture. In the river pattern area, the river pattern is obviously developed from
point I; that is to say, point a is the position where the crack first occurs. Microscopic
characterization of different regions of the fracture shows that the fracture mode of the
crack initiation position is mainly quasi-cleavage fracture, and the grain boundary sliding
phenomenon is found, but no obvious intergranular fracture is found (Figure 9b). With the
growth of cracks, it is found in the SEM image of point II that in addition to cleavage and
grain boundary sliding, micropores are generated near the primary γ′ phase (Figure 9c),
and the fracture mode changes from. This leads to the fact that the fracture morphology at
position III is mainly composed of micropores (Figure 9d). In the ESM diagram of the in-
stantaneous fracture zone (Figure 9e), the micropores that are nucleated but not fully grown
and not connected to form cracks are found, which proves that the cracks are expanding in
the unfractured area in the way of micropore aggregation before the instantaneous fracture
of the sample. The fracture mode of the sample in group C is mainly composed of the
following three parts. The cleavage fracture and the grain boundary sliding produce the
crack source, then the cleavage fracture and the grain boundary sliding change to the
micropore aggregation, and finally, the instantaneous fracture is caused by the excessive
local stress.
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Figure 10 is the fracture SEM morphology of group D samples. The macroscopic
morphology of the fracture is composed of obvious river-like patterns and instantaneous
fracture zones. The crack is first generated at point I, and then extends around, and
finally breaks. Figure 10b is the microstructure diagram of the crack source, and the
block morphology and grain boundary cracks can be clearly seen, indicating that the
main fracture mode at the crack source is intergranular fracture caused by grain boundary
sliding. With the expansion of the crack, the block morphology disappears, but the cracks
along the grain boundary still exist (Figure 10c). The quasi-cleavage fracture characteristics
can be clearly seen in the microscopic morphology of the instantaneous fracture zone
(Figure 10d). The fracture mode of group D is intergranular fracture initiation crack caused
by grain boundary sliding, and the fracture mode changes from intergranular fracture to
quasi-cleavage fracture during crack growth.
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3.4. Effect of the High-Temperature Endurance Process on the Secondary γ′ Phase

During the high-temperature endurance test, the long-term retention of the sample at
the aging temperature of the material has different effects on the γ′ phase of the four groups
of samples. Figure 11 shows the γ′ phase morphology of the four groups of materials
after the endurance test. It can be seen that the γ′ phase of the four groups of samples has
different degrees of dissolution. Through the statistics of the γ′ phase of the four groups of
samples, it is found that the particle size of the γ′ phase of each group of samples decreases
before the lasting experiment. The number of γ′ phases in both group C and group D
decreased significantly. Moreover, the number of γ′ phases in group D was the least and
the most non-uniform. Considering the rupture life, the more uniform distribution of the
γ′ phase during the aging process is attributed to the extended aging time. In the long-term
aging process of GH4720Li alloy, it is actually a dynamic equilibrium process between the
γ matrix and γ′ phase in the material. The unstable γ′ phase will dissolve in the matrix,
and then the supersaturated solute atoms in the matrix will precipitate in the form of the γ′

phase. Under the long-term aging effect, the dynamic equilibrium between the γ matrix
and γ′ phase is achieved.
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4. Discussion
4.1. Effect of Primary γ′ Phase on Endurance Performance

Comparing the rupture life and fracture modes of different groups reveals that the
volume fraction of primary γ′ significantly affects both rupture life and fracture behavior.
Figure 12 shows the EBSD-KAM diagrams of various samples after fracture. Comparing
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the KAM diagrams of samples AB and CD shows that the sample with a high-volume
fraction of primary γ′ phase retains many dislocations, whereas in the low-volume-fraction
sample, dislocations are concentrated at the grain boundary, and the KAM value within the
grains is lower. At high temperatures, atomic diffusion is enhanced, reducing resistance to
dislocation migration. Under constant stress, dislocations steadily migrate toward the grain
boundary. The γ′ phase is brittle [24,25], preventing plastic deformation and hindering
dislocation entry. As a result, dislocations accumulate at the interface between the grain
boundary and the primary γ′ phase, preventing further migration of dislocations from the
crystal to the grain boundary. Compared to the low-volume-fraction primary γ′ phase, the
high-volume-fraction γ′ phase can absorb more dislocations at the phase-matrix interface.
In the low-volume-fraction sample, dislocations are more prone to forming microcracks
and promoting grain boundary slip.

Crystals 2024, 14, 851 10 of 13 
 

 

fraction of primary γ′ phase retains many dislocations, whereas in the low-volume-frac-
tion sample, dislocations are concentrated at the grain boundary, and the KAM value 
within the grains is lower. At high temperatures, atomic diffusion is enhanced, reducing 
resistance to dislocation migration. Under constant stress, dislocations steadily migrate 
toward the grain boundary. The γ′ phase is brittle [24,25], preventing plastic deformation 
and hindering dislocation entry. As a result, dislocations accumulate at the interface be-
tween the grain boundary and the primary γ′ phase, preventing further migration of dis-
locations from the crystal to the grain boundary. Compared to the low-volume-fraction 
primary γ′ phase, the high-volume-fraction γ′ phase can absorb more dislocations at the 
phase-matrix interface. In the low-volume-fraction sample, dislocations are more prone to 
forming microcracks and promoting grain boundary slip. 

    

Figure 12. EBSD-KAM diagram of different samples after the fracture; (a) group A, (b) group B, (c) 
group C, (d) group D. 

Additionally, at high temperatures, the intracrystalline strength decreases sharply, 
leading to transgranular fracture during stress rupture. The fracture mechanism during 
stress rupture is complex, but the presence of the γ′ phase plays a critical role in inhibiting 
fracture progression. As shown in Figure 13, during transgranular fracture, intragranular 
cracks propagate under sustained stress. However, the presence of the primary γ′ phase 
prevents rapid crack propagation into macroscopic cracks, instead causing the formation 
of micropores around the primary γ′ phase. These micropores gradually grow and coa-
lesce into larger cracks. In the high-volume-fraction GH4720Li superalloy, grain tearing 
does not immediately cause material fracture. Fracture in this material is primarily driven 
by the formation and coalescence of micropores into cracks. In the low-volume-fraction 
GH4720Li alloy, the scarcity of primary γ′ phases offers minimal resistance during trans-
granular fracture and grain boundary sliding, resulting in a lack of micropore formation 
and reduced rupture strength.  

 

Figure 13. Influence mechanism of primary γ′ phase in the fracture process; (a) transcrystalline rup-
ture, (b) grain boundary sliding. 

4.2. Creep Behavior in High-Temperature Endurance Process 
The creep process of the material can be roughly divided into two stages, namely the 

steady-state creep stage and the accelerated creep stage. In the steady-state creep process, 
the creep rate remains unchanged, the hardening and softening are balanced, and the 

Figure 12. EBSD-KAM diagram of different samples after the fracture; (a) group A, (b) group B,
(c) group C, (d) group D.

Additionally, at high temperatures, the intracrystalline strength decreases sharply,
leading to transgranular fracture during stress rupture. The fracture mechanism during
stress rupture is complex, but the presence of the γ′ phase plays a critical role in inhibiting
fracture progression. As shown in Figure 13, during transgranular fracture, intragranular
cracks propagate under sustained stress. However, the presence of the primary γ′ phase
prevents rapid crack propagation into macroscopic cracks, instead causing the formation of
micropores around the primary γ′ phase. These micropores gradually grow and coalesce
into larger cracks. In the high-volume-fraction GH4720Li superalloy, grain tearing does not
immediately cause material fracture. Fracture in this material is primarily driven by the
formation and coalescence of micropores into cracks. In the low-volume-fraction GH4720Li
alloy, the scarcity of primary γ′ phases offers minimal resistance during transgranular
fracture and grain boundary sliding, resulting in a lack of micropore formation and reduced
rupture strength.
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4.2. Creep Behavior in High-Temperature Endurance Process

The creep process of the material can be roughly divided into two stages, namely the
steady-state creep stage and the accelerated creep stage. In the steady-state creep process,
the creep rate remains unchanged, the hardening and softening are balanced, and the
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creep rate in this stage is the smallest. In the accelerated creep process, the strain rate
begins to increase with time, and finally leads to unstable fracture. In the steady-state
creep process, the atomic motion amplitude at 730 ◦C is larger than that at 680 ◦C, the
dislocation motion resistance is smaller, and the dislocation slips faster. At 730 ◦C, the
plastic deformation rate is larger during the creep process, but the life is reduced [24,26–28].
The primary γ′ phase can hinder the deformation of grains during plastic deformation,
so the materials with different primary γ′ phases show obvious different life. The creep
process of 730 ◦C/530 MPa can be described as follows. During the steady creep process,
due to the softening of the material at high temperature, the strain rate is large, and the
plastic deformation is large. After the transition to the accelerated creep process, the strain
rate increases. Due to the different volume fractions of the primary γ′ phase in the matrix,
the fracture behavior of group B is hindered by the primary γ′ phase at the grain boundary
during the accelerated creep process, but the deformation continues. This is the reason
why the elongation and reduction in area of group B are significantly higher than those
of other groups. However, due to the low-volume fraction of the primary γ′ phase, the
material in group D was unstable and fractured during the transition to the accelerated
creep stage. For the creep at 680 ◦C/830 MPa, the dislocation motion is blocked due to
the lower temperature, but the different proportion of the primary γ′ phase leads to the
different creep process of different samples under this condition. The volume fraction of
the group A sample is larger, and the grain deforms to the pinning effect, so there is almost
no deformation in the steady-state creep process, or the deformation rate is extremely slow,
and it is difficult to transition to the accelerated creep process in the creep process, so the
creep life is the longest. For group C, the temperature is low in the creep process, there
is no primary γ′ phase pinning grain boundary, and there is no softening effect of high
temperature in the creep process. In the creep process, it shows low elongation and low
rupture life.

5. Conclusions

(1) The specimens with different volume fractions of the primary γ′ phase have an
obvious effect on the high-temperature rupture properties, and the rupture life of the
primary γ′ phase with high-volume fraction is longer. The material exhibits better
plasticity at 760 ◦C.

(2) The high-volume-fraction primary γ′ phase sample shows transgranular fracture
during the fracture process, and the low-volume-fraction γ′ phase sample is more
inclined to intergranular fracture.

(3) During the long-term aging process, the secondary γ′ phase in the crystal will
also change. With the extension of time, the secondary γ′ phase tends to be more
evenly distributed.

(4) The primary γ′ phase can hinder transgranular fracture and intergranular fracture,
and the primary γ′ phase can organize dislocations to migrate to grain boundaries,
which is more obvious in high-volume-fraction samples.
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