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Abstract: Heat treatments, including solution treatment and isothermal heat treatment, were con-
ducted to investigate the grain boundary serration of GH4975 superalloy. The two different heat
treatment processes could both promote the formation of serrated grain boundaries within the present
temperature and soaking time ranges, provided that the cooling rates were controlled to be quite
slow. The samples subjected to furnace cooling exhibited a more obvious serrated grain boundary
morphology by comparison with those subjected to air cooling. The interaction between precipitated
phases and grain boundaries was focused to explore the formation mechanisms of serrated grain
boundaries within GH4975 superalloy. Heat treatment temperature and soaking time strongly af-
fected the morphology and size of precipitated phases, and consequently influenced the formation of
serrated grain boundaries. The directional growth of grain boundary precipitates and its pinning
effects on the migration of grain boundaries also affected the grain boundary morphology.

Keywords: Ni-based superalloy; heat treatment; serrated grain boundary; boundary precipitates;
serration mechanism

1. Introduction

Ni-based superalloys have been widely used as turbine discs in aircraft engines due
to their excellent properties, such as high-temperature mechanical properties, corrosion,
and oxidation resistances [1–4]. However, the grain boundaries usually become weak
at elevated temperatures, and hence it will be necessary to avoid the crack initiation
on grain boundaries for better high-temperature performance [5–7]. Therefore, how to
optimize the grain boundary morphology and its strength will be critical to improve the
high-temperature properties of alloys [8,9]. Serrated grain boundaries were formed by the
bending of straight grain boundaries under specific process conditions, such as isothermal
treatments and controlled cooling heat treatments [10–12]. It has been proved that the
presence of serrated grain boundary in Ni-based superalloy could enhance grain boundary
effectively and improve their resistance to crack propagation [13–15].

Serrated grain boundary has importance industrial value for grain boundary engineer-
ing, which could impede grain boundary sliding and crack initiation [16,17]. Therefore,
the serrated grain boundary formation mechanism needs to be investigated systematically.
Many investigations have been conducted about the serrated grain boundary formation
mechanism in Ni-based superalloy, mainly focused on the interaction between precipitating
phases (such as γ′ phase and grain boundary carbides) and grain boundaries [18–20]. Some
researchers proposed that the formation of serrated grain boundary was closely related to
the orientation of γ′ phase on grain boundaries. Meanwhile, the morphology, size, and
content of γ′ phase also affected the bending of grain boundary [19,21]. Yang et al. [22]
suggested that the grain boundaries began to serrate with the decrease of cooling rate
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during the solution heat treatment in GH4710 alloy. The γ′ phase hindered the movement
of grain boundaries in this process. Grain boundary serration has also been studied as a
function of cooling rate in Ni-based superalloy. Based on the movement of grain boundary
γ′ phase, a model for the displacement of local grain boundaries and the initiating of
serrated grain boundary formation was proposed by Koul and Gessinger [16]. The net
strain energy differences between the γ matrix side and the grain boundary side of the
γ-γ′ interface provided a driving force for the movement of γ′ phase in this model. In
addition, the serrated grain boundary could be described by the serration amplitude and
wavelength, which was affected by the solution temperature, soaking time and cooling rate
after heat treatment. Grain boundary carbides and borides have also been proved to be
the main reason for inducing the formation of serrated grain boundaries [23,24]. The effect
of M23C6 carbides on the formation of serrated grain boundaries has been investigated
in a wrought Ni-based superalloy [25]. The nucleation and oriented growth of M23C6
carbides at grain boundaries determined the formation of serrated grain boundaries. At the
same time, a semi-quantitative model about the grain boundary serration was proposed
based on the interfacial energy calculations. The driving force of carbides induced grain
boundary serration was related to the different coherence orientation relationship between
grain boundary carbides and grains on both sides [26,27]. The coherent phase interface,
with lower energy, was relatively stable after carbides nucleation, while the non-coherent
phase interface showed higher energy and mobility. Therefore, the carbides were easy
to move into the grains on one side, which made the grain boundaries protrude to the
incoherent grains, and finally formed a serrated grain boundary. Currently, the forma-
tion mechanisms of serrated grain boundary are still inconclusive, and how to optimize
heat treatment parameters and distinguish the serrated grain boundaries accurately will
be critical.

In the present work, GH4975 superalloy was subjected to heat treatments, including
solution treatment and isothermal heat treatment, to investigate the grain boundary serra-
tion process. The influences of temperature, soaking time, and cooling rate on the serrated
grain boundary morphology were discussed based on the interaction between precipitated
phases and grain boundaries, and the serration mechanisms were also explored.

2. Materials and Experimental

The wrought Ni-based superalloy GH4975 was used in this work, which was obtained
through vacuum induction-melting, electroslag remelting, and vacuum arc-remelting. The
chemical composition (wt.%) of the studied alloy is shown in Table 1. Figure 1 presents
the equilibrium phase transformations for GH4975 alloy from 600 to 1400 ◦C, calculated by
using Jmatpro software, and the γ′ solvus temperature was hence estimated to be about
1199 ◦C. The heat treatments were conducted in a resistance furnace by considering the
influences of different treatment parameters on the formation process of serrated grain
boundaries. The specific processes of solution treatment and isothermal treatment for the
studied alloy were shown in Table 2. Firstly, the samples were treated at 1210 ◦C for 6 h to
ensure that the γ′ phase was dissolved completely. Two cooling conditions, i.e., furnace
cooling (FC) and air cooling (AC), were utilized to study the effects of cooling rate on
serrated grain boundaries. The cooling rates of AC and FC were determined to be about
250~300 and 4 ◦C/min, respectively. Then, the isothermal treatments were conducted at
1150, 1160, and 1175 ◦C with a soaking time of 1 and 2 h.

Table 1. Chemical composition of GH4975 superalloy.

Ni Co Cr Mo W Al Ti Nb C B Zr

Base 15.5 8.5 1.2 10.0 4.8 2.4 1.5 0.10 0.015 0.04



Metals 2022, 12, 1521 3 of 11

Figure 1. The equilibrium phase diagram of GH4975 alloy obtained by thermodynamic calculation.

Table 2. The processes of solution treatment and isothermal treatment of GH4975 alloy.

No Solution Treatment Isothermal Treatment
(Temperature, ◦C)

Isothermal Treatment
(Soaking Time, h)

T1 1210 ◦C × 6 h, AC

T2 1210 ◦C × 6 h, FC

T3 1210 ◦C × 6 h, FC 1160 ◦C 1 h

T4 1210 ◦C × 6 h, FC 1160 ◦C 2 h

T5 1210 ◦C × 6 h, FC 1175 ◦C 2 h

T6 1210 ◦C × 6 h, FC 1150 ◦C 2 h

After heat treatments, the samples for optical microscope examination were mechani-
cally polished to obtain mirror surface, and then etched in a solution of 10 mL HCl + 10 mL
CH3CH2OH + 1 g CuCl2 for 4–10 s at room temperature. The mean equivalent diameter of
each grain was measured in order to measure the grain size. The mean grain size (more
than 100 grains were measured) was determined by Image-J software. Figure 2 shows the
process of the grain size measurement of the studied alloy under isothermally heat treated
at the temperature of 1160 ◦C with the soaking time of 1 h. In addition, the grain boundaries
were analyzed to calculate the wavelength and amplitude of serrations, and more than
20 serrations were calculated at each individual condition (Figure 3). For SEM-EBSD analy-
sis, the samples were electropolished in a solution of 20 vol% H2SO4 and 80 vol% CH3OH,
and then etched using a solution of 170 mL H3PO4 + 10 mL HNO3 + 15 g CrO3 at 3–5 V
for 4–10 s at room temperature. In addition, the elements’ distribution of studied alloy
were determined by wavelength dispersive spectrometry (WDS) using an electron probe
microanalyzer (EPMA).

Figure 2. Grain size measurement of GH4975 alloy under isothermally heat treated at the temperature
of 1160 ◦C with a soaking time of 1 h: (a) the original image for grain size measurement; (b) the
digitally processed image; (c) grain counting.
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Figure 3. Calculation of the wavelength and amplitude of grain boundary serration.

3. Results and Discussion
3.1. Effect of Heat Treatment on Grain Boundary Morphology

Figure 4 showed the typical microstructure of GH4975 alloy under different heat
treatments. Figure 4a,b revealed that the grain size of GH4975 alloy was slightly affected
by cooling conditions. The mean grain size was measured to be 94.6 µm when the sample
was cooled by air (AC), which was similar to that measured at the cooling condition of
FC (92.3 µm). When the studied alloy was isothermally heat treated at the temperature of
1160 ◦C, the mean grain size increased with the increasing of soaking time, as shown in
Figure 5. However, when the studied alloy was heat treated at different temperature, the
mean grain size had no obviously change, which indicated that the grain size was more
sensitive to soaking time rather than to isothermal heat treatment temperature within the
temperature and time ranges utilized in the present work.

Figure 4. Typical microstructure of GH4975 alloy under different heat treatment conditions: (a) T1;
(b) T2; (c) T3; (d) T4; (e) T5; (f) T6.

Figure 5. The mean grain size and serrated grain boundary ratio of GH4975 alloy under different
heat treatment conditions.
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The grain boundary morphology characteristics of the GH4975 samples subjected
to different heat treatments are also plotted in Figure 5 by red scatters. By comparison
between T1 and T2, it could be confirmed that a slow cooling rate would be appropriate to
accelerate the formation of serrated grain boundaries. In the meantime, the results of T2,
T3, and T4 also gave a conclusion that the serrated grain boundary ratio increased with
the increase of soaking time when the other heat treatment conditions were all constant.
It could be observed that the serrated grain boundary ratio was 58.0% and 62.6% at the
soaking time of 1 h (T3) and 2 h (T4), respectively. In addition, it should be noted that
when the heat treatment temperature increased to 1175 ◦C (T5), the formation of serrated
grain boundary was restrained. The characterization of grain boundary morphology within
the samples, subjected to the heat treatments labelled T4, T5, and T6, indicated that the
serrated grain boundary ratio decreased with the increase of isothermal heat treatment
temperature within the used temperature range. Generally, it could be concluded that the
slower cooling rates, the lower isothermally heat treatment temperature, and the longer
soaking time could strongly accelerate the formation of serrated grain boundaries within
GH4975 superalloy.

Figure 6 showed the typical morphology of serrated grain boundaries under different
heat treatment conditions. The serrated grain boundaries were observed under the heat
treatment conditions of T3, T4, and T6. It indicated that grain boundary serration occurred
after solution treatment with slow cooling condition (FC). In addition, the temperature and
soaking time of isothermal treatment also have great effects on the formation of serrated
grain boundaries. Both the higher temperature and shorter soaking time did not benefit
the formation of serrated grain boundaries. In general, the serrated grain boundaries
are defined when the serration amplitude is larger than 0.5 µm, and the wavelength
and amplitude of serrated grain boundary is often used to describe the grain boundary
morphology. At the isothermal treatment temperature of 1160 ◦C, the serrated grain
boundary wavelength (λ) increased with the soaking time increasing from 1 h to 2 h,
while the amplitude (A) decreased with that, as shown in Figure 6c,d. However, when
the isothermal treatment temperature decreased from 1160 ◦C to 1150 ◦C, the wavelength
and amplitude of serrated grain boundaries did not have an obvious change, as shown in
Figure 6f. Furthermore, many investigations showed that the formation of serrated grain
boundaries were closely related to the precipitated phase. Therefore, further exploration
on the interactions between grain boundaries and precipitating phases would be necessary
to understand the formation of serrated grain boundaries.

Figure 6. The formation of serrated grain boundaries under different heat treatment conditions:
(a) T1; (b) T2; (c) T3; (d) T4; (e) T5; (f) T6.
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3.2. Effect of Heat Treatment on Precipitated Phases

It has been well accepted that the formation of serrated grain boundary is strongly
influenced by the interactions between grain boundaries and precipitating phases [25–28].
Therefore, a deep assessment about the precipitates, including γ’ phase, MC and M23C6
carbides within GH4975 superalloy, will be necessary for understanding the formation
mechanism of the serrated grain boundaries. Figure 7 presented the typical γ’ phase of
GH4975 alloy after heat treatment with various cooling conditions, which revealed that the
morphology and size of γ’ phase were significantly affected by cooling conditions. When
the cooling condition was AC, the cubic γ’ phase formed due to the faster cooling rate, and
the mean size was measured to be about 330 nm, as shown in Figure 7a. It was easy to note
that the morphology and size of γ’ phase changed significantly with the decrease of the
cooling rate. Two types of γ’ phase could be observed under the cooling condition of FC.
The cubic γ’ phase with a relatively small size, about 350 nm, was similar to that at AC,
as shown in Figure 7b. However, the size of dendritic γ’ phase was relatively larger, and
the equivalent diameters ranged from 0.8 to 2 µm, as shown in Figure 7c. The formation of
dendritic γ’ phase was related to the slower cooling rate due to the enough time for the
diffusion of γ’ phase forming elements. In addition, the lattice mismatch between γ matrix
and γ’ phase, and the γ/γ’ interfacial energy, also have great effects on the formation of
the dendritic γ’ phase [29–31].

Figure 7. Typical γ’ phase of GH4975 alloy after heat treatment with various cooling conditions:
(a) AC, cubic γ’ phase; (b,c) FC, cubic and dendritic γ’ phase, respectively.

Figure 8 showed the morphology and size of γ’ phase under isothermal heat treatment
at the temperature of 1160 ◦C with different soaking time. As shown in Figure 8a, the γ’
phase exhibited a mixture distribution consisting of cubes and dendrites when the soaking
time was 0 h, and the dendritic γ’ phase was mostly regular. With the increase of soaking
time, the γ’ phase in GH4975 alloy was also composed of cubic and dendritic shapes.
However, it should be noted that the content of dendritic γ’ phase decreased and the size
of them increased gradually. In addition, a part of γ’ phase were irregular. The long strip
γ’ phase (Figure 8b) and cluster γ’ phase (Figure 8c) were formed with the increase of
soaking time. It indicates that the soaking time strongly influenced the morphology of
γ’ phase, and then would have an impact on the formation of serrated grain boundary.
Figure 9 presented the morphology and size distribution of γ’ phase under isothermal heat
treatment at different temperatures with the soaking time of 2 h. At the temperature of
1150 ◦C, the γ’ phase was composed of cubic and dendritic shapes, as shown in Figure 9a.
The content of dendritic γ’ phase gradually decreased with the increase of isothermal heat
treatment temperature. When the temperature raised up to 1175 ◦C, the size of cubic γ’
phase was measured to be about 330 nm, as shown in Figure 9c. In summary, the driving
force for the formation of γ’ phase is small due to the lower supersaturation of the solid
solution at slower cooling condition, which led to the preferentially γ’ phase nucleating
at grain boundaries. With the increase of soaking time, the γ’ phase at grain boundaries
gradually grew up and then pinned grain boundary to inhibit the migration of grain
boundary sections. Although γ’ particles at the grain boundary pinned the grain boundary
and then inhibited its migration here, the GB sections far away from the γ’ particles would
be able to migrate as normal. The different migration abilities of each GB section leading
from pinning effect generated the serrated morphology [32].
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Figure 8. The γ’ phase under isothermal heat treatment at the temperature of 1160 ◦C with different
soaking time: (a) 0 h; (b) 1 h; (c) 2 h.

Figure 9. The γ’ phase under isothermal heat treatment at different temperatures with the soaking
time of 2 h: (a) 1150 ◦C; (b) 1160 ◦C; (c) 1175 ◦C.

Various carbides and borides precipitated on grain boundaries also deserved a special
attention when one focused on the grain boundary morphology [25]. Figure 10 presented
the precipitating phase of GH4975 alloy at straight grain boundaries and at serrated grain
boundaries, respectively. It could be observed that M23C6 carbides occurred at triangular
grain boundaries while mostly M3B2 borides existed at straight grain boundaries. The
sizes of both precipitating phases were small, which slightly affected the migration of
grain boundaries. In addition, there was also a part of larger size MC carbides and M3C2
borides at grain boundaries, which impeded the movement of grain boundaries and hence
influenced the morphology of grain boundaries. However, it was not enough to promote
the formation of serrated grain boundary, as shown in Figure 10a. At the same time, the
precipitating phase at serrated grain boundaries after isothermal treatment was obtained. It
was observed that a lot of larger size precipitating phases (including γ’ phase, MC carbide
and M3C2 boride) existed at the grain boundaries. These phases could effectively hinder
the migration of grain boundaries during isothermal treatment and then promoted the
formation of serrated grain boundaries, as shown in Figure 10b.

Figure 10. The typical precipitated phase morphology of GH4975 alloy: (a) at straight grain bound-
aries; (b) at serrated grain boundaries.

3.3. The Formation Mechanism of Serrated Grain Boundary

Figure 11 showed the microstructure of serrated grain boundaries and γ’ phase within
the sample subjected to isothermal treatment. EBSD analysis revealed that the large size γ’
phase existed at the majority of grain boundaries except the twin boundaries, as shown
in Figure 11a. It should be noted that the crystal orientations of γ’ phase here was almost
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consistent with the grain orientation on one side, but inconsistent with the grain orientation
on the other side (Figure 11c). Obviously, the γ’ phase on grain boundaries preferred to
grow into the latter one due to the higher migration ability of the incoherent interface
between the γ’ phase and the other grain which possessed a distinguish crystal orientation.
When the sample was subjected to isothermal treatment, the solute atoms were enriched in
γ’ phase. The grain boundary γ’ phase gradually grew up along the direction perpendicular
to the grain boundary, which pushed grain boundary section to bulge and finally generated
a serrated grain boundary, as shown schematically in Figure 11d.

Figure 11. The typical microstructure of the serrated grain boundaries and precipitates after isother-
mal treatment: (a) band contrast map; (b) grain boundary maps; (c) IPF map; (d) schematic map for
γ’ phase promoting the formation of serrated grain boundaries.

In addition, grain boundary serration was also related to grain boundary carbides,
such as M23C6 and MC carbides [20]. Li et al. investigated the carbide precipitation
at grain boundary in Ni-based alloy 690 [33]. The results showed that the boundary
carbides were easy to nucleate in the grain with high indexed crystal plane parallel to
boundary, and the carbides had coherent orientation relationship (COR) with the grain.
The carbides preferentially grew into the grain without COR between carbides and grain,
which generated serrated grain boundaries. Figure 12 showed the electron probe micro
analyses (EPMA) results of the microstructure containing a serrated grain boundary under
isothermal heat treatment with slowly cooling condition (FC). Various precipitates could
be detected on the serrated grain boundaries, including borides and γ’ phase. Based on the
element distribution map of the selected area, it could be confirmed that the γ’ phase, which
re-precipitated in γ matrix (dendritic γ’ phase) or on the serrated grain boundary (long strip
shape γ’ phase), was rich in Al, Ti, Ni, and poor in Cr, Co. In addition, some borides and
carbides were also observed to precipitate near the serrated grain boundaries, as marked
in Figure 11. It indicated that Ti, Nb, C, B, and W preferred to segregate within borides
and carbides. In addition, it should be noted that the segregation of γ’-rich elements, as
well as the borides or carbides rich elements, also have great effects on the formation of
serrated grain boundaries. Furthermore, the slow cooling condition provided enough time
for element migration and precipitate growth, which also could promote the formation of
serrated grain boundaries.
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Figure 12. EPMA analyses of the microstructure on serrated grain boundaries under isothermal heat
treatment under FC condition.

4. Conclusions

In this work, the solution treatment and isothermal heat treatment with different
cooling rates for GH4975 alloy was conducted to investigate the formation process and
mechanisms of serrated grain boundaries. The interactions between precipitated phases
and grain boundaries were explored in this process. Several conclusions were summarized
in the following:

1. The serrated grain boundaries can be obtained by both the solution treatment and
isothermal heat treatment, provided that the cooling rates were controlled to be quite slow.
Compared with the samples under fast cooling condition (AC), the samples at furnace
cooling (FC) condition formed serrated grain boundaries more easily due to a sufficient
element diffusion.

2. Isothermal heat treatment temperature and soaking time strongly affected the
morphology and size of precipitated phases within GH4975 superalloy, and consequently
influenced the formation of serrated grain boundaries.

3. The grain boundary γ’ phase gradually grew along the direction perpendicular to
the grain boundary, which bent the grain boundary and then formed the serrated grain
boundaries. The pinning effects of grain boundary precipitated phase on grain boundary
migration also affected the grain boundary morphology strongly.
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