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Abstract: The effects of varying strain rates and deformation temperatures on the microstructure evolution of the 
FGH4113A alloy were investigated through hot compression experiments. During hot deformation, grain evolution is 
primarily governed by dynamic recrystallization (DRX) and twinning primarily. Furthermore, the pinning effect of the 
primary γ' phase (γ'p phase) plays a crucial role in grain refinement. Lower strain rates or higher temperatures facilitate 
DRX, twinning, and the dissolution of the γ'p phase. At 1140 °C, significant dissolution of the γ'p phase and the 
subsequent loss of its pinning effect reduce twinning activity. A unique twinning mechanism, termed “pinning 
twinning”, is identified, occurring exclusively under the influence of the pinning effect. When grain boundary migration 
fails to accommodate dislocations due to the pinning effect, grains preferentially eliminate dislocations via twinning, 
thereby reducing local strain energy. The grain size prediction model is improved by considering the pinning effect. 
Key words: nickel-based superalloy; hot deformation; dynamic recrystallization; twinning; γ' phase; pinning effect 
                                                                                                             
 
 
1 Introduction 
 

The nickel-based powder metallurgy (P/M) 
superalloys possess exceptional mechanical 
properties, fatigue resistance, and corrosion 
resistance, which makes them ideal materials for 
manufacturing advanced aerospace engine turbine 
disks [1,2]. The superior performance of nickel- 
based P/M superalloys relies on their fine and 
uniform grain structure, as well as the dispersed 
distribution of strengthening particles [3−5]. The 
primary precipitate particle in these alloys is the γ' 
phase [6−8]. The presence of a coarse primary γ' 
phase (referred to as γ'p phase) exerts a pinning 
effect on grain boundaries, thereby hindering their 

migration and inhibiting grain growth [9,10]. 
Techniques such as isothermal forging, which 
involve large plastic deformations, are commonly 
employed to shape nickel-based P/M superalloys 
[11−13]. Therefore, investigating the evolution of 
grain structure and the influence of γ'p phase on this 
process during hot deformation of nickel-based P/M 
superalloys is essential. This research is pivotal for 
controlling the microstructure and properties of 
superalloy by post-isothermal forging. 

In recent years, some researchers have 
investigated the evolution of grain structure of 
nickel-based superalloys during hot deformation 
[14−16]. YANG et al [17] found that the changes  
in grain structure and size in nickel-based P/M 
superalloys during the hot deformation are mainly 
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influenced by dynamic recrystallization (DRX). 
They developed a model to predict DRX grain size, 
showing that higher deformation temperature   
and lower strain rate lead to larger DRX grains. 
CHEN et al [18] emphasized twinning as a key 
deformation mechanism in fine-grained nickel- 
based P/M superalloys, which is attributed to the 
high volume fraction of γ' phase that hinders slip. 
LI et al [19] observed that twinning predominantly 
occurs during DRX grain growth in nickel-based 
P/M superalloys subjected to hot deformation, with 
increasing temperatures facilitating twinning to 
reduce free energy. However, an increased 
temperature leads to the consumption of free energy 
through grain boundary migration, reducing the 
twin content. Additionally, WEN et al [20] 
indicated that the dispersed γ'p phases in 
nickel-based P/M superalloys hinder grain 
boundary migration, thereby aiding grain 
refinement. ZHU et al [21] demonstrated that 
increasing temperature and decreasing strain rate 
lead to the dissolution of γ'p phases, which in turn 
reduces the hindrance to grain boundary migration 
in nickel-based P/M superalloys. SONG and 
AINDOW [22] suggested that the limiting grain 
size reflects the strength of the γ' phase pinning 
effect, which is directly proportional to the size of γ' 
phase and inversely proportional to its volume 
fraction. A smaller limiting grain size corresponds 
to a stronger pinning effect. Collectively, these 
studies provide a theoretical foundation for 
examining grain structure evolution, twinning, and 
the pinning effect of γ'p phases in nickel-based P/M 
superalloys during hot deformation. 

There are some reports on twinning in 
nickel-based superalloys [23−25]. However, 
existing researches reveal inconsistency in the  
trend of twin content variation in nickel-based 
superalloys, primarily due to variations in micro- 
structures [19,26,27]. Previous studies have 
explored the pinning effect in superalloys [28−30], 
revealing significant variations in both the strength 
and impact of this effect across different 
microstructures. The FGH4113A alloy, which is  
the focus of this study, is characterized by a    
high volume fraction of uniformly distributed γ'p 
phases, distinguishing it from other nickel-based 
superalloys. This unique microstructure results in a 
more pronounced pinning effect in the FGH4113A 
alloy compared to other alloys, where variations in 

γ'p phase content significantly affect microstructure 
evolution. Consequently, understanding the pinning 
effect and its impact on twinning during hot 
deformation is essential. 

This study aimed to optimize the isothermal 
forging processing window of the hot-extruded 
(HEXed) FGH4113A alloy by investigating the 
evolution and interaction mechanisms of micro- 
structures during hot compression deformation. The 
influence of DRX and twinning on grain evolution 
was analyzed. Furthermore, the pinning effect of 
the primary γ' phase (γ'p phase) on grain refinement 
was discussed. The effective range of the pinning 
effect was defined, leading to the development of  
a grain size prediction model that would offer 
theoretical guidance for industrial manufacturing 
practices. 
 
2 Experimental 
 

A novel P/M superalloy, FGH4113A, consists 
of the following chemical composition (wt.%): 
12.8−13.3 Cr, 18.5−19.5 Co, 3.5−3.9 Ti, 2.8−3.2 Al, 
0.17−0.23 Hf, 0.9−1.1 Ta, 1.1−1.3 Nb, 3.8−4.3 Mo, 
3.8−4.3 W and Bal. Ni. The FGH4113A alloy billets 
were produced via vacuum induction melting 
(VIM), followed by argon atomization and hot 
isostatic pressing (HIP) at 1150 °C and 150 MPa for 
4 h. Subsequently, the billets were extruded using a 
hot extrusion (HEX) at 1110 °C with a ratio of 4.7꞉1 
and a speed of 35 mm/s. 

Figure 1(a) illustrates the grain structure of 
HEXed FGH4113A alloy obtained by electron 
backscatter diffraction (EBSD, JEOL−7001F1 
FE-SEM), which has an average grain size of 
3.32 μm. Figures 1(b, c) present the γ' phases in  
the HEXed FGH4113A alloy as observed using 
scanning electron microscope (SEM, TESCAN 
MIRA3 LMU). The micrographs reveal the 
presence of two distinct phases: the γ'p phase and 
the secondary γ' phase (γ's phase), with the γ matrix 
located in the interstices between the γ' phases. The 
volume fraction and average size of γ'p phases are 
43.69% and 2.72 μm, respectively, which are 
comparable to grain dimensions. This configuration 
suggests that the grain structure remains fine after 
the HEX process due to the significant pinning 
effect of abundant coarse γ'p phases, effectively 
suppressing grain growth at high temperatures. 

Additionally, the thermally induced pole (TIP) 
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is one of the primary defects that develop during the 
HIP of P/M superalloys. Also, porosity has a 
substantial impact on the mechanical properties of 
the alloy. In this study, the HIP process effectively 
reduces porosities in the HEXed FGH4113A   
alloy. Given the well-established nature of HIP 
technology for nickel-based superalloys, few 
thermally induced pores were observed [31]. 
Moreover, HEX can further enhance the density of 
the alloy structure. 
 

 
Fig. 1 Initial microstructures of HEXed FGH4113A alloy: 
(a) EBSD map; (b, c) SEM micrographs 
 

Hot compression tests were performed on the 
HEXed FGH4113A alloy using a Gleeble−3500D 
thermomechanical simulator, with true strains of 
0.22, 0.51, and 0.92 applied. The primary objective 
of these tests was to analyze the grain evolution and 

the interaction mechanisms between γ'p phases and 
grains during hot deformation. Cylindrical samples 
measuring d8 mm × 12 mm were extracted from   
a HEXed FGH4113A billet. The hot compression 
tests utilized deformation temperatures of 1050, 
1080, 1110, and 1140 °C, along with strain rates of 
1, 0.1, 0.01, and 0.001 s−1. Tantalum foil was 
applied to both sides of specimens, along with the 
lubricant, to minimize the effects of friction on  
the material flow behavior. After preheating all 
specimens to the target deformation temperature at 
a rate of 10 °C/s, 300 s holding time was utilized  
to ensure uniform temperature distribution prior  
to loading. Following hot compression tests, 
specimens were rapidly quenched in chilled water 
to preserve the deformed microstructure, as 
depicted in Fig. 2, which outlines the experimental 
steps. 
 

 
Fig. 2 Hot compression experimental process and 
deformation conditions 
 

Deformed samples underwent axial cutting for 
microstructural analysis. Initially, the specimens 
were mechanically polished using diamond plaster 
to create a reflective surface suitable for SEM 
observation. Subsequently, electrolytic polishing 
was carried out using a solution of 30% H2O and  
70% H3PO4 at room temperature for 10−30 s. The 
specimen thickness was reduced to 60−100 μm 
through mechanical grinding to facilitate the 
examinations by EBSD, transmission electron 
microscopy (TEM, Titan G2 60-300), and X-ray 
energy dispersive spectrometer (EDS) examination. 
Standard discs with a diameter of 3 mm were 
punched out from the specimens, followed by a 
double spray electrolysis process using a solution of 
10 mL HClO4 and 90 mL CH3CH2OH. Electrolysis 
was conducted within a temperature range from −30 
to −20 °C at a constant voltage of 20 V. EBSD 
analysis utilized a scan area of 80 μm × 80 μm with 
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a step size of 0.2 μm and a accelerating voltage of 
25 kV. In this study, data related to grain structure 
were processed using HKL Channel 5 software. 
Data concerning γ'p phases were obtained through 
Image Pro Plus software. Velox software and Gatan 
Digital Micrograph 3.9 were employed for 
processing TEM and EDS observations. 
 
3 Results and discussion 
 
3.1 Effects of deformation parameters on grain 

structure 
3.1.1 Impact of strain rate 

Figures 3(a−c) show the distribution of grain- 
orientation spread (GOS) in the HEXed FGH4113A 
alloy following hot deformation at 1110 °C with 
various strain rates, reaching a maximum strain of 
0.92. Thick black lines represent grain boundaries, 
thin black lines denote subgrain boundaries, and red 
lines signify Σ3 twin boundaries. Previous studies 
have shown that the twin boundaries in 
nickel-based superalloys primarily consist of Σ3 
twin boundaries [19,32]. This study aims to 
investigate the twinning behavior of the HEXed 
FGH4113A alloy through analyzing Σ3 twin 

boundaries. The GOS distribution figures quantify 
the average deviation of individual pixel 
orientations within a grain from the average grain 
orientation, thereby offering insights into residual 
dislocation density within each grain. Grains 
exhibiting a GOS greater than 3 are classified as 
deformed grains [17]. The microstructure reveals 
that a small number of deformed grains coexist with 
a predominant quantity of DRX grains [33,34]. 
Certain DRX grains exhibit relatively high 
dislocation densities (2<GOS<3), formed early   
in the deformation process, and subsequently, 
dislocations (Fig. 3(d)) present grain distribution 
data acquired through HKL Channel 5 software. 
Xdrx represents the DRX volume fraction and Davg 
denotes the average grain size. Furthermore, during 
grain growth, grain boundaries attempt to move 
away from the γ'p phases, necessitating the 
formation of new boundaries at the original sites of 
γ'p phases. To reduce the increase in grain boundary 
area and interfacial energy, the γ'p phases located at 
the grain boundaries exert forces that inhibit both 
migration and grain growth. This phenomenon is 
known as the pinning effect of the γ'p phases on the 
grain boundaries [35,36]. Dlim signifies the limiting 

 

 
Fig. 3 GOS maps of HEXed FGH4113A alloy deformed at T=1110 °C, ε=0.92 and different strain rates of 0.1 s−1 (a), 
0.01 s−1 (b) and 0.001 s−1 (c); Grain size and volume fraction of DRX (d); Σ3 boundary fraction (e) 
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grain size, representing the maximum size a single 
grain can achieve due to the pinning effect. It 
excludes the influence of dynamic recrystallization 
(DRX) grains that have not yet been formed or 
interacted with the γ'p phases, thereby illustrating 
the strength of pinning effect [22,29,30]. 

As the strain rate decreases, the DRX volume 
fraction gradually increases and reaches saturation. 
This is attributed to lower strain rates, which extend 
deformation time, allowing the alloy to absorb more 
heat energy and promoting DRX growth. DRX 
growth gradually envelops the deformed grains, 
leading to an increase in Dave. Moreover, Dlim 

increases with decreasing strain rate, corresponding 
to enhanced energy absorption and grain growth. 
However, if γ'p phases at low strain rates exert the 
same pinning effect as observed at high strain rates, 
it would not be feasible to increase the grain growth 
limit. It is suggested that the pinning effect weakens 
with decreasing strain rate. The driving force for 
grain growth arises from the reduction in local 
strain energy, prompting grain boundaries to 
migrate from regions of dislocation density to 
others [37,38]. Consequently, the observed 
increases in Davg and Dlim are attributed to the 
growth of DRX grains, while the size of deformed 
grains decreases. Figure 4 presents SEM 

micrographs and data statistics of the same alloy 
deformed under the conditions in Fig. 3, revealing  
a significant distribution of γ'p phases along   
grain boundaries (GBs). 

p'γf  and 
p'γd  represent 

the volume fraction and average size of γ'p phases, 
respectively. As the strain rate decreases, 

p'γf  
gradually decreases. Lower strain rates result in 
increased heat energy and longer dissolution time, 
which facilitate element diffusion and enhance   
the dissolution of γ'p phases. Conversely, 

p'γd  
increases gradually with decreasing strain rate, 
although it remains lower than that observed in the 
HEXed condition. Higher strain rates promote the 
refinement of γ'p phases through splitting. At 
elevated strain rates, dislocations lack sufficient 
time to be consumed. Instead, they accumulate 
around the γ'p phase, causing stress concentration, 
which contributes to the splitting and refinement of 
the γ'p phase [39,40]. Conversely, lower strain rates 
lead to a smaller 

p'γf  and a larger 
p'γd , indicating 

that fewer γ'p phases per unit volume produce a 
pinning effect, which implies a weaker pinning 
effect consistent with earlier analyses regarding 
Dlim. 

Significant twinning phenomena are observed 
in Figs. 3(a−c). Figure 3(e) depicts the proportion 
of Σ3 twin boundaries relative to the total grain 

 

 
Fig. 4 SEM micrographs of HEXed FGH4113A alloy deformed at T=1110 °C, ε=0.92 and different strain rates of  
0.1 s−1 (a), 0.01 s−1 (b) and 0.001 s−1 (c); Average grain size and volume fraction of γ'p phase (d) 
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boundaries at different strain rates, showing an 
increase in this proportion as the strain rate 
decreases. A decrease in strain rate reduces the 
pinning effect of the γ'p phase on the DRX grain 
boundaries, providing sufficient time and additional 
energy for their migration. Additionally, twinning 
primarily occurs as a byproduct of DRX grain 
boundary migration during hot deformation [19,41]. 
Stacking fault in atomic layers may inadvertently 
occur during grain boundary migration. If the 
atomic layers stack in an opposite order along   
the stacking fault, the stacking fault evolves into a 
twin. An increased frequency of grain boundary 
migration correlates with a greater likelihood of 
atomic layer stacking faults. Consequently, lower 
strain rates promote DRX growth and grain 
boundary migration, thereby increasing the 
likelihood of twinning. Furthermore, twinning 
occurs in some deformed grains or DRX grains 
characterized by high dislocation density, with 
significant notable variations in dislocation density 
observed on each side of the twin boundary. This 
indicates that such twinning occurs within grains 
with a high accumulation of dislocations, leading  
to a significant drop in dislocation density in 
post-twinning. The reduction in dislocation density, 

which lowers local strain energy, initiates this type 
of twinning. Therefore, during hot deformation of 
the HEXed FGH4113A alloy, apart from DRX 
growth incidents, a twinning mechanism operates to 
minimize local strain energy. 
3.1.2 Impact of deformation temperature 

Figure 5 illustrates the GOS maps and 
statistical data on the grain distribution of the 
HEXed FGH4113A alloy, subjected to hot 
deformation at a strain rate of 0.01 s⁻¹ and various 
temperatures, reaching a strain of 0.92. As the 
deformation temperature increases, both Xdrx and 
Davg increase gradually. Higher temperature 
contributes additional heat energy to the alloy, 
promoting DRX nucleation and the migration of 
DRX grain boundaries. This phenomenon envelops 
deformed grains, leading to an increase in Xdrx and 
subsequently an increase in Davg. Figure 6 shows 
SEM micrographs and relevant data under same 
deformation conditions as those in Fig. 5 (SEM 
micrograph at 1110 °C and 0.01 s−1 is depicted    
in Fig. 4(b)). With increasing the deformation 
temperature, the 

p'γf  decreases gradually. This 
decrease is attributed to the higher temperature 
providing increased heat energy, which enhances 
the atomic diffusion rates and results in a greater  

 

 
Fig. 5 GOS maps of HEXed FGH4113A alloy deformed at ε =0.01 s−1, ε=0.92 and different temperatures of   
1050 °C (a), 1080 °C (b), and 1140 °C (c); Drain size and volume fraction of DRX (d); Σ3 boundary fraction (e) 
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Fig. 6 SEM micrographs of HEXed FGH4113A alloy deformed at ε =0.01 s−1, ε=0.92 and different temperatures of 
1050 °C (a), 1080 °C (b), and 1140 °C (c); Average grain size and volume fraction of γ'p phase (d) 
 
dissolution of γ'p phases during the same 
deformation period. Consequently, the value of 

p'γd  decreases gradually with increasing 
temperature. Although both 

p'γf  and 
p'γd  

decrease simultaneously, an increase in Dlim with 
temperature remains evident in Fig. 5(d). This 
indicates that as temperature rises, the pinning 
effect of γ'p phase on grains continues to weaken. 
Thus, 

p'γf  plays a critical role in determining the 
strength of the pinning effect during the hot 
deformation of the HEXed FGH4113A alloy. 
Furthermore, while the values of Davg and Dlim 
increase consistently with temperature, their rate of 
increase at 1050−1110 °C remains relatively steady 
before rising significantly at 1140 °C. Thus, it is 
suggested that although the pinning effect of the γ'p 
phase diminishes as temperature increases, it 
remains significant within the temperature range of 
1050−1110 °C. At 1140 °C, although the γ'p phase 
presents in the alloy and hinders the migration of 
certain grain boundaries, its overall pinning effect 
becomes ineffective at a macroscopic level. 

Figure 5(e) illustrates how the Σ3 twin 
boundary proportion changes in relation to total 
grain boundary count at various deformation 
temperatures. The proportion of Σ3 twin boundaries 

increases initially, followed by a decline with 
increasing deformation temperature. At the 
temperatures between 1050 and 1110 °C, elevated 
temperatures promote DRX and lead to a higher 
occurrence of twinning. However, at 1140 °C, a 
notable decrease in the proportion of Σ3 twin 
boundaries occurs. This reduction is attributed to 
the inhibition of grain growth and dislocation 
consumption caused by the pinning effect of the  
γ'p phase in the lower temperature range of 
1050−1110 °C. Under these conditions, grains 
necessitate twinning to alleviate local strain energy. 
Conversely, at 1140 °C, the alloy’s pinning effect 
diminishes, allowing for unrestricted grain growth. 
Dislocations can now be consumed by DRX grain 
boundary migration, negating the necessity for 
twinning to reduce local strain energy. As twinning 
is governed by the pinning effect, it is termed 
“pinning twinning”. Consequently, the substantial 
reduction in pinning twinning at 1140 °C, relative 
to other temperatures, leads to a decrease in the 
proportion of Σ3 twin boundaries. 
 
3.2 γ'p phase characteristics 

Figure 7 depicts the morphology and elemental 
composition of the γ'p phases. Figure 7(a) illustrates 
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Fig. 7 TEM mapping of γ'p phase: (a) TEM morphology; (b) TEM-HAADF image 
 
the TEM morphology of the γ'p phases, highlighting 
their predominant distribution along the grain 
boundaries. Figure 7(b) shows the TEM-HAADF 
(high-angle annular dark field) image, revealing 
that the γ'p phases have higher contrast compared  
to γ grains. Ni, as the main constituent of the 
FGH4113A alloy, is distributed in both γ grains  
and γ'p phases, showing significant enrichment    
in the latter. The principal constituents of the γ'p 
phases are Ni3(Al,Ti), which are characterized by 
substantial enrichment of Al and Ti. Cr, the primary 
inhibitory element precipitating in the γ'p phases, 
accumulates in the γ grains but is absent from the γ'p 
phases [42,43]. Moreover, Co, Ta, Mo, and W are 
enriched compared to other elements, such as Cr, 
Nb and Hf, in the γ'p phase. At elevated 
temperatures, Co preferentially substitutes Ni to 
form (Ni,Co)3(Al,Ti), while elements such as Ta, 
Mo, and W typically occupy the Al atomic sites 
[44]. Research indicates that the addition of Co, Ta, 
Mo, and W modifies the lattice parameter of the γ'p 
phase, thereby enhancing its shear modulus [44]. 
An increase in shear modulus increases the energy 
required for the grain boundary to traverse the γ'p 
phase, thereby strengthening the pinning effect 
within the alloy [45]. 
 
3.3 Pinning twinning mechanism 

Figure 8 shows TEM images of the HEXed 
FGH4113A alloy, which was deformed at 1080 °C 

and 0.01 s−1, reaching a strain of 0.92. In Fig. 8(a), 
numerous γ'p phases are dispersed around grains, 
and there are plentiful dislocations and twinning 
within the grains. Figure 8(c) presents the TEM- 
HAADF image of the same region, providing a 
clearer view of γ'p phases surrounding the grains. 
The γ'p phases are aligned along grain boundaries  
in multiple orientations. Figure 8(b) depicts TEM 
morphology from a different orientation, compared 
to Fig. 8(a), which emphasizes the interactions 
between grain boundaries and dislocations. The 
dislocations are present within the grains, leading to 
high local strain energy. To alleviate local strain 
energy in grains, grain boundaries migrate along the 
yellow arrows and absorb dislocations in grains. 
Numerous bulges (indicated by red arrows) develop 
on the grain boundaries, indicating a propensity for 
migration. However, the presence of γ'p phases at 
the grain boundaries generates a pinning effect, 
which hinders migration of grain boundaries 
towards regions of high dislocation density, thereby 
preventing dislocation consumption. This process 
preserves the overall straightness of the grain 
boundaries but introduces serrated features,  
clearly demonstrating the pinning effect [21,46,47]. 
Consequently, grains can only alleviate local strain 
energy through twinning. 

Figure 8(d) displays the high-resolution 
transmission electron microscopy (HRTEM) image 
along with its fast Fourier transform (FFT) graph, 



Jun-cheng ZHU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2288−2303 2296 

 

 

Fig. 8 TEM images of HEXed FGH4113A alloy deformed at 1080 °C and 0.01 s−1 (ε=0.92): (a, b) TEM morphology;  
(c) TEM- HAADF image; (d) HRTEM image of twin boundary; (e, f) Inverse FFT graphs of (200) 
 
revealing a twin boundary in the area shown in 
Fig. 8(a), characterized by distinct twinning 
relationships. Figures 8(e, f) display the inverse 
FFT graphs of face-centered cubic (FCC) (200) 
lattice planes on both sides of twin boundary, 
highlighting a significant accumulation of 
incompletely consumed dislocations near the 
boundary. The left side of the twin boundary 
exhibits a considerably lower dislocation density 
compared to the right side, indicating that the grain 
on the left side reduces local strain energy by 
consuming dislocations through twinning. Twinning 
facilitates dislocation consumption via two 
mechanisms: first, by absorbing dislocations within 
the grain during the formation of twin boundaries; 
second, by altering the grain’s orientation, which 
liberates the newly formed grain boundaries from 
the pinning effect, allowing for continued 
migration. 

Pinning twinning primarily occurs when 
dislocations cannot be consumed through DRX 
grain growth, attributed to a pinning effect on 
grains. A previous study [31] demonstrated that, at 
high temperatures and low strain rates, DRX grain 

growth is the primary mechanism for dislocation 
consumption in the FGH4113A alloy. Conversely, 
at low temperatures and high strain rates, 
dislocations are predominantly eliminated through 
DRX nucleation. The presence of γ'p phases neither 
inhibits nor hinders this process; rather, it actively 
facilitates it. As a result, the likelihood of pinning 
twinning occurring similarly to DRX grain growth 
events increases with increasing temperature and 
decreasing strain rate. However, when the 
temperature increases or strain rate decreases 
beyond a specific threshold, the extensive 
dissolution of γ'p phases leads to the loss of their 
pinning effect, significantly reducing the likelihood 
of pinning twinning. This aligns with the findings in 
Sections 3.1. 
 
3.4 Criterion of pinning effect 

The aforementioned research demonstrates that 
the pinning effect can significantly limit grain 
growth and facilitate twinning, thereby profoundly 
affecting the microstructure of FGH4113A alloy.  
In Section 3.1.2, it is revealed that, at higher 
temperatures, even if the γ'p phase remains partially 



Jun-cheng ZHU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2288−2303 

 

2297 

undissolved, the pinning effect does not impact the 
entire alloy significantly. Hence, determining the 
effective range of the pinning effect in the alloy is 
essential for controlling the microstructure of    
the FGH4113A alloy. Since 

p'γf  is crucial for 
assessing the efficacy of the pinning effect and 
represents a broader characteristic compared to 

p'
,γd
 
it provides a better depiction of overall state 

of γ'p phase in the alloy, thereby enhancing 
manageability during hot forming. Accordingly, this 
study uses 

p'γf  as the criterion for assessing the 
pinning effect in the alloy. 

Previous research has shown that a critical 
grain size exists in alloy growth due to the pinning 
effect of second phase particles, which is related  
to the properties of the particles [22]. This     
study further explores and demonstrates this 
relationship:  

p

p

'
lim

'

γ
n

γ

d
D α

f
=                             (1) 

 
where α and n are material constants. 

Equation (1) can be expressed as  

p

p

lim
'
n

γ
γ

D αf
d

−=                              (2) 

 
Equation (1) indicates that 

plim / γD d ′  is 
inversely proportional to 

p'γf  (where n is a 
positive number). Figure 9(a) illustrates the 
relationship between 

plim / γD d ′  and 
p'γf  under 

varying deformation conditions. It is evident that, at 
high values of 

p'γf , 
plim / γD d ′  shows a gradual rise 

as 
p'γf  decreases, indicating the occurrence of 

pinning effect under these deformation conditions. 
In contrast, at low values of 

p'γf , there is a notable 
increase in 

plim / γD d ′  with decreasing 
p'
,γf  

suggesting that the γ'p phase has lost its pinning 
effect. Figure 9(b) presents the data from Fig. 9(a) 
on a logarithmic scale, offering a clearer distinction 
in the relationship between 

plim / γD d ′  and 
p'γf  in 

the two datasets. When the pinning effect is present, 
the corresponding values of α and n are 1.08 and 
0.736, respectively. Conversely, when the pinning 
effect diminishes, the values shift to 2.53 and 0.373, 
respectively. The intersection of the two curves 
occurs at the point of 

p'
=0.096γf , serving as the 

threshold to determine the presence of the pinning 
effect in the alloy. 

 

 
Fig. 9 Relationship between 

plim / γD d ′  and 
p'γf  

 
3.5 DRX grain size model considering pinning 

effect 
Table 1 summarizes the deformation conditions 

selected according to the criteria outlined in Section 
3.4, which exhibit a pinning effect, along with the 
corresponding Ddrx values stabilized at ε=0.92. 
These Ddrx values, influenced by DRX grain growth 
during hot deformation, increase with increasing 
temperature and decreasing strain rate. DRX grain 
growth is a thermally activated process, with higher 
temperatures supplying the necessary driving force 
for this phenomenon. Elevated temperatures also 
accelerate the migration rate of grain boundaries, 
resulting in an increased rate of DRX grain growth. 
At high strain rates, the short duration of 
deformation inhibits the growth of DRX grains. 
Generally, the relationship among DRX grain size, 
deformation temperature, and strain rate can be 
expressed as [17]  

d d
drx d= expm QD A

RT
ε  − 

 
                     (3) 
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Table 1 Ddrx values under pinning effect after 
deformation stabilization  

T/°C Ddrx/μm 

1 s−1 0.1 s−1 0.01 s−1 0.001 s−1 

1050 0.92 1.11 2.01 2.56 

1080  1.18 1.39 2.39 3.82 

1110  2.04 2.12 3.37 4.08 

 
where Ddrx is DRX grain size, T is deformation 
temperature, R is molar gas constant, and Ad, md, 
and Qd are material parameters. Taking the 
logarithm of Eq. (3) gives  

d
drx d dln ln ln QD A m

RT
ε= + −                (4) 

 
Figure 10 illustrates the relationship between 

ln Ddrx and lnε  under these deformation 
conditions, as well as between ln Ddrx and 1/T. The 
values of Ad, md and Qd were determined using the 
nonlinear least squares method. Therefore, the DRX 
grain size model of the HEXed FGH4113A alloy 
during hot deformation under the pinning effect can 
be established as  

5
6 0.149

drx
1.54 10=1.09 10 expD

RT
ε −  ×

× − 
 

  

( )p'
0.096γf ≥                         (5) 

 
Figure 11 presents a comparison between the 

calculated and experimental DRX grain sizes. To 
evaluate the predictive capability of the model, the 
correlation coefficient (R) and average absolute 
relative error (AARE) are computed, i.e., 
 

( )( )

( ) ( )
1

2 2

1

=

N

i i
i
N

i i
i

E E P P
R

E E P P

=

=

− −

− −

∑

∑
                (6) 

 

1

1AARE= 100%
N

i i

i i

E P
N E=

−
×∑             ( 7) 

 
where Ei denotes the experimental value, while Pi 
denotes the corresponding calculated value. E  
and P  indicate the mean values of Ei and Pi, 
respectively, while N stands for the total number of 
samples used for comparison. R merely indicates 
the linear relationship between Ei and Pi, whereas 
AARE provides a more direct measure of the model’s 

 

 
Fig. 10 Relationship of parameters in DRX grain size 
model of HEXed FGH4113A alloy: (a) ln Ddrx−
ln ;ε  (b) drxln 1D T−  
 

 
Fig. 11 Comparison between calculated and experimental 
Ddrx 
 
accuracy. The R is 0.9671, accompanied by an 
AARE of 9.44%. The high R values and low errors 
indicate that this model can accurately predict the 
DRX grain size of the HEXed FGH4113A alloy 
during hot deformation influenced by the pinning 
effect. 
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3.6 Average grain size model considering pinning 
effect 

Commonly, it is believed that Davg is related to 
Ddrx and Xdrx in the following formulation [48]: 
 
Davg=DdrxXdrx+D0(1−Xdrx)                   (8) 
 
where D0 represents the size of deformed grains in 
the HEXed FGH4113A alloy, calculated based on 
the initial grain size. Davg under the pinning effect is 
calculated using Eq. (8) under various deformation 
conditions. To validate the accuracy of predictive 
models, this study utilized the predicted values of 
Ddrx from Eq. (5) for prediction purposes. 

Subsequently, ten sets of calculated values that 
highlight key features were chosen from the data 
collected under various deformation conditions and 
compared with experimental values, as illustrated in 
Fig. 12. The corresponding deformation conditions 
for each set are listed in Table 2. 
 

 
Fig. 12 Comparisons between calculated and 
experimental Davg under different deformation conditions 
 
Table 2 Corresponding deformation conditions 

Number Deformation 
temperature/°C Strain rate/s−1 Strain 

1 1080 0.1 0.22 

2 1080 0.1 0.51 

3 1050 1 0.92 

4 1080 1 0.92 

5 1050 0.1 0.92 

6 1080 0.1 0.92 

7 1050 0.01 0.92 

8 1110 0.1 0.92 

9 1080 0.01 0.92 

10 1110 0.01 0.92 

Notably, a significant discrepancy between 
calculated and experimental values is observed 
under deformation conditions of Nos. 3−6, 
indicating inaccuracies in the predictions derived 
from Eq. (8). This discrepancy is attributed to the 
phenomenon where deformed grains are either 
engulfed or fractured by DRX due to nucleation and 
growth processes, leading to a decrease in deformed 
grain size (D0). When the size of deformed grains is 
considerably larger than that of DRX grain (i.e., 
D0>>Ddrx), the decrease in D0 can be neglected in 
the calculations involving Eq. (8). However, the 
fine grain structure and the pinning effect prevented 
excessive growth of both deformed grains and DRX 
grains during hot deformation. As a result, their 
sizes remained similar, which made the significant 
reduction in D0. Therefore, directly utilizing Eq. (8) 
to calculate Davg resulted in considerable errors. 
Under deformation condition of No.1, where Xdrx is 
low, indicating a reduced extent of DRX, there was 
less engulfment and fewer breaks in deformed 
grains, resulting in smaller errors from the reduced 
D0. In contrast, under deformation conditions of 
Nos. 7−10, higher Xdrx values reduce the 
contribution of D0(1−Xdrx) in Eq. (8), thereby 
minimizing the impact of D0 reduction on the 
calculated outcomes. 

In this study, experimental data are utilized to 
determine the specific variables na and Ddrx. na is 
not constant. It decreases as the extent of reduction 
in D0 increases. In Fig. 12, Xdrx values under 
deformation conditions of Nos. 3 and 4 are similar. 
However, based on Eq. (10), the calculated na are 
−0.0476 and 0.219, respectively. This discrepancy 
arises because the reduction in D0 does not correlate 
linearly with the increase in Xdrx. A increased 
number of DRX nucleation sites results in a more 
pronounced decrease in D0. 

In order to reduce the calculation error and 
reflect the reduction in D0, an exponential factor, na, 
is proposed, i.e., 
 

( )a
avg drx drx 0 drx1nD D X D X= + −              (9) 

 

0

avg drx drx
a

drx
log

1D
D D X

n
X

− 
=  − 

               (10) 

 
Figure 13 illustrates the engulfment/breakage 

processes of the deformed grains at various DRX 
nucleation levels. At low levels of DRX nucleation, 
DRX can only enclose deformed grains by growing 
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Fig. 13 Engulfment/breakage mechanisms of deformed 
grains at different DRX nucleation levels 
 
around them, causing a minor reduction in D0 and 
an increase in na. Conversely, higher levels of DRX 
nucleation enhance the likelihood of DRX 
formation at new DRX/deformed grain boundaries. 
As DRX pervades the entire deformed grain, it 
directly divides the grain, leading to a substantial 
decrease in D0 and a reduction in na. Both Xdrx and 
Ddrx were analyzed using statistical methods on 2D 
images processed with HKL Channel 5 software. 
The density of DRX nucleation per unit area is 
directly proportional to 2

drx drx/X D , implying that na 
is inversely related to 2

drx drx/X D . Theoretically, 
DRX exclusively induces a decrease in D0, and thus 
na≤1. Figure 14 illustrates the correlation between 
the experimental na and 2

drx drx/X D , indicating that 
the curve can be well-fitted with a high R2 value 
when it has an intercept of 1. The subsequent 
equation is derived through fitting:  

drx
a 2

drx

1.46 1.00Xn
D

= − +                     (11) 
 

Hence, the expression for Davg can be 
expressed as  

( )
( )

a

p

avg drx drx 0 drx

'drx
a 2

drx

1
0.096

1.46 1.00

n

γ

D D X D X
fXn

D

 = + −
 ≥ = − +


  

                                (12) 
Figure 15 presents a comparison between the 

calculated and experimental Davg, showing R value 
of 0.9629 and AARE of 8.62%. The high R values 

and small error demonstrate that this model can 
accurately predict the average grain size of the 
HEXed FGH4113A alloy during hot deformation 
influenced by pinning effect. 
 

 
Fig. 14 Relationship between experimental na and 

2
drx drx/X D  

 

 
Fig. 15 Comparison between calculated and 
experimental Davg 
 
4 Conclusions 
 

(1) The pinning effect of γ'p phase significantly 
impacts the grain structure of the HEXed 
FGH4113A alloy. With increasing temperature and 
decreasing strain rate, the γ'p phase dissolves, 
thereby weakening the pinning effect and 
promoting grain growth. 

(2) A twinning mechanism termed “pinning 
twinning” is observed in deformed grains and DRX 
grains with high dislocation density influenced by 
the pinning effect. In scenarios where dislocations 
are predominantly consumed by DRX grain growth, 
the pinning effect hinders dislocation consumption 
through grain boundary migration. Consequently, 
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grains consume dislocations through twinning, 
breaking away from the pinning effect and 
restarting grain boundary migration. The reduction 
in local strain energy drives the occurrence of 
pinning twinning. 

(3) At higher temperatures, the pinning effect 
becomes ineffective, leading to considerable grain 
growth and diminished pinning twinning. Analysis 
of Dlim under various deformation conditions 
suggests that a volume fraction of γ'p phase below 
0.096 renders the pinning effect within the alloy 
ineffective. 

(4) Models have been developed to predict 
DRX grain size and average grain size considering 
the pinning effect. In the model for predicting Davg, 
the parameter (na) is incorporated to quantify the 
reduction in deformed grain size, thereby improving 
the model’s accuracy. Both models effectively 
forecast DRX grain size and average grain size 
under varying deformation conditions. 
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摘  要：通过热压缩实验探讨了不同应变速率和变形温度对 FGH4113A 合金显微组织演变的影响。在热压缩

变形过程中，动态再结晶和孪生是晶粒组织演变的主要方式，一次 γ′相(γ'p 相)的钉扎作用则是细化晶粒的主要

手段。降低应变速率或升高变形温度会促进动态再结晶和孪生的发生，以及 γ'p 相的溶解。当变形温度为 1140 ℃

时，γ'p相的大量溶解及钉扎作用失效导致孪生减弱。发现了一种仅在钉扎作用下出现的孪生机制，即“钉扎孪生”。

当位错由于 γ'p 相对晶界的钉扎作用无法通过晶界迁移消耗时，晶粒优先通过孪生来消除位错，以降低局部应变能。

建立了考虑钉扎作用的晶粒尺寸预测模型。 

关键词：镍基高温合金；热变形；动态再结晶；孪生；γ'相；钉扎作用 
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