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Highlights 

1) Grain overgrowth during annealing after deformation is a case of critical 

recrystallization involving a limited number of nuclei. 

 

2) The difference in stored energy between the overgrown grains and the matrix is the 

key microstructural driving force. 

 

3) The self-impingement of the overgrown grains is the main size-limiting 

phenomenon, before Zener-pinning by second-phase particles. 

 

4) The relative magnitudes of the driving forces at the deformed state enable to 

predict the occurrence of this phenomenon. 

 

Abstract 

The present article focuses on establishing the nature of excessive grain growth in a new γ-γ’ 

superalloy, by investigating the underlying driving forces. Excessive grain growth upon annealing 

after deformation is a common phenomenon among Nickel-based superalloys. It shares common 

features with abnormal grain growth, but is fundamentally different, since not driven by capillarity 

forces. It consists in the selective and exaggerated growth of some grains, leading to the formation of 

heterogeneous microstructures and dramatically decreased mechanical properties. The present 

study demonstrates that the stored energy in the deformed matrix is the key driving force for 

exaggerated grain growth. The self-impingement of those grains is the main phenomenon limiting 

their growth, as Zener pinning by second-phase particles plays a minor role in the process. The 

absence of stored energy in the overgrown grains, the kinetics of their development and the 
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existence of an incubation time before their appearance in the microstructures lead to the 

conclusion that excessive grain growth is a case of ‘critical’ static recrystallization, involving a limited 

amount of nuclei. By evaluating the magnitude of the driving forces in presence before annealing, 

the microstructure evolutions during further annealing can be predicted, independently from the 

processing conditions. 

1. Introduction 

Polycrystalline Nickel-based superalloys are used as structural materials for high-temperature 

applications under extreme mechanical solicitations. Controlling their microstructure is of prime 

interest for guarantying their high mechanical properties. For rotating parts such as turbine disks, a 

fine and homogeneous grain size distribution is required, in order to guarantee their good fatigue 

resistance [1–3]. Nickel-based superalloys are usually forged at high temperature; their 

microstructure evolves during forging operations, depending on the thermomechanical conditions 

[4–7]. In such alloys, the γ’ phase is present under the form of precipitates of various sizes. Primary 

ones are spherical and multi-micrometric. They are formed at the early stages of processing of the 

alloy and aim at pinning the grain boundaries during forging operations, enabling to control the grain 

size. Intragranular hardening precipitates are smaller and usually coherent with their hosting grain. 

Forging operations are typically performed at temperatures at which the pinning particles are 

present in the microstructure but the hardening ones are dissolved. This allows for a decreased flow 

stress while maintaining a small grain size. Intragranular precipitates then form again during cooling 

after deformation, with a distribution that mainly depends on the cooling rate from high 

temperature. Optimizing their distribution enables to adjust the mechanical properties and is thus 

the purpose of dedicated solution and ageing treatments [8,9]. Before such precipitation treatment, 

a solution treatment is performed, at a temperature below the γ’ solvus at which all hardening 

precipitates are dissolved into the matrix while primary ones remain. The temperature of this 

treatment –Tsol– is adjusted regarding to the solvus temperature and depends on the alloy itself. 

However, some unwanted exaggerated grain growth may occur during this solution treatment, as 

already reported in various Nickel-based superalloys [10–18]. This selective growth of some grains 

leads to heterogeneous microstructures, consisting of fine grains and overgrown grains which size 

can be up to 10 times greater than the average. Such microstructures do not match the requirements 

[1,19,20] on mechanical properties and have to be avoided. This phenomenon has been reported 

under different terminologies as “Abnormal Grain Growth” (AGG), “Critical Grain Growth” (CGG) 

[18], “Inhomogeneous Grain Growth” (IGG) [21] in the literature. Numerous studies have been 

carried on, aiming at determining the influence of the deformation and/or treatment conditions in a 

given alloy. However, only few of them focus on the metallurgical mechanisms of grain overgrowth 

and the underlying driving forces. This paper aims at clarifying the metallurgical phenomena 

involved, based on quantitative estimations of the forces acting in the microstructures, 

independently from the processing conditions. 

2. Literature background: Excessive grain growth phenomena in Nickel-based superalloys 

Excessive grain growth has already been reported in many Nickel-based superalloys, having 

undergone an annealing treatment after deformation. This phenomenon basically takes place at low 

strain levels (𝜀~0.1). The typical average grain size profile along a strain gradient involves a 

stationary size at very low strain levels, then a peak at a critical strain 𝜀𝑐, followed by a decrease until 
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the average grain size reaches a steady-state value. Dahlen [15] reports that the peak corresponds to 

a bimodal grain size distribution composed by a matrix of very fine grains and few grains of a much 

larger size, of lower dislocation density. This profile was observed in many γ-γ’ alloys, either cast like 

Waspaloy, Inconel-550, Nimonic 80A [10] or powder metallurgy (PM) alloys: N18 [11], René 95 [12], 

René 88 DT [13,14], Astroloy [15]. Similar behavior has also been reported in the γ-γ”-δ alloy Inconel 

718 [17,22–24]. The exact strain range at which the overgrown grains appear depends on the alloy 

itself, as well as on the deformation path and annealing conditions. But in any case, the 

microstructures retrieve a relatively fine monomodal grain size distribution at higher strains.  

In an aim to prevent this phenomenon, the critical forging conditions could simply be avoided 

[14,25]. Following this idea, many studies have aiming at determining the critical forging window of a 

given alloy and a given solution treatment. This case-by-case approach has to be repeated after each 

modification of any of the forging parameters and annealing conditions. However, most industrial 

processes generate some strain gradients within the pieces, in which the critical strain levels cannot 

be avoided. In this context, understanding the microstructural mechanisms and driving forces leading 

to the overgrowth of some grains is the key for preventing it. Three main hypotheses have been 

proposed in the literature: 

1. A favored crystallographic orientation: in highly textured materials -in which most 

boundaries are Low Angle Grain Boundaries (LAGBs) - a boundary separating one of those 

grains from another grain of different orientation will have an associated mobility 

intrinsically higher than a LAGB. [26] 

2. A low Zener pinning pressure: a Zener pressure that is globally or locally too low (low particle 

volume fraction for a high particle radius, or areas locally depleted of particles) can enable 

the growth of selected grains. [27,28] 

3. A favorable distribution of stored energy (SE): during deformation, energy is stored in the 

microstructure as dislocations and provides the driving force for the nucleation and the 

growth of recrystallized grains during subsequent annealing. In dynamically recrystallized and 

weakly deformed materials, the distribution of the SE is heterogeneous. If the SE in the 

deformed grains is high enough, the grains of lowest stored energy can grow by consuming 

those of higher SE. The grains with low SE are either already present in the deformed 

microstructure or are either recrystallization nuclei that form during the thermal treatment. 

[23] 

The forged Nickel based superalloys are generally weakly or even not textured [25]. Hypothesis 1 

thus does not sound relevant. By looking into more details, several cases can be identified depending 

on the deformation temperature (room temperature or high temperature) and on the solution 

temperature (sub-solvus or super-solvus), in which hypotheses 2 and 3 may play a major role. 

In the case of room temperature deformation followed by a supersolvus annealing, the proposed 

hypothesis is that of critical static recrystallization [13,29]. Below the critical strain 𝜀𝑐, the amount of 

SE present in the microstructure is too low to lead to any nucleation event ; only recovery can 

actually occur, preserving the original grain size distribution. During recrystallization under those 

critical conditions, the size of recrystallized grains is limited by the density of recrystallized grains 

density (number of such grains per unit volume) [14]. Within the critical strain range, the SE 

distribution only enables the nucleation of a limited number of nuclei. By calculating the SE 
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distribution in the deformed microstructures, between neighboring grains, Miller et al. [13] have 

highlighted that Strain Induced Boundary Migration (SIBM) is likely to occur in a restricted number of 

areas in the microstructure. SIBM can lead to nucleation of a new grain by a bulging process along a 

former grain boundary. Once formed, those nuclei are in a favorable environment to grow by 

consuming the SE of the deformed grains. Grain boundary motion is hindered - or significantly 

slowed down - when the overall stored energy has been consumed and capillarity remains the only 

driving force acting on grain boundaries. In other words, the growth of such grains slows down when 

they meet each other. In such context, a limited number of nuclei will lead to a large abnormal grain 

size upon annealing. With increasing strain above the critical value, the nucleation density increases, 

leading to a decrease in the final recrystallized grain size. This evolution is consistent with the typical 

behavior reported in the literature. The involved mechanism of grain boundary motion driven by SE 

consumption meets hypothesis 3 listed above. 

If the thermal treatment after cold deformation is performed at a sub-solvus temperature, second 

phase particles should prevent exaggerated grain growth [12,14,24]. Dahlen et al. [15] have 

nevertheless observed this phenomenon in Astroloy, in the two-phase domain. They have concluded 

that the development of overgrown grains results from the contribution of two combined factors: a 

SE level and distribution that enables the nucleation of a limited number of nuclei, associated with a 

Zener pinning pressure that is low enough so that the motion of the recrystallization front is not 

hindered. In this case, the main reason why few grains overgrow is still related to hypothesis 3, and 

not to hypothesis 2 even though second phase particles are present. 

In case of hot deformation, the critical strain range varies depending on the deformation conditions: 

temperature (T) and strain rate (𝜀̇) [11,18,30]. During and after high temperature deformation, 

dynamic and post-dynamic recrystallization both take place in the microstructure. According to 

Blankenship et al. [14], the tendencies established for the case of room temperature deformation 

may be extrapolated, by taking into account dynamic phenomena. Most studies focus on the 

variation of the critical strain range, but the mechanisms of their formation and the driving forces 

triggering this phenomenon remain unclear [18]. Agnoli et al. [23] have proposed a grain to grain 

heterogeneous distribution of the SE in the deformed state, as the metallurgical origin of grain 

overgrowth, despite the presence of second phase particles. The grains that grow during the solution 

treatment are those of lowest SE. The question of their nucleation or not during treatment has not 

been solved yet. 

Considering the literature background on the topic, it thus turns out that, among the three above-

mentioned, hypothesis 3 seems to be the most relevant. In this context, the aims of the present 

article are: 

 To identify the characteristics of such grains and the conditions of their formation 

 To highlight and discuss the metallurgical parameters triggering excessive grain growth, 

independently from the deformation conditions, by a means of a quantitative analysis of the 

driving and pinning forces in presence, with a special emphasis on stored energy 
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3. Experimental methods 

3.1. Material and thermomechanical path 

The material selected for this study is the René 65 superalloy. Its chemical composition in weight 

percent is 13 Cr – 16 Co – 3.7 Ti – 2.1 Al – 4 Mo – 4 W – 1 Fe – 0.7 Nb – 0.05 Zr – 0.016 B – bal Ni [31]. 

It is composed by a gamma matrix, which is a Nickel solid solution, mostly strengthened by 

Chromium, Cobalt and Molybdenum elements. The gamma prime phase is a L12 ordered Ni3(Al, Ti), 

that has the shape of precipitates. The larger precipitates, which diameter vary from 1 to 5 

micrometers, aim at pinning grain boundaries. Intragranular precipitates may also be present in the 

microstructures, but are typically dissolved back in solid-solution at forging temperatures. The 

samples considered in this paper have undergone: 

i. Deformation at high temperature (either torsion or compression) in the sub-solvus domain, 

at temperatures from 900°C to 1090°C and strain rates from 0.001 𝑠−1 to 0.1 𝑠−1. Either air 

cooling or water quenching has followed deformation. The geometry of the double-cones is 

described in [32]. 

ii. A standard solution treatment, at the standard solution temperature, which will be referred 

to as 𝑇𝑠𝑜𝑙. This temperature is below the solvus of the gamma prime phase, which is 1111°C 

[33]. The duration of the treatment is varied from 10 to 60 minutes. The samples are water 

quenched following that treatment. 

Table 1 shows the chemical composition of γ and γ’ phases in a sample heat-treated at  𝑇𝑠𝑜𝑙  for one 

hour then quenched in water, measured by Energy Dispersive X-Ray Spectroscopy (EDS) in a Scanning 

Electron Microscope (SEM). 

Element 
(wt%) 

Al Co Cr Fe Mo Nb Ni Ti W 

𝛾′precipitates 4.3 7.6 3.1 0.3 0.6 1.0 70.8 10.8 1.5 

𝛾 matrix 1.8 14.3 17.9 1.0 3.7 0.8 53.7 3.3 3.5 

 

Table 1: Chemical composition of γ and γ’ phases at the solution treatment temperature (as measured by EDS on a 
sample heat-treated at 𝑻𝒔𝒐𝒍 then quenched in water). 

 

3.2. Sample preparation and characterization 

All samples have been prepared for SEM and Electron Backscatter Diffraction (EBSD) 

characterizations. The polishing process involved the use of diamond suspensions followed by 

vibratory polishing with a 0.05 μm colloidal silica suspension. 

 Driving forces in presence in the deformed state 

The distribution of primary γ’ precipitates was assessed by image processing on backscattered 

electrons images, using the Visilog® software as described in [32]. The total volume fraction of 

particles 𝑓 and their average equivalent-circle diameter 𝑑 have been measured. Over 4,000 

precipitates were analyzed for each microstructure. The magnitude of the Zener pressure 𝑃𝑍 
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associated to those particles has been calculated using the formula (1), where 𝑓𝐺𝐵 is the fraction of 

particles located on grain boundaries,  𝑑𝐺𝐵 is their average equivalent-circle diameter and 𝛾 is the 

grain boundary energy (0.8 J/m2 for a similar Nickel based superalloy at 1000°C [34]). Since most 

precipitates are located on the grain boundaries at this state, the assumptions 𝑓 =  𝑓𝐺𝐵 and 𝑑 =

 𝑑𝐺𝐵were made. 

𝑃𝑍 =
3𝛾𝑓𝐺𝐵

𝑑𝐺𝐵
   (1) 

Assuming that all grain boundaries get pinned by the γ’ particles, one can define the Zener limited 

grain size, which is defined (originally for capillarity driven grain boundary motion) by the formula (2):  

𝐷𝑍 =
3𝑑𝐺𝐵

4𝑓𝐺𝐵
  (2) 

The deformed microstructures have been mapped by means of a coupled EDS/EBSD technique 

described in [35], using a Bruker system mounted on a Zeiss Supra 40 Field-Emission Gun microscope 

operated at 15 kV. The EDS/EBSD data has been processed with the Bruker Esprit software package 

for discriminating γ and γ' phases. The crystal orientation maps were then post-processed using the 

TSL OIM 5.0 software. A misorientation angle threshold of 15° was used for defining a grain 

boundary. Twin boundaries are defined as 60° rotations around 〈111〉 directions, with a tolerance of 

5°. Twin boundaries are considered as internal crystal defects in grain size calculations. 

The difference in stored energy 𝑃𝑆𝐸  between the deformed (def) and recrystallized (reX) grains is 

calculated using formula (3): 

𝑃𝑆𝐸 = 0.5(𝜌̅𝑡𝑜𝑡
𝑑𝑒𝑓

− 𝜌̅𝑡𝑜𝑡
𝑟𝑒𝑋)  𝐺𝑏2 (3) 

where 𝐺 is the shear modulus of the alloy (14.77 GPa) [33] and 𝑏 is the magnitude of the Bürgers 

vector (0.25 nm). The average total dislocation density of a population 𝑖, 𝜌̅𝑡𝑜𝑡
𝑖 , is the average value of 

the total dislocation density of all the grains belonging to this population (deformed or 

recrystallized). Each grain of the microstructure has a total dislocation density 𝜌𝑡𝑜𝑡 that is the sum of 

the contributions of Geometrically Necessary Dislocations (GNDs) and Statistically Stored Dislocations 

(SSDs). 

𝜌𝑡𝑜𝑡 = 𝜌𝐺𝑁𝐷𝑠 + 𝜌𝑆𝑆𝐷𝑠  (4) 

In a rough approximation, the density of GNDs can be correlated to the intragranular misorientations 

measured on EBSD maps, by using the formula (5) [36]. 

𝜌𝐺𝑁𝐷𝑠  =
𝐾

𝑏

𝜃

𝑥
 (5)  

𝑏 is the norm of the Bürgers vector. 𝜃 is the misorientation angle between two points in the grain 

and 𝑥 is the distance between those points. Instead of using individual 𝜃 values evaluated from single 

pairs of points, one can replace it by the Kernel Average Misorientation (KAM) parameter. The KAM 

value is the average value of the misorientation angles 𝜃 between a given point and all its neighbours 

located within a given distance. Using the Grain Average Misorientation (GAM) parameter instead of 

the KAM is a better choice in the present work. It enables to obtain an estimation of the GND density 

at the scale of the grain. The GAM value is the average value of the misorientation angles 𝜃 between 
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all pairs of neighbouring points in a grain. The corresponding dislocation density, 𝜌𝐺𝑁𝐷𝑠
𝐺𝐴𝑀 , can then be 

estimated in each grain by using the GAM value and 𝑥 being the measurement step size. This leads to 

formula (6): 

𝜌𝐺𝑁𝐷𝑠
𝐺𝐴𝑀 =

𝐾

𝑏

𝐺𝐴𝑀

𝑥
 (6) 

where 𝑏 is the norm of the Bürgers vector and 𝐾 is a parameter which depends on the hypothesis 

made on the dislocation structure. 𝐾 = 3 was used in the present work [37]. As a rough estimation, 

the density of GNDs can be considered as a fraction of the total dislocation density [38] : 

𝜌𝑡𝑜𝑡 = 𝑐 ∗ 𝜌𝐺𝑁𝐷𝑠 (7) 

where c is a constant value greater than 1. Its value varies from one grain to another, depending on 

the crystal orientation and the plastic strain, but is actually very difficult to be determined. Instead of 

making a poorly justified assumption on this parameter value, the choice was made to consider only 

GNDs, so the assumption 𝑐 = 1 was made. One must thus keep in mind that the evaluated stored 

energy values are very likely to be underestimated. 

In each microstructure, the distribution of the GAM values was analysed and a threshold value has 

been determined, which enables to split the grains into deformed and recrystallized populations. 

Two partitions were created using the TSL OIM software, enabling to calculate the 𝜌̅𝑡𝑜𝑡
𝑑𝑒𝑓

 and 𝜌̅𝑡𝑜𝑡
𝑟𝑒𝑋 

quantities in formula (3).The obtained values of SE are biased by the noise associated to the EBSD 

technique itself. Therefore, a normalized, unitless value has been used. This value, 𝑃𝑆𝐸
′  (8),is the ratio 

of the actual value of 𝑃𝑆𝐸  in the microstructure, divided by the maximum value of 𝑃𝑆𝐸measured 

among all the studied microstructures, 𝑃𝑆𝐸
𝑚𝑎𝑥 . It will be referred to as the normalized stored energy 

parameter in the following. 

𝑃𝑆𝐸
′ =

𝑃𝑆𝐸

𝑃𝑆𝐸
𝑚𝑎𝑥 (8) 

 

 Grain size measurements in the solution treated samples 

The equivalent circle diameter of the largest grain 𝐷𝑀𝐴𝑋 has been determined and the average 

grain size 𝐷̅ has been measured on optical micrographs using the intersection method. The grain 

boundaries of the solution treated samples have been revealed using the Kalling etchant.  
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4. Results 

 

Figure 1: Back-scattered electrons image of the microstructure deformed at 1040°C to a strain of 0.15 at a strain rate of 
0.01 s

-1
 and water quenched. a) Overview. b) Zoom onto primary γ’ precipitates with HERX grains. 

Figure 1a shows the microstructure of the sample deformed at 1040°C and 0.01 s-1. This 

microstructure mostly consists of deformed grains. Primary γ’ precipitates are located on grain 

boundaries. Few grains have recrystallized by the hetero-epitaxial (HERX) mechanism [32,39]. They 

represent 8% of the surface fraction of all matrix grains. Two typical examples are highlighted on 

Figure 1b. Conventional dynamic recrystallization has not been triggered in the present 

microstructure.  

 

4.1. Metallurgical characteristics of overgrown grains 

Figure 2 displays a set of EDS/EBSD maps acquired on the sample of Figure 1 after one hour exposure 

at 𝑇𝑠𝑜𝑙. Two overgrown grains are present in the area of interest and are numbered on the figure. 

They are about ten times larger than matrix grains. Figs. 2a and 2b reveal that such grains contain 

multiple annealing twin boundaries. Overgrown grains also contain many intragranular and 

incoherent primary γ’ precipitates. It should be noted that no difference in either shape or size 

distribution of primary γ’ precipitates was found between the zones in which excessive growth had 

occurred. This fact discards the hypothesis 2 mentioned in the literature section. It also shows that 

the Zener-pressure was not sufficient to pin the grain boundaries of those specific grains. Fig. 2c 

shows that the Grain Orientation Spread (GOS) of the overgrown grains are below 0.5°, which is 

about the angular resolution achievable by EBSD under conventional mapping settings. On the 

opposite, small grains are pinned by γ’ precipitates. Their average GOS parameter is 0.7°, which 

indicates that they contain some SE. The very low SE level of the overgrown grains suggests that they 

have developed by consuming the SE of the smaller ones. The same observation has previously been 

reported for the Inconel 718 alloy [23]. 
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Figure 2: EDS-EBSD maps of a sample deformed at 1040°C, 𝜺̇=0.01 s-1 and ε=0.15, after 30 minutes of solution treatment. 
a) Orientation map within a color code indicating which crystallographic direction is parallel to the normal to the scanned 

section; b) γ’ phase (identified by EDS) in dark and γ grains colored arbitrarily, ignoring twin boundaries; c) Grain 
Orientation Spread (GOS) map. All maps are superimposed with the Index of Quality map; grain boundaries 

(misorientation angles >15°) are represented in black and annealing twins in red. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article). 
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4.2.  Microstructure development in a strain gradient 

Figure 3 shows the microstructure development in the strain gradient of the sample deformed at 

1040°𝐶, 0.001 𝑠−1 after 0.5 hour exposure at 𝑇𝑠𝑜𝑙. The same two populations of grains can be 

identified on the sequence: fine dynamically recrystallized grains and overgrown grains. Overgrown 

grains appear progressively in the microstructure. The first initial grain is arrowed on the figure. As 

the strain increases, they become more numerous and smaller. At the strain level of 𝜀 = 0.17, they 

have fully invaded the microstructure (dashed line on Fig. 3). Starting from 𝜀 = 0.15, their grain 

boundaries are not pinned by the γ’ precipitates anymore. With increasing strain, those grains 

become more numerous and their size seems to be controlled by their number density rather than 

by the presence of primary γ’ precipitates. The relative influence of the driving and pinning forces in 

presence will be discussed in paragraph 5.2. 

 

Figure 3: Back-scattered electron image showing the microstructure development along the strain gradient of a sample 

deformed at 𝟏𝟎𝟒𝟎°𝑪 𝐚𝐧𝐝 𝟎. 𝟎𝟎𝟏 𝒔−𝟏 and solution-treated for 30 minutes at 𝑻𝑺𝒐𝒍. 

 

The same behavior has been obtained after varying the strain rate and/or the solution treatment 

duration. Figure 4 presents the evolution of the average and maximum grain size in a sample 

deformed at 1040°𝐶 and 𝜀̇ = 0.01 𝑠−1 and heat-treated for one hour at 𝑇𝑠𝑜𝑙. The 𝐷𝑀𝐴𝑋 profile 

corresponds to the trends previously reported in the literature. From 𝜀 = 0 to 𝜀𝐴 = 0.04, the 

microstructure remains fine and homogeneous, and the grains are small and deformed. At 𝜀𝐴, the 

first overgrown grain appears. As the strain increases from 𝜀𝐴 to 𝜀𝐵 = 0.12, more and more 

overgrown grains are visible, leading to an increase of the average grain size. However the size of the 

overgrown grains decreases as the strain increases. In this strain range, the grain size distribution is 

clearly bimodal. From 𝜀𝐵 to 𝜀𝐶 ≤ 0.25, the microstructure is solely composed by overgrown grains, 

which size further decreases and number density further increases. The grain size distribution 

becomes homogeneous again. At 𝜀 > 𝜀𝐶, the average grain size becomes small back again. 
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Figure 4: Evolution of the maximum and average grain sizes along the strain gradient of a sample deformed at 

𝟏𝟎𝟒𝟎°𝑪, 𝜺̇ = 𝟎. 𝟎𝟏 𝒔−𝟏 and solution-treated for one hour. Landmark 𝜺𝑨: first overgrown grain; Landmark 𝜺𝑩: 

microstructure fully replaced by overgrown grains; Landmark 𝜺𝑪: fine and homogeneous microstructure. 

 

4.3. Microstructure development as a function of time exposure at 𝑇𝑠𝑜𝑙  

The same sample presented on Figure 1 has been treated for various annealing times 𝑡 at 𝑇𝑠𝑜𝑙. The 

critical annealing strains 𝜀𝐴(𝑡) and the corresponding maximum grain diameters 𝐷𝑀𝐴𝑋
𝐴 (𝑡) have been 

measured and reported in Table 2. As a function of time, the critical strain at which the first grain 

appears decreases, and the associated maximum diameter increases. This can be interpreted in 

terms of incubation time. The overgrown grains appear after an incubation time which increases as 

strain decreases (for the present deformation conditions: 10 minutes for a strain of 0.19, 20 minutes 

for a strain of 0.17, etc.). At the critical strain 𝜀𝐴(𝑡), grain overgrowth becomes more and more 

pronounced as strain decreases.  

𝑡 (min) 0 10 20 30 40 60 

𝜀𝑐
𝑡 No AGG 0.19 0.17 0.15 0.14 0.05 

𝐷𝑀𝐴𝑋
𝑡 (µm) 

 
No AGG 40 55 70 75 170 

 

Table 2: Critical strain to onset grain overgrowth and maximum grain size at the critical strain, obtained in the sample 

deformed at 𝟏𝟎𝟒𝟎°𝑪, 𝟎. 𝟎𝟏 𝒔−𝟏, after various time exposure at 𝑻𝒔𝒐𝒍. 

 

5. Discussion 

From the results presented previously, grain overgrowth is triggered during the solution 

treatment, when the deformation is above a critical strain 𝜀𝐴. The profile of 𝐷𝑀𝐴𝑋 obtained on Fig. 4 

is consistent with those reported in previous studies on similar phenomena [13,15,18,23]. 𝜀𝐴 varies 

with the deformation conditions and the time exposure at 𝑇𝑠𝑜𝑙. The overgrown grains are free of SE 

and develop in a deformed matrix. 
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5.1. Stored energy as the key driving force for grain overgrowth 

The stored energy has been estimated from EBSD data using equations 3 to 8. Figure 5 shows the 

variation of 𝑃𝑆𝐸 as a function of strain, in a sample deformed at 1040°C and 0.01 s-1. The relation 

between 𝑃𝑆𝐸 and the strain is linear. Since recrystallization has not occurred yet in that domain, the 

results presented previously can be similarly interpreted as a function of strain or SE. In other words, 

the principle “the higher the strain, the higher the stored energy” will be assumed. 

 

Figure 5: Normalized stored energy parameter as a function of strain in the sample deformed at 1040°C and 0.01 s
-1

. 

 

Figure 6: Kinetics of development of the overgrown grains in the sample deformed at 1040°C and 0.01 s-1. a) Maximum 
grain diameter as a function of the corresponding strain. b) Grain boundary velocity as a function of strain, for different 

annealing times.   

Figure 6 has been obtained from the results presented in Table 2. Figure 6-a shows the dependence 

of the size of the largest grain on the critical strain level. The relation is quasi linear. According to 

Table 2, they are actually both proportional to the annealing time. The grain boundary velocity of the 
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overgrown grains (𝑉) can be estimated using the formula 𝑉(𝑡) = 0.5 ∗
𝐷𝑀𝐴𝑋(𝑡)

𝑡
. From Figure 6-b, the 

grain boundary velocity increases linearly with the critical strain level for annealing times from 10 to 

40 minutes. Using Fig. 5 again, the grain boundary velocity is proportional to the SE. This result is in 

accordance with the equation 𝑉 = 𝑀𝑃, in which M is the mobility of the grain boundary and P is the 

driving force for grain boundary motion, here the SE.  

This tendency shows that the SE plays a major role in the development of overgrown grains in the 

considered sample where the Zener pressure is constant. 

5.2. Balance of forces controlling grain overgrowth 

The SE present in the matrix is the key driving force allowing grain overgrowth, despite the presence 

of primary γ' precipitates, which oppose a Zener pressure to the grain boundary motion. Indeed, 

from Figure 3, once the grain size distribution becomes homogeneous again, the grains seem to be 

pinned by second-phase particles. However, the real influence of second phase particles on the 

whole microstructure evolution sequence remains to be clarified. 

Figure 7 aims at correlating the occurrence (color) and magnitude (symbol size) of grain overgrowth 

during the solution treatment to the Zener pinning pressure (X-axis) and to the energy stored in the 

initial deformed state (Y-axis). This plot gathers the results obtained on over 50 samples deformed 

and cooled under various conditions, then submitted to an hour exposure at 𝑇𝑠𝑜𝑙. Red markers 

correspond to microstructures in which grain overgrowth has occurred during the solution 

treatment. Green markers correspond to homogeneous grain size distributions with grain boundaries 

pinned by particles. The size of the markers is related to the size of the largest grain observed after 

the solution treatment, following the scale shown at the bottom of the figure. 

The typical microstructure evolutions for a constant Zener pinning pressure and in a gradient of 

stored energy is highlighted by the arrow “A”. The typical microstructure behavior described in 

section 4 is retrieved. At low SE levels, the microstructure remains stable. As the SE increases, grain 

overgrowth is triggered. It starts with very large grains, which size then diminishes until a fine and 

homogeneous microstructure is obtained. 

With varying the Zener pinning pressure, five domains can be depicted on this figure. The first 

domain corresponds to the microstructures in which the SE was below the detection limit of the 

EBSD technique and the Zener pinning pressure is moderate (about 80 kPa). In such microstructures, 

a grain that is free of SE will be surrounded by similar grains. The driving force for its growth is thus 

very low and the maximum grain size remains of the order of magnitude of the Zener limit (Table 2). 

The second domain corresponds to microstructures having undergone deformation at high 

temperature (1080°𝐶 − 1090°𝐶), close to the γ’ phase solvus temperature. The partial dissolution 

of the γ’ precipitates at such temperatures leads to a decrease of the associated Zener pressure, 

down to 50 – 60 kPa. The SE present in the microstructure has enabled the growth of some grains, 

which has nevertheless been limited by the Zener pressure. The resulting microstructures are thus 

homogeneous with a large average grain size. The third zone corresponds to samples forged at low to 

medium temperatures (950 − 1040°𝐶) and high strain levels (𝜀 > 0.6). In such microstructures, 

both the Zener pinning pressure and the SE in the deformed part of the microstructure are high. This 

leads to full recrystallization during the solution treatment and a fine and homogeneous 

microstructure with grain boundaries efficiently pinned by primary γ’ precipitates. The fourth domain 
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is that of grain overgrowth. It corresponds to similar configurations in terms of Zener pinning 

pressure but the microstructures deformed at lower strain levels. In such cases, the solution 

treatment leads to the formation of only few grains of low SE, which can overgrow. The fifth domain 

corresponds to microstructures having undergone deformation at high temperatures (1040°𝐶 −

1070°𝐶) and high strain levels, leading to both medium Zener pinning pressure and SE. In this case, 

the SE is obviously high enough to promote the formation of many recrystallized grains during the 

solution treatment which impinge on each other and thus keep reasonable sizes, below the Zener 

limit. 

 

 

Figure 7: Influence of the stored energy of the deformed grains and of the Zener pinning pressure, on the occurrence of 
grain overgrowth, during the solution treatment. 

Domain 1 2 3 4 5 

𝐷𝑀𝐴𝑋 (𝜇𝑚) 30-40 30-60 20 80-200 25-30 

𝐷𝑍 (𝜇𝑚) 25-30 30-40 20 25 25-30 

 

Table 3: Comparison of the size of the largest grain with the Zener limited grain size, estimated assuming only the 
contribution of capillarity to the driving force. 
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5.3. On grain overgrowth as a particular case of static recrystallization 

The presence of HERX grains with a low stored energy generates a heterogeneous distribution of SE 

in the microstructure. Yet, Agnoli et al. [23] have identified such heterogeneities as a key factor for 

the trigger of grain overgrowth, in Inconel 718. Following this hypothesis, the few growing grains 

would be the least deformed in the deformed microstructure, or they could result from a nucleation 

process occurring during the solution treatment. In case of a γ-γ' microstructure with HERX grains, an 

additional hypothesis should be introduced with regards to the origin of the overgrown grains: they 

could potentially result from the growth of HERX grains. This will be investigated in details in a 

dedicated study. The present discussion is focused on the reason why those grains can grow to such 

extent, rather than on their exact origin. However, two features can already lead to think that 

overgrown grains are not a result of the growth of HERX nuclei. First, HERX is restricted to γ-γ’ alloys 

and very similar grain overgrowth has been reported in γ-γ” alloys such as Inconel 718 as well. 

Second, the data presented in Table 2 shows the existence of an incubation time before the 

appearance of overgrown grains. If the HERX nuclei were to grow abnormally in the microstructure, 

then no incubation time would be observed, since they are already present at the deformed stage. 

The same reasoning holds for the growth of low SE grains that was suggested by Agnoli et al. 

On the other hand, the incubation time is shorter at higher strains and increases as strain decreases, 

which is a very typical behavior in a static recrystallization process. This is a strong argument in favor 

of the hypothesis that overgrown grains result from a conventional static recrystallization 

mechanism, following the occurrence of nucleation events during the solution treatment. In addition, 

the superimposed profiles of 𝐷𝑀𝐴𝑋 and 𝐷̅ displayed on Fig. 4 are also consistent with a static 

recrystallization phenomenon. 

 

6. Conclusions 

- Grain overgrowth occurring during solution treatment after hot deformation is most likely a 

case of critical static recrystallization.  

- The occurrence of nucleation events as well as the actual mechanism of recrystallization 

leading to overgrown grains remains to be investigated in more details. However, many 

features reinforce the hypothesis of the effective occurrence of nucleation events during the 

solution treatment.  

- The difference in stored energy between the deformed and non-deformed grains is clearly 

the key factor promoting the growth of the nucleated grains during the solution treatment.  

- Their size is limited by both recrystallized grains impingement (nucleation density effect), 

then possibly by Zener pinning as well. The Zener pinning pressure exerted by primary γ’ 

precipitates is nevertheless easily overcome by the difference in stored energy. 
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