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a b s t r a c t   

A partially recrystallized sample of the Ni-based superalloy AD730 was taken from an intermediate stage of 
the ingot to billet conversion process and isothermally forged in a single stroke compression test at a sub- 
solvus temperature (1080 °C). The as-received material had a heterogeneous microstructure, containing a 
mixture of coarse and much finer recrystallized grains as well as unrecrystallized ones, and also hetero
geneous γ′ precipitation. The recrystallization mechanisms occurring dynamically in the different grain 
populations were investigated via electron backscatter diffraction (EBSD). It was found that local micro
structure could affect the operative recrystallization mechanism, with different mechanisms seen in the 
deformed and recrystallized regions, owing to their different precipitate distributions. Within a single 
deformed grain, three apparently distinct dynamic recrystallization (DRX) mechanisms were identified. The 
interaction of recrystallization with precipitates plays a central role in DRX. In certain cases precipitates 
may stimulate discontinuous DRX by providing recrystallization nuclei, alternatively they may impede and 
limit the growth of recrystallized grains, or in other cases still they promote continuous recrystallization. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

AD730 is a Ni-based superalloy intended for use in jet engine 
turbine discs which has been developed relatively recently [1]. This 
alloy is processed through the cast and wrought route, and offers 
good high temperature properties as compared with other cast and 
wrought Ni-based superalloys (e.g., IN718 and 718 plus), as well as 
being relatively low cost due to its limited content of expensive al
loying additions such as cobalt and niobium. As such, the alloy sits 
between traditional cast and wrought alloys and powder metallurgy 
alloys in cost - performance space. 

The microstructure of AD730 comprises a γ matrix with a dis
ordered FCC crystal structure and γ′ precipitates with an ordered L12 

crystal structure [2]. The solvus temperature for the γ′ precipitates in 
AD730 has been determined to be ≈ 1110 °C [3]. The coherent, or
dered precipitates provide the alloy’s high temperature strength 
through the order hardening mechanism. 

The microstructural control of Ni-based superalloys through 
thermo-mechanical processing (TMP) has long been of academic and 
industrial interest. Microstructural characteristics are tailored via 
TMP to ensure the required mechanical properties are achieved. 
Recrystallization (RX) is one of the important microstructural evo
lutionary mechanisms that occurs during TMP through which the 
grain size distribution of a material can be controlled. 
Recrystallization may occur either during hot deformation (i.e., for
ging), known as dynamic recrystallization (DRX), or after deforma
tion while the material is cooling from the forging temperature, 
known as post-dynamic recrystallization (PDRX). 

Due to their importance in controlling microstructure, re
crystallization mechanisms have been studied extensively in Ni- 
based superalloys at both γ′ sub-solvus and super-solvus tempera
tures, and the influence of TMP parameters on recrystallization has 
been well investigated [4–21]. However, only a small minority of 
these studies [4,5], consider non-homogenous starting micro
structures. This is not representative of the intermediate stages of 
the ingot to billet conversion process, where billets are “partially 
forged”. Here, a non-homogenous microstructure, consisting of a 
mixture of large unrecrystallized and small recrystallized grains is 
typical. Indeed, achieving a fully recrystallized microstructure in a 
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billet during this conversion process is not so straightforward, and 
large unrecrystallized grains may survive after the ingot to billet 
conversion [22,23]. Industrial scale ingot to billet conversion pro
cesses comprise multiple forging and heating steps, and only to
wards the end of this process will a homogenous microstructure be 
achieved. Despite this, there are limited studies which consider 
dynamic recrystallization in samples from an intermediate stage of 
the ingot to billet conversion process, where the microstructures are 
far more heterogeneous (e.g., [5]). The vast majority of the reported 
studies are on “fully forged” billet materials, and not on “partially 
forged” materials from the intermediate stages of ingot to billet 
conversion. 

During ingot to billet conversion of Ni-based superalloys, where a 
mixture of both recrystallized and unrecrystallized grains are pre
sent, the unrecrystallized grains appear to contain a finer and denser 
distribution of the γ′ precipitation than the recrystallized grains. This 
has been seen during forging of René65 [23], Udimet720-Li, and 
AD730 [24]. Seret et al. observed a finer and denser distribution of γ′ 
in unrecrystallized grains of AD730 after cooling a partially re
crystallized sample from super-solvus temperatures [25]. It was ar
gued that the elastic strain field generated by the dislocations in the 
unrecrystallized grains locally lowered the energy barrier for the 
nucleation of precipitates, providing a high number of kinetically 
favoured nucleation sites. 

Additionally, large recrystallized grains, which grow by con
suming a neighbouring deformed grain, have been observed to form 
in the γ-γ′ superalloys AD730, René 65 and PER72 during static re
crystallization treatment by Vernier et al. [26,27]. These large, sta
tically recrystallized grains shared a < 111 > axis with a neighbouring 
deformed grain, and this permitted them to grow and overcome the 
precipitation in the neighbouring deformed grain via a particular 
mechanism. This mechanism involves the precipitates in the de
formed grain being dissolved and reprecipitated at the moving in
terface between the growing recrystallised and the deformed grain  
[26]. This results in reprecipitation of the precipitates such that they 
share a common < 111 > axis with both the growing recrystallised 
and the deformed grain. It was suggested that this allowed the 
precipitates to minimise their interfacial energy with respect to both 
the deformed and recrystallized grains when forming at the inter
face between the two [26]. These precipitates also develop < 111 > 
facets, so overall this mechanism results in large statically re
crystallised grains which contain γ′ precipitates with rectangular 
shapes (as seen in 2D sections), which are either close to coherent 
with their host grain (called C type precipitates), or close to twin 
related to it (called T type precipitates). 

In γ - γ′ alloys in particular, the heterogeneous microstructure is 
expected to have a strong influence on recrystallization behaviour, as 
different distributions of the γ′ precipitates interact differently with 
recrystallization. The progression of recrystallization requires the 
recrystallization front to overcome the precipitates encountered. 
This can be achieved by the front dissolving precipitates, which are 
then reprecipitated behind it (i.e., in the recrystallized grains) [28]. 
This has been observed in AD730 [25]. However, in some cases the 
moving recrystallization front is unable to overcome the en
countered precipitates, which hinders recrystallization. This was 
seen in unrecrystallized grains with a relatively fine and dense 
precipitation distribution in AD730 [29]. Near γ′ solvus heat treat
ments, which promote a more coarse and sparse distribution, can 
thus be useful to promote full recrystallization, and this has been 
demonstrated in Udimet 720Li [30]. 

This work aims to characterise the recrystallization mechanisms 
happening in the Ni-based superalloy AD730 during sub-solvus 
forging of a sample taken from an intermediate stage of the ingot to 
billet conversion process. At this intermediate stage the sample 
possesses a rather heterogeneous microstructure. The focus is on 
describing these mechanisms based on measurable features devel
oped during recrystallization, such as the orientation, location, size, 
intragranular misorientations, and interactions with γ′ precipitates 
of the recrystallized and unrecrystallized grains involved. Since dif
ferent recrystallization mechanisms produce different micro
structural features, different mechanisms can be identified and 
characterised based on the microstructures they produce. This is 
done under a single set of TMP parameters, so that different re
crystallization processes are attributable primarily to different local 
microstructural conditions (i.e., grain size, precipitate distribution 
and stored energy), rather than differences in the nominal condi
tions. 

2. Material and methods 

2.1. Material and compression testing 

AD730 material from an intermediate stage of the ingot to billet 
conversion was supplied by Aubert & Duval™ as the starting mate
rial for these investigations. This material had been triple melted 
(i.e., vacuum induction melted, electro-slag re-melted, and vacuum 
arc re-melted) and had undergone super- and sub-solvus forging and 
upsetting steps, as well as a static recrystallization treatment. This 
material will henceforth be referred to as “partially forged”. The 
material was in the form of a square bar, with a cross section of 
20 × 20 mm2, and a length of approximately 55 mm cut parallel to a 
radial direction of the “partially forged” billet. The nominal com
position of this material is given in Table 1. A cylindrical compres
sion sample with φ 10 mm × 15 mm dimensions was cut from the as- 
received material, such that the cylindrical axis of the sample was 
parallel to a radial direction of the “partially forged” billet. 

Compression testing was done in an MTS 250 machine equipped 
with a furnace. The sample was placed in the furnace at 1080 °C and 
soaked for 5 min to allow temperature homogenisation. The sample 
was then deformed in compression to a 50% reduction in height, 
corresponding to a macroscopic true strain (εm) of 0.7, under a 
nominal strain rate of 0.1 s-1 (εṁ). Graphite foils were placed at the 
tool/sample interfaces for lubrication. As quickly as possible after 
deformation, the furnace was lifted out and the sample was removed 
and quenched in water. Water quenching was recorded on video, and 
in practice the delay between the end of deformation and the sample 
being quenched was 3.0 s. A schematic plot of the thermo-me
chanical procedure for the compression test is shown in Fig. 1(a). 

2.2. Finite element analysis 

A 2D axisymmetric finite element (FE) simulation of the com
pression test, including the initial heating and soaking stages, was 
performed using the DEFORM software to predict the strain dis
tribution at different locations along the sample. Material data for 
AD730 in the temperature range 300–1200 °C was supplied by 
Aubert & Duval. A heat transfer coefficient of 11 mW/m2K and a 
friction coefficient of 0.3 between the dies and the sample were 
implemented, as per the software’s suggested values for lubricated 
hot forging. A Taylor-Quinny factor of 0.9 was used, which is a good 

Table 1 
Nominal chemical composition of the AD730 alloy.               

Element Ni Fe Cr Co Mo W Al Ti Nb C B Zr 
Weight % Bal. 4.0 15.7 8.5 3.1 2.7 2.25 3.4 1.1 0.02 0.01 0.03    
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approximation of the fraction of mechanical work converted into 
heat during deformation [31]. The workpiece was meshed into 5102 
elements. The upper die’s movement speed during the compression 
test was recorded, and this was used as an input for the FE simu
lation. 

The sample dimensions predicted by the model were compared 
with the actual dimensions of the deformed cylinder after com
pression. The model was set up to match the height of the deformed 
cylinder (7.83 mm), and it predicted a maximum diameter of 
14.54 mm, which was within 3% of the measured diameter of 
14.13 mm. This validates the chosen values of heat transfer coeffi
cient and friction coefficient, and suggests that the strain distribu
tion is reasonably accurate. 

2.3. Microstructure characterisations 

The deformed sample was sectioned along the cylindrical axis, 
mounted in conductive Bakelite and ground and polished to a mirror 
finished condition, then subjected to a final vibratory polishing for 
16 h using 0.02 µm colloidal silica suspension. Backscattered electron 
(BSE) images and electron backscatter diffraction (EBSD) patterns 
were acquired using an FEI Quanta 250 field emission gun scanning 
electron microscope (FEG-SEM) interfaced with a Nordlys EBSD de
tector and the Channel 5 HKL Flameco software, and a Tescan FERA3 
FEG SEM equipped with an Oxford C-Nano detector and the Oxford 
Aztec 4.1 software. To gain a representative large area overview of 
the microstructure, maps with an area of approximately 1.24 mm2 

were taken using a step size in the range 2.5–4 µm. In these low 
magnification maps, at least 80% of the points were indexed in all 
cases. For more detailed analyses, five smaller EBSD maps were ac
quired with a smaller step size. The locations of these regions are 
indicated in Fig. 1(c), and their respective step size and indexing rate 
are provided in Table 2. 

Immediately before and after EBSD scans, forward scattered 
electron (FSE) images were also captured from the same area using a 
forward-scattered electron detector (FSD) attached to the EBSD 

camera. Since these FSE images were captured under identical 
conditions to the EBSD scans, data from the two can be compared 
and overlaid (e.g., grain boundaries from the EBSD data overlaid onto 
the FSE image). This is advantageous in such a γ/γ′ alloy, as these two 
phases cannot be easily discriminated using EBSD. The two display 
very similar EBSD patterns [32], and even large (multi-micrometric) 
primary precipitates can be coherent with their host γ grain in more 
than 50% of cases [33]. As such, methods based on chemical com
position are best suited to distinguish γ′ precipitates from the γ 
matrix [34]. 

The EBSD data were analysed using the MTEX toolbox [35] de
veloped in MATLAB. High angle grain boundaries (HAGBs) were 
defined according to a misorientation angle of at least 10°, and twin 
boundaries were defined as those with a 60° < 111 > misorientation, 
allowing an 8.66° tolerance, following the Brandon criterion [36]. 
Low angle grain boundaries (LAGBs) were defined as boundaries 
with misorientations between 3° and 5°, and medium angle grain 
boundaries (MAGBs) were defined as boundaries with misorienta
tion angles between 5° and 10°. Inverse pole figure (IPF) maps were 
plotted with respect to the compression direction (CD), unless 
otherwise stated. The colour key used (defined in the standard tri
angle in Fig. 2(c)) is the same for all figures. Grain boundaries were 
plotted as black lines, and twin boundaries as red lines. Where EBSD 
and FSE images were overlaid, the grain boundaries were drawn as 
blue lines on the FSE image to enhance their contrast. Local mis
orientations were investigated using the kernel average mis
orientation (KAM) parameter. KAM is calculated at every EBSD 
measurement point as the average misorientation angle (in degrees) 
between the given measurement point and its neighbours. In this 
case only first order neighbours were considered. The definition for 
KAM at pixel i, based on its n nearest neighbours (j), is given in  
Eq. (1). 

=
=

KAM
n
1

i
j

n

ij
1 (1)  

To analyse the distribution of γ′ precipitates, FSE or BSE images 
were segmented using the Autocontext workflow of ilastik, an image 
analysis software [37]. The segmented images were then analysed 
further using ImageJ to obtain statistics relating to precipitate size 
distribution and area fraction [38]. 

The 3D shape of precipitates was analysed using FIB-SEM nano- 
tomography. A plasma technology ion column was used inside a 
Tescan FERA3 FEG SEM equipped with a Xe+ Plasma-FIB column. A 
region of interest was selected and 0.1 µm thick slices were con
secutively milled away, and a BSE image was collected in between 
each slice. FIB slicing was done using an accelerating voltage of 30 kV 

Fig. 1. (a) Schematic overview of the compression trial in this study, (b) a sketch of the sample geometry prior to compression with all dimensions, and (c) the strain distribution 
after compression predicted by the FE simulation, with the regions from which the EBSD data were collected highlighted and numbered. 

Table 2 
Map properties for five regions investigated with EBSD.       

Region 
number 

Local 
strain 

Map area/μm2 Step 
size/µm 

Indexing 
rate/%  

1  0.53 231.6 × 202.4  0.20  91.0 
2  0.72 148.2 × 111.1  0.20  98.5 
3  0.76 122.3 × 107.0  0.15  94.0 
4  1.00 98.6 × 74.0  0.20  98.5 
5  1.04 86.5 × 45.5  0.50  96.2 

A. Coyne-Grell, J. Blaizot, S. Rahimi et al. Journal of Alloys and Compounds 916 (2022) 165465 

3 



Fig. 2. Microstructure of the as-received AD730 material. (a) A KAM map (values limited to 3°) with three distinct populations of grain highlighted, (b) a BSE micrograph, and (c) 
its corresponding IPF map colourised with respect to the Y direction. (d), (e), (f) Magnified micrographs of three selected areas highlighted in (b) showing the three distinct 
precipitation states in recrystallized, initially statically recrystallized and initially unrecrystallized grains, respectively. (g) Histograms of precipitate size distribution in the initially 
statically recrystallized and the initially unrecrystallized grains. 
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and a beam current of 30 nA. The resulting stack of 2D images was 
reconstructed into a 3D image and segmented to separate out γ′ 
precipitates from the γ matrix. A volume of 35.9 µm × 10.0 µm × 
14.9 µm was analysed. The MorphoLib library in ImageJ was used for 
image processing and analysis [39]. 

3. Results 

3.1. The as-received material and an overview of the effect of strain on 
microstructure evolution 

The microstructure of the “partially forged” as-received material 
is shown in Fig. 2. The KAM map (Fig. 2(a)) shows that the micro
structure was partially recrystallized, and possessed a wide spread of 
grain sizes. Here the KAM scale has been limited to 3°, and the KAM 
map can be used to qualitatively distinguish between recrystallized 
and unrecrystallized grains. A BSE image of a smaller area in the as- 
received sample is shown in Fig. 2(b), along with its associated IPF 
map in Fig. 2(c). Fig. 2(d)–(f) are BSE micrographs depicting γꞌ pre
cipitates with different sizes and morphologies taken from different 
regions of Fig. 2(b). From these observations, three different grain 
populations can be identified as the following:  

(i) Large grains (equivalent diameters ≈ 28.4 µm) which have low 
internal KAM values (only a few points > 1.5°). The low KAM 
values indicate low levels of internal misorientation, as such 
these grains can be classed as statically recrystallized. They 
contain γ′ precipitates which display a rectangular morphology 
in the 2D cross-sections revealed in the micrographs, and have 
either a close to twin or close to coherent crystallographic or
ientation relationship with their host γ grains. Here, close to 
coherent means that the precipitates’ orientations are suffi
ciently close to those of their host grains that they cannot be 
distinguished based on EBSD data, implying a misorientation 
angle ≤ 0.5°. Note this is somewhat different from the strict 
crystallographic definition of the term coherent. Vernier et al. 
have described the formation of such grains during the static 
recrystallization of AD730, René 65 and PER72 [26]. These will 
thus be referred to as “initially statically recrystallized grains” 
hereafter.  

(ii) Large grains (equivalent diameters ≈ 61.0 µm) with high internal 
KAM values (many points > 1.5°). These are unrecrystallized 
grains, which are generally larger than the initially statically 
recrystallized grains and show higher KAM values, indicating 
higher internal misorientation, and stored energy manifested in 

Table 3 
Size and density of the precipitates in the three grain populations in the as-received sample. Values given are in the format of mean  ±  standard deviation.        

Grain type Equivalent 
diameter (µm) 

Area density 
(µm-2) 

Precipitates counted Precipitate area 
fraction (%) 

Maximum Feret 
diameter (µm)  

Initially statically recrystallized 1.8  ±  0.7 0.074 882 21.7 2.6  ±  1.2 
Initially unrecrystallized 1.2  ±  0.5 0.167 1016 20.8 – 
Recrystallized 2.2  ±  0.6 – 100 – – 

Fig. 3. 3D view of the precipitates in the initially statically recrystallized grains. (a) A region of interest which contains the “rectangular” precipitates in 2D, (b) a processed stack of 
2D images of a sub-volume extracted from (a) taken at 0.1 µm successive serial sectioning using FIB milling, (c) the same region as (b) after segmentation of the precipitates, and 
(d) a higher magnification view of a single precipitate. 
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the form of geometrically necessary dislocations. They display a 
relatively high density of fine, spherical precipitates which are 
similarly coherent with their host grain (i.e., a misorientation 
angle of ≤ 0.5°). Note this is somewhat different from the strict 
crystallographic definition of the term coherent. These un
recrystallized grains have persisted through the first steps of the 
ingot to billet conversion process, and are referred to as “in
itially unrecrystallized grains” hereafter.  

(iii) Small recrystallized grains - these are small grains (equivalent 
diameters ≈ 3.2 µm) with low internal KAM values, indicating 
low internal misorientations and low stored energy. These 
grains show a mixture of rather large intragranular precipitates 
which are coherent with their host grain, and intergranular 
precipitates at their boundaries with the initially un
recrystallized grains. This third type of grain occupies a rela
tively low area fraction of the microstructure compared to the 
former two types of grain. Additionally, this grain type does not 
exhibit any very specific precipitation state that could be un
ambiguously recognised after subsequent deformation. 
Therefore, the dynamic recrystallization behaviour of only the 
former two types of grain will be described in the following; the 
behaviour of these small recrystallized grains during hot de
formation will not be addressed. 

The results of precipitate characterisation in the different grain 
populations are provided in Table 3 and Fig. 2(g). An average 
equivalent circle diameter value and an area density (i.e., the 
number of particles per µm2) are quoted in Table 3. For the pre
cipitates in the initially statically recrystallized grain, the maximum 

Feret diameter is also included. This approximately corresponds to 
the long axis of the rectangles seen in 2D sections in these grains, 
and so gives a measure of their length. 

Fig. 3 shows the results of the nano-tomography performed with 
the FIB-SEM, to reveal the 3D geometry of the “rectangular” pre
cipitates in the initially statically recrystallized grains. In 3D, these 
precipitates in fact have the shape of a disc, or a flat cylinder, al
though they appear rectangular in 2D cross-sections [27]. The dia
meter of the precipitate shown in Fig. 3(d) is ~ 4.1 µm and the 
thickness is ~ 0.6 µm. Calculating an equivalent circle diameter based 
on the area of the rectangular 2D sections of these precipitates is 
thus likely to produce an underestimate of their actual diameter. The 
maximum Feret diameter of the “rectangular” precipitates is likely to 
be a more relevant parameter, hence its inclusion in Table 3. Note 
that a particular mechanism leading to the formation of precipitates 
with this shape has been proposed in the literature [26,27]. 

Fig. 4 shows IPF maps with respect to the compression direction 
of the microstructure at different locations of the deformed sample, 
corresponding to different local strain levels, following compression. 
These are relatively large area maps, acquired using a large step size 
(2.5–4 µm). Given the large step size, these maps do not show fine 
microstructural details (i.e., accurate shapes of the recrystallized 
grains) though they do provide an overall picture of the micro
structure and the progression of recrystallization. The size, shape 
and orientation of the large deformed grains, which have not un
dergone recrystallization, can be inspected from these orientation 
maps. Fig. 4(d) shows a plot of recrystallized fraction as a function of 
strain. In these maps, recrystallized and unrecrystallized grains were 
separated based on grain size. Grains with an equivalent radius 

Fig. 4. Effect of local strain on microstructure evolution - (a) ε ≈ 0.23, (b) ε ≈ 0.72, and (c) ε ≈ 0.98. The step size for the EBSD maps in (a) through to (c) were 4 µm, 4 µm and 2.5 µm, 
respectively. (d) A plot of the area fraction of recrystallized grains as a function of strain. The compression direction (CD) is vertical, as indicated. 
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greater than 10 µm were classed as recrystallized, and those above as 
unrecrystallized. This threshold was decreased to 8 µm and in
creased to 15 µm to produce the error bars in Fig. 4(d). This approach 
is similar to the one used by Eriksson et al. [13]. The relatively high 
recrystallization levels at low strains can be attributed to the fact 
that the as-received microstructure was partially recrystallized, and 
it already contained stored energy (notably within the initially un
recrystallized grains). 

Fig. 4(c) shows that even at the highest local strain level ana
lysed, unrecrystallized grains remain. This raises the question of 
whether these grains are remnants of the initially unrecrystallized 
grains of the as-received material, or deformed fragments of the 
initially statically recrystallized grains, whose lower initial stored 
energy may have been a kinetic disadvantage for recrystallization. 
The progress of recrystallization in each of these populations, re
cognised based on their γ′ morphology, are analysed for different 
local strain levels in the following. 

3.2. Recrystallization around the initially statically recrystallized grains 

Fig. 5 shows a region corresponding to region 3 in Table 2 with a 
local strain level of ε ≈ 0.76. This region must have contained an in
itially statically recrystallized grain prior to deformation, as 

indicated by the “rectangular” precipitates seen in Fig. 5(b). How
ever, the IPF map in Fig. 5(a) and the KAM map in Fig. 5(e) show that 
this initially statically recrystallized grain has almost completely 
recrystallized, with only small fragments of the original grain re
maining. One such fragment is indicated in Fig. 5(c). Inspecting this 
small fragment of the initially statically recrystallized grain reveals 
that LAGBs (plotted yellow) and MAGBs (plotted white) have formed 
intragranularly. The KAM map for this area (Fig. 5(e)) shows that 
geometrically necessary dislocations within this fragment are 
strongly concentrated at these intragranular sub-boundaries. This 
suggests that the initially statically recrystallized grains can re
crystallize via a continuous process which involves intragranular 
dislocation polygonisation, forming regions which are initially 
walled off by LAGBs. As more dislocations accumulate, these LAGBs 
progressively become MAGBs and eventually HAGBs. These LAGBs 
and MAGBs can form around the existing precipitates, allowing the 
precipitates to persist through recrystallization. 

Fig. 6 was taken from an area where the local strain was ε ≈ 1.00 
(corresponding to region 4 in Table 2) and shows that the char
acteristic shapes and orientations of the “rectangular” precipitates in 
the initially statically recrystallized grains are preserved throughout 
deformation and DRX of their host initially statically recrystallized 
grains. In Fig. 6(a), the “rectangular” precipitate indicated by the red 

Fig. 5. Onset of intragranular recrystallization in the initially statically recrystallized grains. (a) An IPF map of an area containing fragments of an initially statically recrystallized 
grain, (b) FSE micrograph of the same area in (a). (c), (d) and (e) respectively show an IPF map, FSE micrograph and KAM map for the region enclosed by the red rectangle in (a) and 
(b). LAGBs and MAGBs are indicated by yellow and white lines in (c). The black arrow indicates a remaining fragment of the initially statically recrystallized grain. This area 
corresponds to region 3 in Table 2, where the local strain was ε ≈ 0.76. 
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arrow was taken as a reference orientation. All grains with or
ientations within 10° of this reference are highlighted with a blue 
outline in Fig. 6(c). This shows that many “rectangular” precipitates, 
or the small recrystallized grains hosting them, have an orientation 
close to that of the reference, indicating that their orientation has 
been preserved throughout deformation and recrystallization. This 
reference orientation is shown by the red circles on the pole figure in  
Fig. 6(d). A selection of 10 grains containing “rectangular” pre
cipitates which do not satisfy the 10° condition are indicated with 
black arrows in Fig. 6(c), labelled as “selected orientations”. Their 
orientations are also plotted on the pole figure in Fig. 6(d). These 
precipitates either have small misorientations to the reference or
ientation (i.e., they appear close to the red circles corresponding to 
the reference orientation), or have an approximately twin orienta
tion relationship with the reference orientation and appear close to 
the black circles, which show an orientation that is twin related to 
the reference orientation. Since a given initially statically re
crystallized grain can contain both close to coherent and close to 
twin precipitates [26], this confirms that these precipitates retain 
their initial orientations through recrystallization. 

Additionally, recrystallization can be seen to occur immediately 
around the relatively large “rectangular” γ′ particles in the initially 
statically recrystallized grains. Some examples of this are presented 
in Fig. 7. These were taken from an area where the calculated local 
strain was ε ≈ 1.04, corresponding to region 5 in Table 2. These ex
amples show the indicative features of the hetero-epitaxial re
crystallization (HERX) mechanism. HERX is a recently characterised 

DRX mechanism, in which a coherent shell of γ phase precipitated 
around a γ′ particle acts as recrystallization nucleus. Recrystallized 
grains which have undergone this mechanism are expected to con
tain a single, close to coherent γ′ precipitate [17,18], as is indeed the 
case for the grains highlighted in Fig. 7. 

3.3. Recrystallization of the initially unrecrystallized grains 

In total, four different recrystallization processes were observed 
to occur in/around the initially unrecrystallized grains, giving rise to 
four distinguishable types of recrystallized grain. These different 
groups of grains are highlighted in Fig. 8, which comes from an area 
with a calculated local strain of ε ≈ 0.72, corresponding to region 2 in  
Table 2. The vast majority of the recrystallized grains are found at the 
boundaries of the initially unrecrystallized grains, are small, have 
low intergranular misorientations (indicated by their low KAM va
lues) and display little to no intragranular precipitation. These grains 
form a typical necklace structure around the initially un
recrystallized grains. Such recrystallized grains will be referred to as 
“necklace recrystallized grains” hereafter. 

In addition to these necklace recrystallized grains, a second po
pulation of recrystallized grains which are larger, contain rectan
gular precipitates and display higher internal KAM values can also be 
found within the necklace structure. Examples of these are indicated 
by the yellow arrows in Fig. 8(a) and (b). The average equivalent 
diameter of the recrystallized grains surrounding the initially un
recrystallized grain on the right-hand side of Fig. 8(a) is 2.7 µm, and 

Fig. 6. Crystallographic orientation of “rectangular” precipitates in region 4 from Table 2, where ε ≈ 1.00. (a) A FSE micrograph of a region which contained an initially statically 
recrystallized grain prior to deformation, (b) the corresponding IPF map depicting that the initially statically recrystallized grain has dynamically recrystallized following de
formation. (c) The FSE micrograph in (a) with a partially transparent overlay of the IPF map and (d) a {111} polefigure of a selection of 10 grains indicated by black arrows in (c) 
containing “rectangular” precipitates with orientations outwith 10° of the reference precipitate highlighted by the red arrow in (c). Note that the reference orientation (red circles) 
and one of its twin orientations (black circles) are highlighted in (d). The blue lines in (c) outline grains with orientations within 10° of the reference orientation. 
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those of the large recrystallized grains highlighted by the yellow 
arrows are 13.8 µm and 11.0 µm. These will be referred to as “large 
recrystallized grains” or “large recrystallized grains containing rec
tangular precipitates” hereafter. 

Thirdly, intragranular “channels”, indicated by the red arrows in  
Fig. 8(a) and (b), can be identified. These regions have a slight mis
orientation to their surrounding initially unrecrystallized grain (as 
shown by the KAM maps), a lower density of precipitation than the 
surrounding initially unrecrystallized grain and slightly lower in
ternal KAM values, though not as low as seen in the recrystallized 
regions. Finally, a grain which is likely to have undergone HERX can 
be identified. 

Fig. 8(e) shows an IPF Z map (as opposed to the IPF Y map in  
Fig. 8(a)), which confirms that the initially unrecrystallized grains at 
the centre and to the right of the region in Fig. 8 have very similar 
orientations (with a misorientation angle of 7.7° between their mean 
orientations). As such they may have previously been a single grain, 
which has now been split into two parts due to intragranular re
crystallization. Inside the recrystallized region separating these two 
grains a recrystallized grain containing rectangular precipitates can 
also be identified (highlighted by the orange arrow). 

Fig. 9 highlights the formation of the necklace recrystallized 
grains, by showing sub-grains forming at the periphery of an initially 
unrecrystallized grain. LAGBs are indicated by yellow lines in Fig. 9 
and MAGBs are indicated by white lines. The sub-grains are sepa
rated from the neighbouring initially unrecrystallized grains by 
MAGBs, shown in Fig. 9(b) and (f). The FSE micrographs shown in  
Fig. 9(a) and (d) reveal that the sub-grains are free from in
tragranular precipitation. The KAM maps in Fig. 9(c) and (g) show 
that the sub-grains have low internal misorientations. They pro
gressively develop into necklace recrystallized grains when the 
misorientation of the boundary between them and the neighbouring 
initially unrecrystallized grain increases beyond 10°. This mis
orientation angle progressively increases as more and more dis
locations are incorporated into the boundary during deformation. 
Bearing in mind the defining features of these necklace re
crystallized grains, the following can be suggested as their formation 
mechanism: 

During deformation, sub-grains form close to the existing 
boundaries of initially unrecrystallized grains due to the higher local 
dislocation densities near the grain boundaries, which are a con
sequence of plastic incompatibility between neighbouring grains. 
Further deformation leads to the migration of mobile sub-grain 
boundaries, which absorb additional dislocations as they migrate, 
increasing their misorientation angle with their parent grains. These 
moving sub-grain boundaries may dissolve the precipitates they 
encounter [28]. Once a sufficiently high misorientation angle is 
achieved the sub-grain becomes a recrystallized grain with a HAGB 
between it and the initially unrecrystallized parent grain. Eventually, 
the boundaries of the newly recrystallized grain become saturated 
with γ′ forming elements, and its growth is halted due to a combi
nation of solute drag and pinning from further precipitates en
countered in the initially unrecrystallized parent grain. 

This process accounts for the observed differences in precipita
tion between initially unrecrystallized and necklace recrystallized 
grains. During the formation of necklace recrystallized grains, pre
cipitates are dissolved into the migrating sub-grain boundaries. 
When the grain is fully developed, it will likely be surrounded by 
other recrystallized grains which have formed by a similar me
chanism at the boundary of the initially unrecrystallized grain, and 
precipitation can occur at their shared boundaries. Fast diffusion 
through the saturated boundaries allows for these precipitates to 
coarsen, giving rise to the relatively large precipitates (i.e., with 
equivalent diameters of 2.1–3.1 µm based on the recrystallized re
gions in Fig. 8(b)) seen at the boundaries of the necklace re
crystallized grains. The intergranular precipitates between the 
necklace recrystallized grains show no special orientation relation
ship to their surrounding grains. 

Microstructures of large recrystallized grains containing rectan
gular precipitates are shown in Fig. 10, which highlights the mis
orientation angles between these grains and their neighbouring 
initially unrecrystallized grains. For all cases, the misorientation 
angles were high (> 50°), with one exception highlighted with a red 
arrow. The grain with the lower misorientation contains precipitates 
which are approximately coherent with it (i.e., misorientation 
angle < 1°), while those with the higher misorientations (indicated 

Fig. 7. Examples of HERX within an initially statically recrystallized grain, from region 5 in Table 2, where ε ≈ 1.04. (a) A BSE micrograph with four “rectangular” precipitates 
indicated by black arrows, (b) a corresponding IPF map confirming that these precipitates are the only ones within their grains, and (c) a transparent version of the IPF map 
overlaid onto the BSE micrograph to ease visualisation. 
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by the black arrows) contain precipitates which have approximately 
twin orientation relationships with their host grains (corresponding 
to red boundaries in (a) and (b)). 

To inspect the orientation relationships between the large re
crystallized grains, their rectangular precipitates, and their neigh
bouring initially unrecrystallized grains further, (111) pole figures for 
all three are plotted in Fig. 11. Fig. 11(b) and (d) show that there is a 
shared < 111 > axis between the large recrystallized grains, their 

rectangular precipitates, and the neighbouring initially un
recrystallized grain. This axis is outlined by the red circle in Fig. 11(b) 
and (d). 

As the large recrystallized grains with rectangular precipitates 
have a number of distinguishing features which separate them from 
the necklace recrystallized grains, a different mechanism may have 
resulted in their formation. Similar grains, i.e., large recrystallized 
grains containing close to twin or close to coherent precipitates 

Fig. 8. Overview of the different recrystallization mechanisms occurring around and within an initially unrecrystallized grain (region 2 in Table 2, where ε ≈ 0.72). (a) An IPF Y 
map, (b) corresponding FSE micrograph, (c) KAM map, (d) the FSE image with the grain boundaries overlaid, and (e) an IPF Z map. 
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displaying a rectangular shape in 2D sections, have been observed to 
form statically in AD730 and other alloys by Vernier et al. [26], but 
here they appear to form dynamically. 

Vernier et al. showed that in order to overcome the relatively fine 
and dense precipitation in initially unrecrystallized grains, it is ad
vantageous for the growing recrystallized grain to approximately 

Fig. 9. The formation of sub-grains at the boundaries of the initially unrecrystallized grains (from region 2 in Table 2, where ε ≈ 0.72). (a), (b) And (c) respectively show a FSE 
micrograph with overlaid grain boundaries, an IPF map, and a KAM map of an area highlighted in (d), which is an IPF map of an area containing initially unrecrystallized grains. (e), 
(f) and (g) show similar information to (a), (b) and (c), respectively, but for a separate area in (d). 
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share a < 111 > axis with the initially unrecrystallized grain. This fa
cilitates a growth mechanism which overcomes precipitates in the 
initially unrecrystallized grain and produces rectangular precipitates 
in the growing recrystallized grain with an approximately twin or 
approximately coherent orientation relationship to the growing re
crystallized grain [26]. Twin precipitates were observed to form 
when there was a larger misorientation angle between the re
crystallized and initially unrecrystallized grains (≳ 50°), coherent 
ones when there was a smaller misorientation angle between them 
(≲ 37°), and a mixture of both for grains with intermediate mis
orientation angles. In the present case, with the recrystallized grains 
forming dynamically, the common < 111 > axis has been demon
strated in Fig. 11. Additionally, consistent with previous observa
tions, the tendency for twin related precipitates to form in the case 
of higher misorientation angles, and coherent ones in the case of 
lower misorientation angles is demonstrated in Fig. 10. 

The formation of the large recrystallized grains containing rec
tangular precipitates is thus thought to be rather similar to their 
formation in static recrystallization. When a recrystallized grain 

approximately shares < 111 > axis with a neighbouring initially un
recrystallized grain, it can grow by consuming the initially un
recrystallized grain and its precipitation. Reprecipitation occurs in 
the form of rectangular precipitates with a close to twin or close to 
coherent orientation relationships to the recrystallized grain. 
Reprecipitation was observed to occur at the interface between the 
recrystallized and initially unrecrystallized grains in [26], and it is 
likely that this is also the case in this study. 

Alongside the two types of recrystallization observed along the 
former grain boundaries, a form of intragranular recrystallization 
was also seen inside the initially unrecrystallized grains (see Fig. 12).  
Fig. 12(a)–(d) show long “channels” within the initially un
recrystallized grains, which exhibit a very low density of pre
cipitates, and lower KAM values on their interior than the 
surrounding initially unrecrystallized grain. The precipitates at the 
edges of such a channel are slightly coarser than elsewhere in the 
grain, suggesting that the precipitates previously present within the 
channel could have been dissolved and reprecipitated at their edge. 
In Fig. 12(f) a band of recrystallized grains within an initially 

Fig. 10. Misorientation angles between the large recrystallized grains and their neighbouring initially unrecrystallized grains. (a) And (b) EBSD grain boundary maps of two 
initially unrecrystallized grains, colourised according to their local boundary misorientation angle. The positions of selected large recrystallized grains containing rectangular 
precipitates are indicated by the black arrows. These recrystallized grains tend to show high misorientations with the initially unrecrystallized grain (> 50°), although the grain 
indicated by the red arrow shows a lower misorientation. (c) And (d) FSE micrographs of the same regions as those of (a) and (b), respectively, where the rectangular precipitates 
are evident. (b) And (d) are from region 1 in Table 2 with a local strain of ε ≈ 0.53, (a) and (c) are from region 2 in Table 2 with a local strain of ε ≈ 0.72. 
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unrecrystallized grain, adjacent to one of the channels, is highlighted 
by a black arrow. 

Looking at the misorientation profiles within such channels in  
Fig. 12(e)–(h), it is evident that sub-grain boundaries have formed 
within the channels, generating point to point orientation changes of 
larger than 2°. These sub-grain boundaries could progressively in
crease their misorientation to become HAGBs, and create a band of 
intragranular recrystallized grains, such as the one shown by the 
black arrow in Fig. 12(g). The interiors of the recrystallized grains 
indicated in Fig. 12(g) are free from precipitation, showing that the 
formation of the channels is accompanied by local precipitate dis
solution. 

Plastic flow inhomogeneity within the initially unrecrystallized 
grains could play a role in the formation of such channels. Here, 
dislocations within certain regions of the initially unrecrystallized 
grains would be more active, and could move to arrange themselves 
into LAGBs. Whilst doing so, the dislocations could assist in the 
dissolution of the precipitates they encounter, giving rise to 

precipitate free channels bordered by LAGBs within the initially 
unrecrystallized grains. Dislocation assisted dissolution of γ′ and 
subsequent recrystallization in a Ni-based superalloy has recently 
been observed [40]. In Fig. 13, two regions within initially un
recrystallized grains, where local precipitate dissolution has oc
curred, are highlighted. Such regions could go on to form the 
recrystallized channels. This would imply that precipitate dissolu
tion precedes the formation of LAGBS during the formation of such 
“channels”. 

The formation of these “channels” presents an important re
crystallization effect, in the sense that they can span considerable 
lengths within a grain, and significantly reduce the size of the in
itially unrecrystallized grains. One such channel could effectively 
split an initially unrecrystallized grain in half. In Fig. 12(b), the total 
length of the band of intragranular recrystallized grains and the 
adjacent channel is approximately 75 µm. The recrystallized region 
separating the two similarly orientated initially unrecrystallized 
grains in Fig. 8 could have originated from such a channel. 

Fig. 11. Orientation relationships between two large recrystallized grains, their rectangular precipitates and their neighbouring initially unrecrystallized grains. (a) And (c) IPF 
maps containing a large recrystallized grain and neighbouring initially unrecrystallized grain indicated by black arrows, (b) and (d) corresponding {111} pole figures for the large 
recrystallized grain, its rectangular precipitates and the initially unrecrystallized grain. The red dashed circles in (b) and (d) enclose the {111} pole which is common to all three. 
The grid on (b) and (d) corresponds to an angular spacing of 5°. (a) And (b) are from region 1 in Table 2 with a local strain of ε ≈ 0.53, (a) and (c) are from region 2 in Table 2 with a 
local strain of ε ≈ 0.72. 
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Fig. 12. Intragranular recrystallization in the initially unrecrystallized grains. (a) A KAM map depicting two low KAM “channels” within initially unrecrystallized grains high
lighted by white arrows in the red rectangles. (b) Corresponding FSE micrograph, (c) and (d) are higher magnification FSE micrographs of the low KAM channels where the white 
arrows indicate the “channels”. (e) And (f) are IPF maps of the areas shown in (c) and (d), the black arrow in (f) highlights a band of recrystallized grains within the initially 
unrecrystallized grain. (g) And (h) are misorientation profiles taken along the blue lines L1 and L2, respectively, showing both ‘point to point’ and ‘point to origin’ misorientations. 
Data from region 1 in Table 2 with a local strain of ε ≈ 0.53. 
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4. Discussion 

4.1. Recrystallization in the initially unrecrystallized grains 

Around and within a single initially unrecrystallized grain, up to 
four DRX processes operate simultaneously, generating distin
guishable populations of recrystallized grains. The distinguishing 
features of these populations have been highlighted, and formation 
mechanisms consistent with these observations were proposed. 

Grain boundary bulging is one of the most commonly invoked 
mechanisms to explain the formation of recrystallized grains near 
grain boundaries. However, its role in the formation of the necklace 
recrystallized grains is not clear. The most common explanation of 
grain boundary bulging is that of Belyakov [41], where plastic in
compatibility between neighbouring grains gives rise to boundary 
serration. This leads to boundaries interlocking and eventually pre
venting further boundary sliding or shearing, so dislocations build 
up near the boundary. This high dislocation density leads to the 
formation of sub-grains and eventually recrystallized grains near the 
boundary [42]. Here, the new recrystallized grain will have an or
ientation similar to the host initially unrecrystallized grain. 

Grain boundary bulging is not necessarily involved in the for
mation of the necklace recrystallized grains. There are instances of 
sub-grains forming adjacent to entirely flat boundary sections, such 
as Fig. 9(e)–(g), and instances of sub-grains which are adjacent to 
bulged boundaries, shown in Fig. 14. The formation of recrystallized 
grains and sub-grains next to flat boundary sections has also been 
observed during recrystallization of Haynes 282 above its γ′ solvus 
temperature [13]. 

In the cases where sub-grains have been observed to form next to 
a flat grain boundary section (e.g., Fig. 9(e)–(g)), it is possible that 
either high dislocation densities were generated near the boundaries 
without bulging, or that the apparently flat boundary sections are in 
fact serrated when viewed in 3D but do not appear as such in the 
particular 2D section observed. 

It has previously been argued that grain boundary bulging could 
only occur at the interface between two large grains, as a very high 
curvature would be needed for bulging from a small recrystallized 
grain [19]. As such, during the formation of a typical necklace DRX 
microstructure, bulging would only occur for the first “ring” of re
crystallized grains, forming at the interface between two large in
itially unrecrystallized grains. However, the opposite has also been 
argued, that bulging occurs during all stages of the development of a 
necklace microstructure, even at an interface featuring a small re
crystallized grain [43]. In the present case, the most obvious bulges 
are indeed found at the interface between large unrecrystallized 
grains; this is highlighted in Fig. 14. At the interface between small 
recrystallized grains and large initially unrecrystallized grains, re
crystallization nuclei can be seen to form without bulging (e.g., the 
sub-grain highlighted in Fig. 9(e)–(g)). This evidence would tend to 
support the former view, that bulging predominately occurs at the 
interface between large grains. 

The abundance of the grain boundary recrystallization me
chanism leading to necklace recrystallized grains is indicated in  
Fig. 15, which shows the misorientation angle distributions around 
the boundary of an initially unrecrystallized grain. The dis
proportionately high fraction of lower angle boundaries around the 
initially unrecrystallized grain suggests that the majority of re
crystallized grains surrounding the initially unrecrystallized grain 
form as necklace recrystallized grains, which is consistent with the 
precipitation state found in these recrystallized regions. This in
dicates that this grain boundary recrystallization mechanism, which 
may occur with or without bulging, is the most abundant me
chanism during sub-solvus forging. The misorientation angle dis
tribution also shows a sharp peak around 60°, suggesting that 
twinning occurs within the necklace recrystallized grains during 
their formation and evolution. Twin assisted nucleation of dynami
cally recrystallized grains has been observed in IN718 [44]. Twining 
may further assist the growth of recrystallized grains by forming 
highly mobile grain boundaries [45,46]. 

Fig. 13. Examples of inhomogeneous precipitation within the initially unrecrystallized grains. (a) IPF map and (b) the corresponding FSE micrograph of an area containing two 
regions within initially unrecrystallized grains where there has been a local dissolution of precipitates, these regions are indicated by the black arrows. The grain and twin 
boundaries from (a) have been overlaid onto (b). Data from region 1 in Table 2 with a local strain of ε ≈ 0.53. 
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4.2. Recrystallization around the initially statically recrystallized grains 

Fig. 6 shows that the orientation and morphology of the special 
type of precipitates found in the initially statically recrystallized 
grains were unchanged during deformation and DRX. This indicates 
that DRX can occur in these grains without the dissolution/re
precipitation of precipitates, the opposite of what has been observed 
in the initially unrecrystallized grains. Regarding the size of these 
precipitates, counting 470 of the “rectangular” precipitates from  
Fig. 6(a) gives an equivalent diameter of 1.3  ±  0.5 µm and an area 
fraction of 18.5%. This diameter and area fraction are smaller than 
those measured in the as-received microstructure (1.8  ±  0.7 µm and 
21.7%). It is not clear from the measurements of diameter alone 
whether the size of these precipitates has actually decreased, as this 
could be an artefact due to the particular 2D section of the pre
cipitates being imaged. However, the corresponding decrease in area 
fraction suggests that these precipitates have actually shrunk 
somewhat during recrystallization, perhaps due to partial dissolu
tion by the grain boundaries forming around and between them. 

Intragranular recrystallization in the initially statically re
crystallized grains is further assisted by HERX, of which examples 
can be seen in Fig. 7. 

4.3. The role of microstructural heterogeneity 

Different recrystallization mechanisms are operative in the 
initially unrecrystallized and the initially statically recrystallized 

grains. These different mechanisms are a consequence of the 
different precipitation states in the two types of grain, i.e. they are 
a consequence of microstructural heterogeneity. The fine and 
dense distribution of precipitates in the initially unrecrystallized 
grains restrict dislocation motion, and the nucleation of new re
crystallized grains is restricted predominately to the grain 
boundaries, where dislocation densities are highest. By way of 
contrast, in the initially statically recrystallized grains re
crystallization occurs predominately intragranularly as disloca
tions can progressively accumulate into low/medium angle 
boundaries, less impeded by the more coarse and sparse dis
tribution of precipitates. 

These different recrystallization mechanisms, which operate in 
different grain populations as a result of microstructural hetero
geneity, have two important effects. 

Firstly, the different mechanisms affect the overall kinetics of 
recrystallization. Figs. 6 and 7 show that at regions with estimated 
strains of 1.00–1.04, the initially statically recrystallized grains are 
almost fully recrystallized. However, from Fig. 4, the overall re
crystallization level at this strain is approximately 65%. Therefore, at 
high strains only the initially unrecrystallized grains remain un
recrystallized. The initially statically recrystallized grains undergo 
recrystallization more easily (i.e. at lower strains) than the initially 
unrecrystallized grains, due to their different recrystallization me
chanisms. These different mechanisms are a result of the different 
local precipitate distributions in the initially statically recrystallized 
and initially unrecrystallized grains. 

Fig. 14. The formation of sub-grains at bulged grain boundaries. (a) Two bulged grain boundaries indicated by the black arrows, and (b) the corresponding KAM map showing that 
the regions within the bulges have low internal misorientations. Data from region 1 in Table 2 with a local strain of ε ≈ 0.53. 

Fig. 15. Misorientation angle distribution around the initially unrecrystallized grains. (a) EBSD grain boundary map of an initially unrecrystallized grain colourised according to 
the local misorientation angle, (b) the distribution of misorientation angles between this grain and the surrounding recrystallized grains, shown by the blue bars. The red bars in 
(b) show misorientation angle distributions between the initially unrecrystallized grain and a set of random orientations in the map. Data from region 2 in Table 2 with a local 
strain of ε ≈ 0.72. 
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Secondly, the different mechanisms affect the evolution of pre
cipitates. The ‘rectangular’ precipitates in the initially statically re
crystallized grains are still present after recrystallization, but the 
more fine and dense precipitates in the initially unrecrystallized 
grains are removed during recrystallization. In the initially un
recrystallized grains, sub-grains nucleate predominately at the grain 
boundaries. These can only grow through their boundary moving 
and dissolving the fine and dense precipitation encountered, leading 
to the removal of the fine and dense precipitation in the initially 
unrecrystallized grains as a consequence of recrystallization. In the 
statically recrystallized grains, boundaries can form around the 
rectangular precipitates (shown in Fig. 5). The rectangular pre
cipitates may be partially dissolved by these boundaries, but are 
clearly still present after recrystallization of their host grain (as 
shown in Figs. 5–7). Again, the evolution of precipitates differs due 
to the different recrystallization mechanisms, which are themselves 
a consequence of microstructural heterogeneity. 

These differences in recrystallization behaviour due to different 
precipitate distributions are qualitatively in line with the model 
proposed by Humphreys [28]. In this model, a sub-grain is con
sidered to grow to a diameter D μm in a region with an orientation 
gradient °/μm. Thus, a sub-grain is able to form a boundary with its 
surrounding grain which has a misorientation angle of approxi
mately = D* . As such, if sub-grains are limited to below a critical 
size, high angle boundaries will not be able to form. 

When sub-grains are of a dimension comparable to the pre
cipitate spacing, the precipitate limited sub-grain diameter can be 
estimated by the spacing between the precipitates [28]. As such, 
regions with a smaller precipitate spacing (i.e. the initially un
recrystallized grains) will form smaller sub-grains, and recrystallized 
grains will be less able to form amongst the precipitates in such 
regions. In regions with a larger precipitate spacing (i.e. the initially 
statically recrystallized grains), larger sub-grains form, and re
crystallized grains are more able to form amongst the precipitates in 
such regions. 

4.4. The origin of primary γ′ 

The process of precipitate dissolution and reprecipitation during 
recrystallization calls into question the origin of primary γ′ pre
cipitates. Primary γ′ precipitates are often thought to form at grain 
boundaries either during cooling from above the solvus temperature, 
or during solutioning (below the solvus temperature) which dis
solves the other populations of γ′ [47]. The data here suggest that all 
precipitates in recrystallized regions of billet material are subject to 
dissolution and reprecipitation processes. Even the precipitates in 
the initially statically recrystallized grains of the as-received mate
rial, which have been shown to persist through dynamic re
crystallization of their host grain, themselves form through 
dissolution and reprecipitation at the boundary between grains with 
a particular orientation relationship [26]. This implies that the pri
mary γ′ seen in billet material (at the end of forging) is not primitive, 
i.e., it does not form from the first solvus crossing and persist 
throughout the entire forging sequence. 

The primary γ′ which is undissolved during sub-solvus partial 
solutioning could either result from coarsening of precipitates at 
boundaries of the necklace recrystallized grains, or coarsening and 
globularisation of the “rectangular” (actually cylindrical in 3D) pre
cipitates. In this latter case, it should be possible to find clusters of 
primary γ′ which share similar orientations to each other. This would 
require discriminating EBSD data from the γ and γ′ phases, e.g., by 
using coupled orientation and elemental analysis, such as EBSD-EDS 
or the iCHORD-SI technique [34]. The globularisation of the “rec
tangular” precipitates can be expected following the recrystalliza
tion of their host grain, as they will no longer share a special 
orientation relationship with the grains surrounding them and will 

thus have more isotropic interface energies, promoting globularisa
tion during coarsening. 

5. Conclusions 

In this study, detailed analyses were performed on the evolution 
of microstructure during sub-solvus recrystallization of the recently 
developed AD730 Ni-based superalloy. The major observations of 
this work are concluded as follows:  

– Within a single sample, under a single set of external TMP 
parameters, different local microstructures, particularly different 
precipitation states, lead to a range of different recrystallization 
mechanisms operating.  

– The initially unrecrystallized grains recrystallized predominantly 
intergranularly, leading to relatively small recrystallized grains 
with little intragranular precipitation. The misorientation angle 
distribution of these grains with respect to their neighbouring 
initially unrecrystallized grain revealed a disproportionately high 
fraction of relatively low misorientation angles (≲ 25°) and of 
twin orientation relationships, implying that twinning plays an 
important role in the formation of dynamically recrystallized 
grains. This recrystallization mechanism was observed at both 
bulged grain boundaries, and boundaries which appeared flat 
(in 2D). 

– Large recrystallized grains containing precipitates with an ap
proximately twin or coherent orientation relationship, which 
have previously been observed to form statically, were observed 
to form dynamically. In 3D these precipitates have the shape of a 
flat cylinder. 

– An intragranular recrystallization mechanism produced pre
cipitate free recrystallized “channels” up to 75 µm long. This 
mechanism can produce significant grain refinement, with a 
“channel” of recrystallized grains splitting an initially un
recrystallized grain into two similarly orientated parts. 

– Precipitates interact in at least four different ways with re
crystallization:  

(i) In the necklace recrystallized grains, precipitates were dissolved 
into moving (sub)boundaries which they slow via solute drag, 
and then reprecipitated on the recrystallized side at the 
boundaries of recrystallized grains, generating small re
crystallized grains with little intragranular precipitation.  

(ii) If a recrystallized and initially unrecrystallized grain share 
a < 111 > axis, precipitates can be dissolved by the re
crystallization front and reprecipitated at the moving interface, 
with a specific orientation relationship to growing recrystallized 
grain. 

(iii) Precipitates can stimulate recrystallization, via the HERX me
chanism.  

(iv) Large precipitates presenting a low number per unit volume 
may be unaffected by recrystallization, allowing continuous 
recrystallization processes to occur around them.  

– On billet material, precipitates in recrystallized regions are the 
result of dissolution and reprecipitation processes associated 
with recrystallization. Precipitates in recrystallized regions are 
not “primitive”, i.e., they do not persist through the entire forging 
process from the first solvus crossing. 
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