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ABSTRACT
Nucleation of recrystallization in deformed metals is discussed with focus on how
theories have been achieved from experimental investigations. Suggested nucleation
mechanisms and potential nucleation sites are reviewed to gain an overall under-
standing of the state-of-the-art. Limitations in the applied experimental techniques
are discussed followed by an analysis of how newly invented non-destructive 3D
techniques have challenged accepted theories which are based on 2D studies. Finally,
suggestions for further studies by the novel and improved techniques are presented.
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1. Introduction

Recrystallization is a crucial element of metal thermomechanical processing and is of-
ten used to control the properties and performances of the final products[1, 2]. During
thermomechanical processing, the metal is typically deformed and during simultane-
ous or subsequent annealing, the microstructure evolves by recovery, recrystallization
and grain growth[1, 3, 4], see Figure 1. Recovery, recrystallization and grain growth
can in practice happen concurrently or sequentially[4]. These processes may happen
during deformation (typically for hot deformation) or during annealing after cold de-
formation. During plastic deformation, the original grains change shape, the crystal
lattices rotate towards preferred orientations and the number of dislocations and other
defects increase by several orders of magnitude[5]. The dislocations are found to or-
ganise into cells (with less defects) surrounded by cell boundaries[6]. On a larger scale
the microstructure is subdivided by dense dislocation walls and geometrically neces-
sary boundaries (GNB) forming cell-block structures[7], see Figure 1. This results in
an increase in stored energy in the form of excess dislocation/defect density[1, 5, 7].
The stored energy is a fraction of the energy supplied by the external load during
deformation; the rest is released as heat[7, 8]. The driving force for recrystallization is
generally described as the driving pressure[1, 9–11]:

Fr = αGb2ρ (1)
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Figure 1. A very idealized and simple schematic diagram of the microstructure evolution and the change in

mechanical properties during annealing. From left to right: the deformed state, the recovered state, nucleation,

the fully recrystallized state and the microstructure after some grain growth. In the deformed, recovered and
nucleation states the orange lines are the original grain boundaries, the thick black lines are GNBs and the thin

black lines are cell boundaries. The recovered state illustrate partial defect annihilation and rearrangements. The
green areas in the nucleation state are representations of nuclei. The purple boundaries in the recrystallized

microstructure and that after some grain growth are newly formed grain boundaries. Figure adapted from

reference[3] while the cell structure is inspired by reference[7].

where α is a constant (typically in the order of 0.5), G is the shear modulus, b is the
Burgers vector and ρ is the dislocation density[1, 5, 12]. The local stored energy can be
estimated experimentally by investigating the lattice distortion by synchrotron X-ray
diffraction with suitable spatial resolution or electron microscopy, while measuring the
heat released from the deformed sample during annealing using calorimetry gives the
global stored energy[3, 8, 13]. It is worth noticing that the plastic deformation is rarely
homogeneous[5] and the resulting stored energy then varies locally.
When annealing progresses, the processes after the deformation lower the stored
energy[1], while the ordering increases[4], see Figure 1. During recovery, the den-
sity of dislocations and other defects decreases as these are annihilated and rear-
ranged forming sub-grain boundaries[3, 14]. The sub-grain formation is also called
polygonization[1, 3, 14, 15] and the sub-grain boundaries typically differ from grain
boundaries by having smaller lattice misorientations[1]. The metal can recrystallize
after deformation and/or recovery by forming nuclei with almost strain- and defect-
free crystal lattices[1, 14]. Recovery lowers the stored energy thereby retarding the
recrystallization process[16]. Nucleation of recrystallization can happen at different
sites in the deformed microstructure[1, 14, 17], as illustrated in Figure 1. For recrys-
tallization nucleation to take place, the decrease in stored energy of the deformed ma-
terial, associated with introducing the almost defect-free nuclei, must theoretically be
larger than the energy accompanying the increase in grain boundary area confining the
nuclei[15]. However, areas of high stored energy do not necessarily lead to nucleation
of recrystallization[9, 18, 19]. After the nuclei have obtained their critical sizes[20], the
boundaries will migrate and the microstructure eventually becomes entirely replaced
by the recrystallized microstructure. Grain growth may happen via boundary migra-
tion upon further annealing driven by boundary curvature and minimisation of the
grain boundary inter-facial energies[1, 4]. The grain boundary mobility determines the
migration velocity and is dependent on the grain boundary misorientation[1, 14, 21] as
well as several other characteristics including grain boundary plane normal and anneal-
ing temperature[1]. High-angle grain boundaries have a much higher mobility than low-
angle grain boundaries[1, 14, 21], thus being important for growth. High-angle grain
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boundaries are defined as having misorientations larger than 10− 15◦[5, 14, 22, 23].
The focus of this review is on nucleation of static recrystallization i.e. recrystallization
after deformation. Recrystallization is in short defined as the creation of a new grain
structure in a deformed material through the formation and migration of high-angle
grain boundaries driven by the stored energy of deformation[22]. Recrystallization is
often divided into the formation of new almost defect-free nuclei (i.e. nucleation) and
the growth of these[1, 2, 7, 14, 20, 24]. Nucleation is a critical factor in determin-
ing both the size and crystallographic orientation of the resulting recrystallization
microstructure and texture[21, 25, 26]. Thus, the mechanisms and parameters influ-
encing the nucleation are of utmost importance[1, 27, 28]. Nucleation can be defined
as a mechanism where dislocations rearrange in a deformed or recovered structure to
create low dislocation density regions which have at least one high-angle grain bound-
ary segment and thereby have the potential to grow relatively fast at the expense of
the deformed matrix[1, 5]. Recrystallization nucleation may not be seen as a direct
nucleation of new grains as in crystallization of for example water. This is because nu-
cleation of recrystallization has been proposed to happen by either moving pre-existing
high-angle grain boundaries or by creating new high-angle grain boundaries, meaning
that the embryos of the nuclei are present in the deformed matrix[1]. For an embryo to
become a nucleus it needs to grow into the deformed structure[29]. Yet, active nuclei
may stop growing if they become surrounded by other active nuclei growing faster
while some potential embryo might never start growing, because they are ‘consumed’
by other nuclei which have nucleated earlier. To differentiate between potential nuclei
and active nuclei in-situ experiments are needed to follow their possible growth over
time.
The nuclei sizes are small and they are few in number[1, 14, 17, 30]. The size of the
critical nuclei depends on deformation strain[1], however they are often found exper-
imentally in the order of ∼ 1 µm. Experimental studies of nucleation have thus been
referred to as looking for a ’needle in a haystack’[17]. Another obstacle for studying the
nucleation sites, is when a recrystallized nucleus is formed, it replaces the deformed
parent matrix, complicating the quantification of the matrix before the nucleation
event. This is referred to as the ’lost evidence’ problem[2, 4, 17, 30–33]. Yet, effective
nucleation mechanisms and typical nucleation sites have been extensively studied, see
Figure 2.
Detailed knowledge about nucleation is crucial when making models[17] to predict

the recrystallized grain size and texture of the processed metal. Today, most models
of nucleation are assuming that nucleation events are spread homogeneously through
the microstructure[34] and have absolutely random orientations or orientations chosen
within the spread of those present in the deformed state[13, 35]. This is mainly due
to the lack of knowledge on how, where and why nucleation happens at the observed
sites[13] and with which orientations, leaving many questions about nucleation yet to
be answered[36].
In spite of the experimental challenges, several nucleation mechanisms have been sug-
gested in the literature: the dominating ones in single-phase metals are strain-induced
boundary migration (SIBM)[37], sub-grain coarsening and sub-grain coalescence[26],
which will be reviewed in the following. For metals containing large second phase
particles, particle stimulated nucleation (PSN) is suggested to be a dominating nucle-
ation mechanism[12, 38–41], which likewise will be described in this review. Typical
nucleation sites, which are generally agreed upon in literature for pure and more in-
dustrially relevant metals, include original grain boundaries[37], triple junctions[1],
shear[42] and transition bands[43]. Here, nucleation is found to readily take place,
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Figure 2. The number of publications found here: https://app.dimensions.ai/discover/publication. Only pub-

lications within the field ’material engineering’ were included and the keywords: ’metal’, ’recrystallization’ and
’nucleation’ were used in all searches. The numbers of publications were acquired November 2021.

however the exact position of the nucleation events at these preferred sites can not be
predicted yet[1, 17, 30, 31]. These sites will be illustrated by literature examples in
the following. Finally, a discussion of experimental limitations and new experimental
possibilities, which will be biased towards 3D/4D experiments, is presented, leading to
an outlook discussing how nucleation of recrystallization can be studied in the future
and which essential questions regarding nucleation that should be addressed.

2. Nucleation mechanisms

Three nucleation mechanisms are mainly proposed for single-phase metals while PSN
is of critical importance in particle-containing alloys. These are summarised in Figure
3 and will be reviewed in the following.

2.1. Strain induced boundary migration (SIBM)

During SIBM, a pre-existing high-angle grain boundary migrates into neighbouring
grains creating small strain-free regions[17, 37], see schematics in Figure 3a. The
migration of high-angle boundaries is induced by the strain build-up on each side
of the boundary during deformation[5, 20]. For this mechanism to take place, the
strain differences between the adjacent deformed grains must be large[5]. When the
boundary moves, the stored energy will decrease as the defects and dislocations are
eliminated[37], while the high-angle grain boundary surface area increases[5]. The nu-
clei formed by SIBM have similar orientations as those in the deformed materials from
which they originate[1, 37]. Thus, if SIBM is dominating recrystallization, the texture
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Figure 3. Schematics of the four nucleation mechanisms reviewed here. (a) strain induced boundary migra-

tion, (b) sub-grain coarsening, (c) sub-grain coalescence and (d) nucleation with a deformation zone surround-

ing a large second phase particle (shown in black). Figure inspired by references[5, 38]

will be closely related to the deformation texture[1], although the recrystallized tex-
ture will not be identical to the deformation texture as the nuclei select low stored
energy orientations[44].

2.2. Sub-grain coarsening

Sub-grain coarsening is thermally assisted migration of low-angle boundaries at the
expense of neighbouring sub-grains[5], see schematics in Figure 3b. The mechanism is
driven by minimisation of stored energy as dislocations are eliminated and relocated.
As the nucleus absorbs dislocations, the orientation difference relative to the matrix
of the surrounding sub-grains increases, creating high-angle grain boundaries. The
mechanism of coarsening can be seen as abnormal grain growth in a polygonized
structure[1], where some sub-grains grow faster and then transform into nuclei. Sub-
grain coarsening is thus expected to result in nuclei with orientations as those present
in the deformed matrix[25].

2.3. Sub-grain coalescence

Coalescence occurs if two neighbouring sub-grains rotate, aligning their crystal lattices
with respect to each other[26]. This results in the elimination of sub-boundaries and
the formation of a larger sub-grain[5], as schematically shown in Figure 3c. Coales-
cence will change the orientation differences between the sub-grain and the adjacent
matrix, leading to the formation of a somewhat higher angle boundary[5]. For the
mechanism to happen it must be energetically favourable for the sub-grains to rotate
in a direction which eliminate low-angle boundaries and create higher angle boundaries
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towards the rest of the matrix[26]. However, it is debated whether this mechanism is a
recrystallization mechanism and whether it plays a role in recrystallization[1, 20, 22],
while some list coalescence as a recovery mechanism[14]. Coalescence of sub-grains is
found to mostly happen in transition bands or regions next to grain boundaries i.e. in
regions having a large distribution of sub-grain orientations[5, 43, 45].

3. Nucleation sites

Typical nucleation sites in both single-phase metals and metals containing large sec-
ond phase particles are reviewed in the following supported by experimental results
reported in literature.

3.1. Grain boundaries and triple junctions

Large orientation gradients have been found near grain boundaries[46–48]. This is ex-
pected to be a result of large strain gradients across the grain boundaries, which is
due to the different selection of active slip systems in the two grains on either side of
the grain boundary[1]. The larger stored energy, due to the large buildup of defects,
at such grain boundaries is expected to explain nucleation at these sites[1]. The ac-
cumulation of lattice misorientations may be even larger at triple junctions, making
triple junctions powerful nucleation sites[20, 40]. However, whether nucleation at grain
boundaries and triple junctions is always an effect of SIBM, as described in section
2.1, is not clear[1].
Figure 4 shows an example of nucleation near a triple junction in 30% cold-rolled alu-
minium after annealing. The data was obtained using electron backscatter diffraction
(EBSD)[17]. A nucleus, marked A01, has grown by SIBM during annealing from an
original grain boundary close to a triple junction with an orientation highly related to
the orientation of the parent grain. The largest misorientation between the parent and
the nucleus found for this type of nucleation in this particular study was < 10◦, which
was assumed to be within the spread of orientations in the parent grain. The nucleus
seen in Figure 4b is not a perfect crystal; it contains low-angle boundaries which are
illustrated by white lines. A slight variance of orientations within the nucleus arising
from nucleation at grain boundaries has also been observed elsewhere[37]. The top
part of Figure 4b is another nucleus, yet it is not known where it originated from and
it is thereby not discussed in any detail in the paper[17].
An example of nuclei at an original grain boundary with orientations not directly re-
lated to the parent grains is shown in Figure 5. Here, nuclei labelled B01 and B02
have orientations not found in the deformed state[17]. In the study, one third of the
recorded 29 nuclei showed new orientations with possible orientation relations to the
deformed matrix being between 20◦ − 55◦ around one of four principal axes, 〈111〉,
〈112〉, 〈100〉 and 〈110〉[17]. New orientations were, in this study, defined as orientations
not found in the deformed state; with a misorientation of more than 10◦ to the closest
orientation observed in the deformed matrix. Relations between new orientations and
the parent matrix within this range were also found in reference[25] in a high-purity
nickel sample using EBSD. Here, new orientations were defined as orientations that
fall outside the spread of orientations of the deformation sample[25]. Furthermore,
both Al−1%wtMn[49], Ni, Cu and Al−2%wtCu[50] samples showed orientation re-
lations between nuclei of new orientations in the partly recrystallized state and the
deformed matrix. This was also found using EBSD. Here, the angle rotation ranges
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(a) Before annealing. (b) After annealing.

Figure 4. Maps of orientations obtained by EBSD showing nucleation near a triple junction in a 30% cold

rolled high-purity aluminum sample annealed at temperatures between 588 and 593 K for 10−15 minutes. The

white lines indicate misorientations between 1◦ − 10◦and the black lines mis-orientations > 10◦. Figure from
reference[17].

(a) Before annealing. (b) After annealing.

Figure 5. Maps of orientations obtained by EBSD showing multiple nuclei at an original grain boundary in

a 30% cold rolled high-purity aluminum sample. The white lines indicate mis-orientations between 1◦−10◦and

the black lines misorientations > 10◦. Figure from reference[17].

were observed to be slightly more narrow (25◦ − 55◦) and the axes around which the
nuclei with new orientation rotated were also somewhat different; 〈111〉, 〈112〉, 〈122〉,
〈012〉[49, 50] and 〈123〉[50]. In reference[50], how new orientations are defined is not
clearly stated, while in reference[49] orientations not coinciding with orientations ob-
served in the deformed state are said to be new.
Neither of the mechanisms mentioned in section 2 can explain the formation of nuclei
with new orientations[49]. It has been questioned if such nuclei could originate from
sites below the surface[1, 2, 51], however this will be further discussed in section 5.

3.2. Nucleation at transition bands

Transition bands are regions of high lattice distortion in the deformed microstructure
resulting from inhomogeneous deformation[52]. During plastic deformation, a grain
can split, as a consequence of slip processes, into regions of different orientations with
a band between the regions[43, 45, 53, 54]. These bands are called transition bands
and are ideal for nucleation as they have large orientation gradients[1, 20]. The top mi-
crograph in Figure 6 shows sub-grains elongated horizontally in the transition band.
From diffraction patterns misorientations across the transition band were found to
be as large as 30◦ over just 3 µm[52]. The horizontal boundaries separating the elon-
gated sub-grains are transition band boundaries and mainly composed of geometrically
necessary dislocations (GNDs), while the boundaries perpendicular to these, seen in
Figure 6 as dark areas vertically crossing the transition band boundaries, are random
boundaries consisting of statistically stored dislocations[52].
Nucleation in transition bands has in particular been observed for samples deformed
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Figure 6. A horizontal transition band in a polycrystalline 50% cold rolled iron sample. The numbers of the
different segments corresponds to each of the electron diffraction patterns. From reference[52].
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(a) (b)

Figure 7. Nucleation within microscopic shear bands in Al-Cu alloy. (a) An electron micrograph from
reference[42] and (b) a new simple sketch highlighting the nuclei in (a).

to high strains[41, 55] and the nuclei are observed to have orientations within the
spread of the orientations within the transition band[41]. The orientations of the nuclei
formed in transition bands can thus be very different from the ones in the neighbouring
grains[43].
Nucleation of recrystallization in transition bands is well documented[45], however the
mechanism is not clear: It has been suggested that nucleation at transition bands is
due to the transition band boundaries migrate by SIBM on either side of the transition
band forming nuclei which grow into the bands[55]. It has also been suggested that the
nucleation happens by sub-grain coalescence due to the wide distribution of sub-grain
orientations in transition bands[5].

3.3. Nucleation at shear bands

Shear bands can be either macroscopic or microscopic referring to their extent through
the sample[14]. Macroscopic shear bands can cross through several grains and may ex-
pand across the thickness of the sample[44]. Whereas, microscopic shear bands are seen
inside individual grains accommodating plastic strain[44]. The shear bands referred to
in this section are macro shear bands and these are known to be preferable nucleation
sites[14, 42].
Shear bands can arise in rolled metals as thin regions of highly strained material[56]
often orientated ∼ 35◦ to the rolling plane[1, 44]. Each shear band is accompanied by
large shears[57]. The formation of these shear bands depends on deformation condi-
tions, composition, texture and microstructure of the metal[1], however they especially
develop in low stacking fault energy materials[27, 57]. Shear bands possess high stored
energy and large orientation variations across the bands, which is assumed to be re-
sponsible for the high number of nucleation events observed here[14, 20]. An example
of local recrystallization at shear bands in an Al-Cu alloy can be seen in Figure 7.
Recrystallized textures originating from nucleation within shear bands have no obvious
correlation to the deformation texture[1] and nuclei with widely different orientations
are found here[56]. The nucleation mechanism at these sites is not clarified[1].
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(a) ε = 0.5 (b) ε = 2.3

Figure 8. Backscattered electron micrographs from scanning electron microscopy (SEM) showing PSN at
large SiO2 particles in two Ni samples. (a) The sample was deformed to moderate strain (ε = 0.5). (b) The

sample was deformed to high strain (ε = 2.3). Figures from reference[41].

3.4. Nucleation at large second phase particles

Second phase particles in metals are known to have great effects on recrystal-
lization: large particles accelerate nucleation while small dispersoids retard bound-
ary migration[58, 59]. Here, PSN at large second phase particles (> 1 µm in
diameter)[12, 28, 38, 41, 42, 60] will be summarised.
During deformation, orientation gradients may be created by lattice rotations around
large, hard second phase particles[20]. This is because dislocation slip is being hin-
dered by the large second phase particles, forcing rotations in the matrix adjacent to
the particles to reduce the lattice mismatches induced by deformation[28, 40]. The
dislocations introduced are both GNDs and statistically stored dislocations, resulting
in a very high dislocation density within the deformation zones[38]. A criterion for de-
formation zones to appear is that the deformation temperature is low, since at higher
temperatures the dislocations can climb and escape the particle sites[12].
Recovery will eliminate many of the statistically stored dislocations and rearrange the
GNDs into sub-boundaries[38], forming a deformation zone as seen in the first sketch
in Figure 3d. Nucleation has been found to take place in these deformation zones by
rapid sub-boundary migration replacing the deformation zone around the particle or
a part of it[40]. This can be described as coarsening[38] and is shown schematically
for a deformation zone in Figure 3d. The sub-grains in the deformation zones are rela-
tively small and the local misorientations are high compared to the deformed matrix,
meaning that the boundaries do only need to migrate a short distance before high-
angle boundaries are formed compared with coarsening in a single-phase polygonized
structure[38, 40]. The stored energy in the recovered deformation zone is also larger
than in the matrix since the dislocation density is higher[38]. This results in a higher
polygonization rate in deformation zones leading to accelerated nucleation here[38].
An example of PSN in Ni samples at large second phase SiO2 particles can be seen in
Figure 8. Here, the particles were estimated to be ∼ 5 µm. In Figure 8a the sample was
deformed to moderate strain (ε = 0.5)[41] and recrystallization nuclei have developed
at all large particles.
Due to the nature of deformation zones, the texture of metals recrystallized at large

second phase particles is highly rotated[12, 28, 42, 60] as the orientations of the nuclei
are inherited from the deformation zones[12, 61]. PSN has been shown to occur even
more often at particles in grain boundaries, this has been assigned to the high local
plastic strain here[46]. It has additionally been suggested to be due to the pre-exsting
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high-angle boundaries at the particle sites which can readily migrate[41].
Several details on PSN are not known. It is for example not known how the particle
size, particle shape, strain and neighbouring matrix orientations affect the nucleation
behaviour nor why nucleation does not necessarily take place at every large second
phase particle[41]. However, the dislocation density in the deformation zone is expected
to affect the PSN behaviour. It is predicted to depend on strain (ε), particle volume
fraction (Fv), particle size (r) and the dislocation Burgers vector (b)[12, 14]:

ρp =
3εFv
rb

(2)

This equation shows the dislocation density is directly proportional to the strain.
Furthermore, as the particle volume fraction is kept constant, the dislocation density
will increase with decreasing particle radii.
When the Ni sample with large SiO2 particles, shown in Figure 8, was deformed to
higher strains, nucleation was solely observed at second phase particles in transition
band[41], see Figure 8b. This illustrates how PSN is highly affected by strain[41], but
also how PSN is not directly dependent on equation 2.
PSN is predicted to be an important mechanism, since nucleation near large second
phase particles is found to dominate the recrystallization process in for example many
aluminium alloys[39, 62]. The exact nucleation mechanism and why nucleation rarely
takes places at all large second phase particles[41] are however not known.

4. Limitations in characterisation of recrystallization nucleation

The knowledge presented above on nucleation mechanisms and potential nucleation
sites has been acquired through years of microscopy studies of recrystallization. A
historical overview can be found in reference[5]. Yet, the suggested nucleation mech-
anisms can not explain why nuclei of new orientations have been observed in various
cases as e.g. in Figure 5. In regard to new orientations, no general definition has been
agreed on in terms of the orientation difference between the nuclei and parent grain.
Additionally, it is not known why nucleation only sometimes takes place at some of the
preferred nucleation sites[1, 17, 30, 31] but not at others even though the nucleation
criteria are fulfilled there. This lack of knowledge is expected to be due to experimental
limitations[4, 30].
The first criterion for successful investigations of nucleation is sufficient spatial res-
olution to reveal the nuclei i.e. sub-micron resolution[2]. Generally, laboratory X-ray
diffraction and optical microscopy do not fulfil this criteria[20]. Yet, optical microscopy
has been used for other important findings regarding nucleation, as e.g. in 1950 when
Beck and Sperry[37] revealed the growth direction of SIBM. This was possible since
the investigation of the growth does not require as high resolution as the initiation
of nucleation does. The work of Gottstein from 1986[63] is an example of early use
of a synchrotron source to investigate individual grains in a bulk polycrystalline Ni
sample. In this early work, it was possible to determine the orientations of the grains
and the nature of the boundaries separating them by Laue patterns[63]. However, the
resolution was not good enough to be able to investigate nuclei.
Other experimental techniques provide high spatial resolution making it possible to
easily reveal nuclei of recrystallization[24]. An example of the usage of SEM can be
seen in Figure 8, here the partly recrystallized structure is imaged. Transmission elec-
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tron microscopy (TEM) and high voltage TEM have been used to investigate the
nucleation of thin samples[51, 64, 65]. TEM has furthermore been used to find the
orientations of the nuclei and relate them to those in the deformed microstructure,
e.g.[56]. This work must have been very time consuming and the orientations obtained
are only from a small area in the sample making the observations of less general rele-
vance. EBSD[66, 67] has been widely used to investigate nuclei orientations in recent
years[7]. Compared to TEM, EBSD has the advantage of covering a much larger area,
and although the spatial resolution is poorer it is still sufficient for nucleation studies.
Even though the above-mentioned characterisation methods have sufficient resolution,
they still possess two main obstacles. When only a thin surface layer is investigated,
knowledge about the bulk of the sample is left out[24, 36], meaning that a grain ob-
served on the surface of the sample can potentially be a result of nucleation happening
at sites invisible to the researcher[33]. Furthermore, nucleation at the true sample sur-
face is not necessarily representative for the bulk of the sample since surface effects,
as e.g. scratches, might lead to odd nucleation behaviours[2, 30, 32, 68–70], poten-
tially leading to wrong conclusions. Additionally, thin-film effects might influence TEM
investigations[2]. There is thus a need for 3D measurement techniques. Static studies
additionally lack information on what was present in the deformed matrix before the
nuclei were formed[2] and they miss information on the nuclei being active or just
potential. Humphreys did in 1977[38] acquire microscopy images recorded over time,
showing the evolution of a nucleus formed by PSN. However, as these were surface
observations, doubt exists if the result is representative for the bulk as well. There is
thus a need for non-destructive high-resolution 3D techniques[2, 20] to investigate the
nucleation events and to clarify the actual nucleation mechanisms observed at sites
such as mentioned in section 3 along with other possible sites. In-situ 3D studies might
eventually make it possible to predict at which sites nucleation will happen and with
what orientation nuclei will form.

5. Recent 3D observations

Different suggestions of destructive 3D and non-destructive 3D nucleation investiga-
tions have been reported in literature[4, 24, 30–33, 36, 39, 62, 71–73]. Selected studies
using different approaches of 3D and 4D (in-situ 3D) investigations will be reviewed
in this section.
An example of a destructive 3D experiment is the study by Quey et al. in 2021[31].
Here, a columnar aluminium tricrystal was cold rolled to 40% thickness reduction
along the columnar direction to create a sample microstructure which does not change
significantly along this direction[31], see Figure 9a-b. This feature makes it possible to
section the sample into slices along the rolling direction (RD) and then study these at
different annealing stages, see Figure 9c. Slice number 5 was used to investigate the
deformation structure and slice number 3 was used for analysing recrystallization[31].
By doing this the researchers could go ’back and forth in annealing time’. These
slices were analysed by EBSD on the observation planes sketched in Figure 9d. It
was found that recrystallization only occurred in crystal A and that the nuclei are
closely related to the deformation structure[31]. Crystal A had the largest averaged
stored energy among the three crystals, estimated from orientation maps acquired by
EBSD[31]. Yet, within crystal A the highest density of nuclei was not found in the
local region of highest stored energy, but in a region with large anisotropic orientation
distributions[31]. This confirms, as stated in section 1, that the stored energy as the
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Figure 9. Schematics of high-purity aluminum tricrystal and how it is split into 10 slices. (a) The columnar
microstructure of the initial sample. (b) The orientations of the three crystals labeled in a. (c) Shows the

how the rolled sample was sliced into 10 smaller samples. Slide number 5 is shown in blue. (d) Shows the

observation planes of the slices. From reference[31].

sole driving force for nucleation is an oversimplification. Thus, the authors derived
a new primary stored energy expression including the anisotropy of the orientation
distribution[31]. This type of experiment was carried out assuming the sliced samples
were identical, yet this is not necessarily the case. Furthermore, the investigation might
be subjected to surface effects as discussed in references[30, 32, 33]. This will not be
further reviewed here but the primary stored energy would be an interesting theory
to test in the future.
Another approach often seen in literature is EBSD combined with ion beam serial

sectioning[7, 74]. Multiple parallel and closely spaced 2D sections are acquired by
sectioning of the sample and doing EBSD on the newly created surface[75, 76]. This
is then used to reconstruct the 3D sample volume[75–77]. However, besides surface
effects[30, 32, 33] and surface damage due to ion bombardment[74], the ion sectioning
might introduce misalignment between the different sections[75]. Furthermore, this
method has not been used much for nucleation studies[76].
The mentioned sample sectioning techniques are, due to their destructive nature,
unsuited for dynamic in-situ studies[73] of e.g. how nucleation of a specific nucleus
takes place in the parent matrix. For this purpose three dimensional X-ray diffraction
(3DXRD) using X-rays from synchrotron sources is much more suitable, exploiting
the possibility of multiple non-destructive investigations of the same sample volume
at different annealing stages. Several papers have been published[30, 32, 33]. The first
3DXRD measurement was in collaboration between Risø and European Synchrotron
Radiation Facility[73]. A few examples, illustrating how important non-destructive 3D
investigations are for studies of nucleation, will be reviewed in the following.
Nuclei of new orientations were suggested based on 2D EBSD[17], see e.g. Figure 5.
However, it could not be ruled out that the nuclei did not originate from sites with
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alike orientations below the surface. The possible formation of nuclei with new orienta-
tions is an important point in investigating the influence of the nucleation process on
the final texture since ’odd nuclei’ with orientations different from the matrix would
have excellent growth potentials thus such nuclei could potentially lead to significant
texture changes during recrystallization[32]. In the 3DXRD study by West et al.[33],
44 nuclei of new orientations were found on the surface, while 6 nuclei of new orienta-
tions were found in the bulk of the sample. The high amount of new orientations at the
surface was attributed to surface scratches, which is a typical observation, e.g.[30, 33].
The six interesting nuclei of new orientation in the bulk of the sample were all found
at triple junctions or grain boundaries[33]. In this study new orientations were defined
as orientations different from any orientation with volume elements larger than 1 µm
in the deformed parent grains[33]. The nuclei were all rotated around the same axes
as found in reference[17], substantiating the observation of nuclei of new orientations
in the paper based on just 2D observations.
As another example, the 3DXRD work by Larsen et al.[32] one nucleus, found in a
triple junction, in a high-purity copper sample was also shown to have an orientation
which was not within the spread of the deformed sample nor twin related[32].
How authors define nuclei of new orientations can vary and is likely to be affected by
the resolution of the particular experimental method, as spatial and angular resolution
can differ greatly, e.g. between EBSD and 3DXRD.
In general, twins are not included when referring to new orientations even though the
orientations of the twins are not found in the parent matrix[1]. The twinning mech-
anism is well known[17] and not of high interest in regards to how non-twin-related
new orientations form.
Whereas the above-mentioned 3DXRD nucleation studies focused on orientation rela-
tions, the microstructural evolution was followed in another non-destructive 3D study.
Three ex-situ annealing steps, from recovery to recrystallization to grain growth, were
investigated using near field high-energy X-ray diffraction microscopy (nf-HEDM) of
a deformed high-purity aluminium sample[4]. The crystallographic orientations were
recorded by focusing the X-ray beam on the planar 2D sample cross-section with a
spatial resolution of 5 µm. These maps were then extended to 3D by measuring 11
consecutive cross-sections with 20 µm spacing. In Figure 10 the same area in each of
the different annealing stages (from left to right: recovery, recrystallization and grain
growth) is shown. The studied area is from the middle of the sample[4] to avoid pos-
sible surface effects. The nucleus was found in a region of high defect density (see
Figure 10d). The nuclei mainly grew within the high defect-density volumes and not
into neighbouring grains. In Figure 10g-i, it can be seen that as the nucleus grew, the
adjacent grains somehow obtained more similar orientations to the matrix[4].
The latest detailed and non-destructive 3D work, relating an annealed state to the
deformed state, is the study by Xu et al.[30] Here, a weakly cold-rolled aluminium
sample was subjected to a hardness indentation. Nucleation was investigated using
non-destructive 3D X-ray Laue microdiffraction, also called differential aperture X-
ray microscopy (DAXM), with a high spatial resolution of 1.5 × 1.5 × 1.5 µm3[30].
Data was acquired before and after controlled annealing and the 3D volumes were
reconstructed, see Figure 11. Nucleation was stimulated by the hardness indentation.
This was chosen to ensure that some nuclei would develop within the volume mapped
before annealing. In Figure 11 it can be seen that this approach was successful and
several nuclei were found to develop near the indentation tip[30]. Here, 12 nuclei of
orientations similar to the deformed matrix were observed[30]. From the study it was
concluded that the nuclei were formed in areas of high stored energy by strain-induced
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Figure 10. Measurements of a nucleation of a new grain during annealing of high-purity aluminum using nf-

HEDM. From left to right the columns shows the initial, first and final state ie. the recovered site, the nucleated

site and the site after some growth. (a)-(c) shows the orientations present in the 2D slice. (d)-(f) shows maps
of the confidence metric, which is a measure showing where observed orientations match simulated ones. (g)-

(i) Show misorientations between the nucleated grain and neighboring grains (obtained from kernel-averaged

misorientation). From reference[4].

dislocation boundary migration[30], i.e. by a mechanism similar to SIBM but by mi-
gration of a different type of boundary than an original grain boundary.
3DXRD and DAXM in general provide excellent angular resolution[2]. A main limita-

tion is the short time available for synchrotron experiments which typically means
that only relatively small sample volumes can be mapped. Therefore, the nucle-
ation experiments performed so far at synchrotron sources are experiments where
the scientists have had some control of where nucleation would happen i.e. stimulated
somewhat artificial nucleation situations. Additionally, the spatial resolution may be
insufficient[2, 77] if samples subjected to high strains are investigated, as these can
form very small nuclei[1]. Furthermore, the deformed micostructure can be difficult to
investigate as plastically deformed grains give broadened diffraction patterns, making
indexing problematic[33].
The high energy X-ray studies are constrained by synchrotron access limitations. How-
ever, laboratory X-rays techniques, as e.g. reference[39], would make 3D measurements
more convenient and easier to access than synchrotron 3DXRD.
As something brand, new it was found that residual stress was present in recrystallized
grains in a partially recrystallised Ni sample using DAXM[78]. This finding contra-
dicts the assumption that recrystallization forms strain-free nuclei. It was furthermore
observed that different recrystallized grains had unique elastic strain values[78]. If the
existence of such variations of local elastic strains is found to be a general phenomenon,
it is expected to be of utmost importance for the understanding of the recrystallization
process.
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Figure 11. A selected volume of a cold rolled aluminum sample mapped in 3D by DAXM. (a) The spatial

orientation distribution of the deformed sample near the indentation. (b) Side view of the embryonic volumes

in the bulk sample near the indentation tip. The dark grey voxels are the indented surface and the light grey
voxels are the total volume mapped. Figure from reference[30].

6. Summary

Nucleation of recrystallization in deformed metal with a primary interest in aluminium
alloys has been reviewed. Well-documented nucleation mechanisms for single-phase
metals as SIBM, sub-grain coarsening and sub-grain coalescence, along with PSN in
metals containing large second phase particles, have been reviewed, while common
nucleation sites have been illustrated by literature examples. Some focus was put into
studies showing nuclei with new orientations, since this is an observation which can
not be explained by the widely accepted nucleation mechanisms mentioned in this
review. Furthermore, limitations in the experimental methods were pointed out along
with some general criteria for successful nucleation investigations and some general
obstacles in 2D measurements were mentioned. Additionally, the inability to predict
the exact site of the nucleation events was attributed to the experimental limitations.
More recent in-situ 3D observations were reviewed along with suggested limitations
for each of these approaches.

7. Outlook

In the near future further non-destructive 3D studies of nucleation of recrystalliza-
tion are needed. So far, all non-destructive 3D studies were found to be for highly
idealised samples, e.g. nucleation by hardness indentation[30], or within small sample
volumes[4]. Future non-destructive 3D studies, for example utilising 3DXRD, should
be aimed at verifying the described nucleation mechanisms and potentially look for
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additional mechanisms which may explain observations of nuclei with orientations not
present in parent matrix.
In-situ 3D investigations are ideal to test more advanced nucleation theories. This
could for example be the primary stored energy term suggested by Quey et al.[31]
which includes the anisotropy of orientation distribution within the sample volume.
As a result, the new methods might reveal additional parameters affecting the nucle-
ation behaviour.
Besides 3D orientation measurements, future studies are suggested to include the ef-
fects of residual stress to possibly explain more thoroughly why nucleation takes place
at some sites and not at others which are identical seen from a microstructural (ori-
entational) perspective. Residual stress might be the missing link in all nucleation
theories.
Metal 3D printing is becoming a theme of interest. Yet, the influence of the microstruc-
tures developing during printing, which are critically different from those after conven-
tional manufacturing, on nucleation mechanisms is not known. It is for example not
known whether voids in the microstructure can act as nucleation sites and how they
will affect the growth of the nuclei. It is therefore suggested to combine studies of voids
with 3D investigations during annealing to advance the understanding of post-print
annealing of additively manufactured samples.
All together, the bigger goal of utilising the novel non-destructive 3D techniques for
nucleation studies is to formulate improved nucleation models, that can predict where
nucleation will take place, how many nuclei will form and the crystallographic ori-
entations of these. Such models would allow a substantial improvement in tailoring
thermomechanical processing of metals.
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