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ARTICLE INFO ABSTRACT
Keywords: The nucleation of recrystallization is determined by the properties of the underlying subgrains: namely, subgrain
Subgrains size and misorientation. Under defined conditions, recrystallization nucleation occurs at the boundaries between

Grain boundaries

Austenite

Electron backscatter diffraction
Dislocation density

deformed grains, and their junctions. Nevertheless, previous characterization studies have dedicated no specific
attention to the subgrains located around deformed grain boundaries. In this view, the substructure at such
locations is here characterized for a hot-deformed Ni-30%Fe austenite alloy, employing electron backscatter
diffraction. Firstly, results show that the boundary length fraction not surrounded by subgrains decreases with
higher dislocation density around the boundary. Higher boundary dislocation density also results in smaller
subgrain sizes and higher subgrain misorientations. The subgrain size reduction is appropriately described by a
Staker-Holt-type relationship. This is the case despite the spatial gradient and relatively high values of the
dislocation densities surrounding the deformed grain boundaries. To describe the increase in subgrain misori-
entation, a novel equation is proposed, showing good agreement with experimental data. Apart from this,
subgrains neighboring triple grain junctions exhibit higher misorientations than those located around the
boundaries, away from the junctions. This explains the preferential recrystallization nucleation at triple-junction
sites. Finally, unlike suggested in literature, twin boundaries accumulate lower dislocation densities than general
high-angle boundaries. This explains their lower recrystallization nucleation efficiencies. Nevertheless, for equal
boundary dislocation density, the substructure developed around both boundary types does not differ
significantly.

mechanical behavior of deformed metals in many different ways. For
instance, they provide work hardening [1,5-10], improve creep strength
[11,12], act as preferential sites for fatigue crack initiation and propa-
gation [13-15] or precipitation [16,17], and give rise to abnormal grain
growth [18,19]. Furthermore, subgrains present in deformed micro-
structures are the origin of recrystallization in metals [3,20]. In fact,

1. Introduction

Metals subjected to plastic deformation often develop subgrain
structures (simply referred to as substructures) inside deformed grains.
This is particularly the case when deformation is applied at high tem-
perature, and/or when the stacking fault energy (SFE) of the metal is recrystallization theories directly associate the event of nucleation with
high [1,2]. Subgrains are separated from each other by boundaries with the characteristics of the underlying subgrain, namely its size and/or
low-angle boundary (LAB) character, i.e., whose misorientations are misorientation [21-29]. Accordingly, physics-based models of the
smaller than a certain threshold (typically, 15° [3]). In general, LABs can nucleation of recrystallization require subgrain properties as input,
be described as dislocation arrays, where the misorientation across the including subgrain size and misorientation [21-27]. Quantitatively

boundary is dictated by the spacing between dislocations [4]. Conse- predicting the nucleation of recrystallization has attracted a wealth of
research [21-28], because it defines the grain size and texture resulting

from the process [3,30-33].
For these reasons, substructures have been characterized in detail for
a wide range of metals, after deformation in different conditions

quently, the sizes and misorientations of the subgrains are determined
by the specific distribution of the dislocations generated by the plastic
deformation into subgrain boundaries.

Substructures have been observed to significantly affect the
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Abbreviations

CI Confidence index

CSL Coincidence site lattice

DRX Dynamic recrystallization

EBSD Electron backscatter diffraction
FCC Face-centered cubic

FTB Former twin boundary

GNB Geometrically necessary boundary
GND Geometrically necessary dislocation
GOS Grain orientation spread

HAB (General) high-angle boundary

HABx3 Junction of three general high-angle boundaries

HAB-FTB Junction of two general high-angle boundaries and a
former twin boundary

IDB Incidental dislocation boundary
IPF Inverse pole figure
KAM Kernel average misorientation

LAB Low-angle boundary

MDRX  Metadynamic recrystallization

SIBM Strain-induced boundary migration

SFE Stacking fault energy

SRX Static recrystallization

SSD Statistically stored dislocation

TEM Transmission electron microscopy

Symbols

b Burgers vector length

Acp Area of the subgrain layer surrounding a deformed grain

boundary

D¢ Average (deformed) grain size

dsg Diameter of a subgrain

dsg Average diameter of the subgrains located around a
deformed grain boundary

Ksn_gg  Staker-Holt constant (around a deformed grain boundary)

Lsg Length of a subgrain boundary

Lsc Average length of the subgrain boundaries located around
a deformed grain boundary

Niis Number of dislocation lines making up an individual low-
angle boundary

Nais Average number of dislocation lines making up the
individual subgrain boundaries in the subgrain layer
surrounding a deformed grain boundary

Ngis_ g Number of dislocation lines contained in the subgrain layer
surrounding a deformed grain boundary

Ngis_1ap  Total number of dislocation lines contained in all the
individual subgrain boundaries within the subgrain layer
surrounding a deformed grain boundary

Nsg Number of subgrains in the subgrain layer surrounding a
deformed grain boundary

Osc Average misorientation across a subgrain boundary

Os Average misorientation between the subgrains located in
the subgrain layer surrounding a deformed grain boundary
and their parent grain

PaB Average dislocation density around a deformed grain
boundary

[2,5-7,18,34-40]. Nevertheless, a limitation of these studies is that they
have only dealt with the substructure as a whole. In this sense, no spe-
cific attention has been paid to the subgrains located around the
deformed grain boundaries. However, those subgrains are of the greatest
interest to recrystallization: when deformation has been performed at
high temperature [23,41-43] or at low temperature up to low or me-
dium strains [21,28,38,44] (i.e., in conditions of relatively low stored
energy [3]), the nucleation of recrystallization takes place at the
boundaries between the deformed grains, and their junctions. Further-
more, after deformation under those conditions, dislocation densities
are much higher around deformed grain boundaries and junctions than
in the deformed grain interiors [29,45-47]. Hence, the subgrain sizes
and misorientations at those locations are expected to significantly differ
from those in the deformed grain interiors. The nucleation of recrys-
tallization at deformed grain boundaries has been related to the effect of
strain-induced boundary migration (SIBM), or bulging, of those
boundaries [1,21,23,24,27,38,41,48-50]. Particularly, nucleation oc-
curs when the LAB of a subgrain neighboring the deformed grain
boundary increases its misorientation so that it transforms into a high-
angle boundary (HAB) [29,51]. This imparts high mobility to the nu-
cleus boundary, activating its significant growth into the surrounding
deformed microstructure [29,51]. Besides, detailed characterization of
the substructure of austenite after hot deformation has been performed
for relatively high strains only (i.e., higher than 0.5 [34,35]). These lead
to dynamic/metadynamic recrystallization (DRX/MDRX) [27,30,41].
On the other hand, comparable characterization is still to be performed
for lower strains (e.g., 0.2 [43,52]), which give rise to static recrystal-
lization (SRX). Lower strains produce lower dislocation densities [3]. As
a result, different subgrain sizes and misorientations are expected,
compared to the case of higher strains. SRX in austenite is highly rele-
vant in practice for, e.g., the hot rolling of steels. Moreover, it has been
the subject of extensive research over the years (e.g., [23,42,43,52-54]).

Apart from this, the development of microstructural models which

incorporate the substructure calls for a relationship between subgrain
properties and other parameters characterizing the deformed condition.
For instance, Staker and Holt proposed a relationship between the
average subgrain size and dislocation density in the microstructure,
whereby subgrain size is inversely proportional to the square root of
dislocation density [37]. This relationship has been shown to hold for
different metals and deformation conditions [37,55,56]. Furthermore, it
is widely used in practice (e.g., [11,27,56-61]). Even so, past studies
testing the Staker-Holt relationship were based on subgrains in
deformed grain interiors only [37,55,56], where dislocation densities
can be lower than around deformed grain boundaries [29,45-47]. At the
same time, other studies have suggested that subgrain sizes can only
decrease with higher dislocation density up to a certain dislocation
density value [1,5-7,62]. Therefore, whether the relationship by Staker
and Holt also holds for the subgrains surrounding deformed grain
boundaries is unclear. Additionally, an analogous relationship between
subgrain misorientation and dislocation density has not been found in
the literature. This can be partly attributed to the later development of
reliable techniques which can determine subgrain misorientations,
compared to subgrain sizes [5]. However, such an equation is practically
required to the same extent as the one concerning the subgrain size. For
example, the nucleation of recrystallization is determined by subgrain
misorientations: subgrains with higher initial misorientations are more
likely to reach first an HAB misorientation [1,29,49,50].

Finally, in the case of SRX nucleation occurring at deformed grain
boundaries, marked differences exist regarding the role played by the
various types of boundaries and junctions. However, the rationale for
those differences is not understood, in terms of the nucleation mecha-
nism. Firstly, triple junctions have often been noted to play a preferen-
tial role [52,63,64]. Moreover, for a given deformed grain boundary,
new SRX grains tend to appear earlier at the triple junctions than at the
other nucleation sites along the boundary (grain-boundary nucleation
sites) [43]. Secondly, annealing twin boundaries exhibit much lower
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SRX nucleation efficiencies (number of SRX grains produced per unit of
boundary length) than general HABs [43]. Distinct dislocation accu-
mulation behavior has been effectively shown for annealing twin
boundaries in face-centered cubic (FCC) metals. However, some studies
have measured higher dislocation densities compared to general HABs
[65-70], while others have found the opposite trend [45]. The trend that
effectively applies to each FCC alloy and/or deformation condition is
currently not known. Furthermore, whether both boundary types also
exhibit different subgrain development properties (and how those may
explain the lower SRX nucleation efficiencies of twin boundaries) has
not been examined either.

Within this context, this study presents a systematic characterization
of the substructure in a Ni-30%Fe austenite alloy, after hot deformation
to a relatively low strain (0.2). Emphasis is placed on the subgrains
located around the deformed grain boundaries. The specific deformation
conditions have been selected in agreement with the industrial practice
in hot rolling [43,53,54,71,72]. For this alloy and deformation condi-
tions, the occurrence of SRX as opposed to DRX/MDRX was confirmed in
[29]. Moreover, the nucleation of SRX was found to primarily occur at
deformed grain boundaries and junctions [43]. As a characterization
technique, electron backscatter diffraction (EBSD) has been chosen.
EBSD is nowadays the regular technique used for substructure charac-
terization [7,18,34-36,39,52,73]: the spatial and angular resolutions
suffice to resolve the vast majority of the subgrains [36], while
providing statistical representativity. By contrast, older studies made
use of transmission electron microscopy (TEM) [1,5,6,37,38,40,74].
TEM offers finer spatial and angular resolutions than EBSD, but at the
expense of much smaller analyzed areas [75]. Additionally, the present
study provides the dislocation densities around the deformed grain
boundaries, as also measured by EBSD. Physics-based equations are then
tested for the relationship between those dislocation densities and the
resultant subgrain misorientations and sizes. Throughout the study,
particular attention is devoted to the properties of the subgrains sur-
rounding triple grain junctions and annealing twin boundaries, and to
the magnitude of the dislocation densities around annealing twin
boundaries.

2. Experimental methods
2.1. Material and thermo-mechanical processing

The characterization in this study was performed on an alloy with a
Ni-30%Fe (in wt%) chemical composition. The SFE of this alloy is
similar to that of the austenite in carbon steels [76]. However, unlike in
carbon steels, austenite is the stable phase of Ni-30%Fe both at high and
room temperature. This makes it possible to characterize the substruc-
ture formed at high temperature. As a result, Ni-30%Fe has been
extensively employed as a model for substructure development during
hot deformation. This has been done for a range of deformation condi-
tions, albeit different from those considered here, and without paying
specific attention to the subgrains surrounding the deformed grain
boundaries [34,35,73,77-80].

Specimens from this Ni-30%Fe alloy were subjected to hot uniaxial
compression in a Bahr DIL 805 A/D dilatometer. The grain size was ~90
pm. Deformation was applied at a temperature of 900°C, to a strain of
0.2, and with a strain rate of 1 s~'. Such deformation conditions
[43,53,54,71,72] and initial grain size [71,78] were selected in line with
those typical in the hot rolling of metals. The specimens were quenched
immediately after deformation, inside the dilatometer chamber. The
time between the end of compression and the start of quenching was
~0.5s.

Further details about the present alloy and dilatometer experiments
are available in [43].
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2.2. EBSD characterization of the deformed substructure

Characterization of the deformed substructure in the dilatometer
specimens was performed by EBSD. In particular, three areas with a size
of at least 170 x 140 pm? each were scanned. All were taken near the
center of a cross-section normal to the cylindrical axis of the specimen,
and at mid-sample length. The measurements were carried out in a
Thermo Fisher Helios G4 PFIB UXe dual beam scanning electron mi-
croscope, equipped with an Ametek EDAX Hikari Plus EBSD detector,
and with APEX 2.5.1 as the acquisition software. The acquisition was
performed with an accelerating voltage of 20 kV, a beam current of 6.4
nA, and a working distance of 6 mm. A step size of 50 nm was employed
for all the scans, in a hexagonal grid. This step size corresponds to the
accepted spatial resolution of the EBSD technique [81]. Overall, the
results in this study are based on over 200 deformed grain boundaries
and over 15,000 subgrains.

Post-processing of the EBSD maps was carried out with the OIM
Analysis v8 package. A neighbor orientation correlation algorithm was
applied to eliminate wild spikes. A Kuwahara filter was also used for
noise reduction. This filter reduces the noise in the maps while preser-
ving the subgrain boundaries. Five iterations of the filter were applied
[82], in accordance with the procedure in [7,36]. Afterwards, deformed
grains were constructed as entities bounded by a misorientation of at
least 15°, with an internal grain orientation spread (GOS) higher than
1.2°, and minimum size of 10 pixels. The threshold misorientation of 15°
was chosen because SRX grains in austenite do not form at deformed
grain boundaries with lower misorientations than 15° [43]. The
deformed grains resulting from this procedure were then further dis-
cretized into subgrains. These were detected with a minimum boundary
misorientation of 0.5°, minimum confidence index (CI) of 0.1 [83], and
minimum size of 0.25 pm (Fig. 1). Besides, only subgrains with a smaller
size than 3.3 pm were included in the analysis. This value was selected
because it was the size required to avoid considering other features as
subgrains, such as deformation bands inside deformed grains [43]. In
addition, some recrystallized grains existed in the analyzed maps. These
were identified as entities having a misorientation of at least 5°
(excluding twin boundaries from the considered boundaries), lower GOS
than 1.2°, and minimum size of 5 pixels. The area fraction corresponding
to these recrystallized grains was lower than 1%. Sometimes, the reor-
ientation due to annealing twinning after nucleation led portions of
recrystallized grains to be separated from their parent deformed grains
by boundaries with smaller misorientations than 15° [29]. To avoid
considering those portions as subgrains, they were identified in the maps
as entities with lower GOS than 1.2°, neighboring a twin boundary, and
surrounded by misorientations smaller than 15°. Twin boundaries in
FCC alloys are coincident site lattice (CSL) boundaries with either >3 or
"9 character [41,52,84]. These were detected assuming a tolerance of
3° in both the theoretical misorientations and twin planes (60°(111) for
>3 and 38.9°(110) for > 9 [41,52,84]). The condition was also set that
boundary traces in the scan were parallel to those that would result for
the theoretical CSL boundary plane, within a tolerance of 8°. Former
twin boundaries (FTBs) in the deformed grains were identified as those
with at least a portion classified as 3 or Y 9 according to the afore-
mentioned criterion, or relatively straight boundaries forming a band
inside a deformed grain. The density of geometrically necessary dislo-
cations (GNDs) per pixel was derived applying the method in [85] to the
5th-order neighbors. For this purpose, a length of the Burgers vector of
0.2518 nm [86] and the {111}<110 > slip systems were considered.
Kernel average misorientation (KAM) values, which provide another
measure of the internal dislocation content of a pixel [81], were also
obtained from the 5th-order neighbors. Finally, grain and subgrain sizes
were calculated as equivalent circle diameters. Owing to the non-
uniform directions of grain boundaries in an EBSD map, this method is
more appropriate than linear interception to study subgrains sur-
rounding grain boundaries. Moreover, previous work has demonstrated
that equivalent diameters result in more accurate quantification of
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111

IPF (Compression
direction)

— HAB (> 15°)
LAB (0.5-15°)
CSL boundaries (23, 29)

IPF (Transverse
direction)

— HAB (> 15°)
LAB (1-15°)
CSL boundaries (23, 29)

Fig. 1. Example of subgrain detection in a fragment of one of the analyzed EBSD scans: IPF maps (a) parallel and (b) perpendicular to the compression direction, and
(c) subgrain map, where each colour represents one of the entities resulting from the deformed grains' discretization into subgrains and parent grains. Black lines
indicate boundaries with misorientations higher than 15°, and not identified as CSL boundaries (i.e., general HABs). Gray lines indicate boundaries with mis-
orientations between 0.5 and 15° in (a) and (b), and between 1 and 15° in (c) (i.e., LABs).

subgrain sizes using EBSD than linear interception [36].

The remainder of the analysis was conducted with dedicated Python
scripts. Data from the different OIM Analysis partitions were taken as
input. The recrystallized grain fragments were excluded from the sub-
grain analysis comparing the spatial coordinates in the subgrain parti-
tion with those in the fragments partition. This procedure was also
followed to associate each entity in the subgrain partition to an entity in
the deformed grain partition. Within each deformed grain, it was then
assumed that the entity with the largest size was the parent grain, and
the others were subgrains. The number of deformed grain neighbors of
each subgrain was derived from the list of its neighboring entities in the
subgrain partition, as determined by OIM. Particularly, that number was
taken as the number of different deformed grains associated with the
neighboring entities, including its parent grain. Subgrains with three
and four deformed grain neighbors are those adjacent to a triple and a
quadruple grain junction, respectively. Similarly, subgrains with two
deformed grain neighbors are located at grain-boundary sites (i.e.,

adjacent to a deformed grain boundary, but away from any junction).
Finally, subgrains with one deformed grain neighbor are located in a
deformed grain interior (i.e., they are not adjacent to any deformed
grain boundary).

Subgrain boundary misorientations were calculated as the average of
all the pixel-to-pixel misorientations across the boundaries of the sub-
grain with other entities belonging to the same parent deformed grain.
Only misorientations smaller than 15° (the typical threshold for LAB
misorientations [3]) were considered for the average. For each subgrain,
its boundary pixels were labelled as such after an OIM partition
including only the pixels neighboring entity boundaries in the subgrain
partition. Boundary GND densities were calculated as the mean GND
densities per pixel within layers with approximately 0.5 pm thickness,
parallel to a deformed grain boundary, and on either side of it. The pixels
inside those layers were selected as those in an additional OIM partition.
That partition included only pixels located at a distance of 12 pixels or
smaller from any boundary in the deformed grain partition. In this



P. Garcia-Chao et al.

paper, a deformed grain boundary is thus understood as each layer on
either side of a boundary between deformed grains. To ensure the sta-
tistical representativity of results, only boundaries with detected lengths
larger than 3.75 pm are included in the results provided. For each
deformed grain boundary, its subgrain-free length fraction was calcu-
lated as the ratio between the number of boundary pixels not belonging
to entities labelled as subgrains, and its total number of boundary pixels.
Therefore, only entities fully enclosed by LABs did not contribute to the
subgrain-free boundary length fractions. The lengths of the deformed
grain boundaries were derived as the product of their number of
boundary pixels and the map step size.

In all the presented maps, the compression direction is aligned with
the horizontal direction of paper. The acquisition and post-processing of
the additional EBSD maps, captured with a step size of 0.5 pm, is
described in [43].

The uncertainties provided for subgrain sizes and misorientations
correspond to standard errors considering the number of analyzed
subgrains in each case. The uncertainties given for boundary GND
densities and subgrain-free length boundary fractions are standard er-
rors considering the number of analyzed boundaries in each case. The
slopes of the linear fits were derived with the specific method in the
SciPy library of Python. The indicated uncertainties for those slopes
account for a 95% confidence interval.

3. Results and discussion
3.1. Boundary dislocation densities

One representative example of the deformed grains in the analyzed
microstructure is displayed in Fig. 2(a), where its boundary segments

have been labelled as either general HABs or former twin boundaries
(FTBs). Annealing twin boundaries in FCC alloys are CSL boundaries

= HAB (2 15°)
LAB (0.5-15°)
CSL boundaries (23, £9)

direction)

IPF (Compression
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with either 3 or, to a lesser extent, Y 9 character [41,52,84]. Yet, the
two annealing twin boundaries shown in this grain (both labelled as
FTB) had lost their CSL character along their whole lengths due to the
plastic deformation (the boundaries are fully drawn as a black line). The
twin boundaries in the upper right corner of the image (white arrows in
Fig. 2(a)), which belong to a different parent grain, had also lost this CSL
character, albeit only along a part of their lengths (the boundaries are
drawn partly as a black line, and partly as a white line). This CSL
character loss of twin boundaries via plastic deformation, along either
their whole or a part of their lengths, has been recurrently reported in
past studies on hot-deformed austenite [41,84]. Hence, in the context of
deformed microstructures, annealing twin boundaries have been
referred to as FTBs [43,84]. In this case, all the annealing twin bound-
aries present before deformation had lost their CSL character owing to
the deformation, totally or partially. Additionally, the triple junctions
shown around the same deformed grain have also been labelled ac-
cording to their type (Fig. 2(a)): junctions of an FTB with the general
HAB of the parent grain (HAB-FTB junctions), and junctions between
two general HAB segments of the parent grain and the general HAB of a
neighboring deformed grain (HABx3 junctions). In this microstructure,
the highest dislocation densities are located around deformed grain
boundaries and junctions [29] (Fig. 3(a)-(b)). Furthermore, dislocation
densities are higher around triple junctions than around the intersecting
boundaries, far from the junctions [43]. Specifically, the average GND
densities around the triple junctions and grain boundaries of this
microstructure were measured in [29] to be higher than the average
GND density across the microstructure by factors of ~2.8 and ~2.3 (see
Fig. 3(a)-(b), with those GND densities measured within distances of 1
pm around grain boundaries and triple junctions, respectively [29]).
The measured boundary GND density distributions for the general
HABs and FTBs in the present microstructure can be seen in Fig. 3(c).
FTBs mainly exhibited lower GND densities than general HABs.

— HAB (> 15°)
LAB (5-15°)
CSL boundaries (23, 29)

(b)

Fig. 2. Fragment of one of the EBSD scans analyzed, representing a portion of a parent deformed grain (partly replotted after [29]): (a) IPF map parallel to the
compression direction, and (b) subgrain map, where each colour represents one of the entities resulting from the deformed grains' discretization into subgrains and
parent grains. The solid white region corresponds to a recrystallized grain. White lines indicate boundaries detected as 3 and X9 CSL boundaries (i.e., twin
boundaries). Black lines indicate boundaries with misorientations higher than 15°, and not identified as CSL boundaries (i.e., general HABs or former twin
boundaries, FTBs). Gray lines indicate boundaries with misorientations between 0.5 and 15° in (a), and between 5 and 15° in (b) (i.e., LABs). The boundary type of
each boundary segment of the displayed parent deformed grain has been labelled in (a). The triple junctions corresponding to those boundary segments have also
been labelled as HABx3 (junction of three general boundaries) or HAB-FTB (junction of a general HAB and an FTB). The white arrows in (a) point at FTBs within
another, adjacent parent deformed grain. The black arrows in (b) highlight subgrain-free regions around the deformed grain boundaries II and III. The gray arrow in
(b) denotes an example of elongated features, indicating the micro-bands present in the material.
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Fig. 3. GND density as a function of the distance to the closest (a) grain boundary and (b) triple grain junction, as analyzed in [29] for the same microstructure of the
present study (EBSD step size = 0.5 pm). The black lines give the GND density as a function of the distance to the closest (a) grain boundary or (b) triple grain
junction of any type. The blue lines represent the GND density as a function of the distance to the closest (a) general high-angle boundary (HAB) or (b) junction of
three general HABs (HABx3 junction). The orange lines represent the GND density as a function of the distance to the closest (a) former twin boundary (FTB) or (b)
junction of two general HABs and an FTB (HAB-FTB junction). (c) Distribution of the boundary GND densities for the general HABs and FTBs as measured in this work
(EBSD step size = 0.05 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Although the minimum values were at approximately the same level for
both types of boundaries (~7~1014 m~2 for FTBs and ~ 9-10™ m~2 for
general HABs), the range of GND densities extended to much higher
values for general HABs (maximum GND densities of ~2.6:10°* m~2 for
general HABs and ~1.7-10'> m~2 for FTBs). Accordingly, the mean
boundary GND density was significantly higher around general HABs:
~1.8-10%° mfz, against ~1.2:10" m~2 for FTBs (Table 1).

This weaker tendency for dislocation accumulation around FTBs
compared to general HABs may appear surprising: recent research on
the fatigue behavior of nickel-based superalloys has consistently found
the strongest strain localizations to precisely arise around > 3 twin
boundaries [65-68]. By contrast, in this case, general HABs invariably
account for the highest GND densities (Fig. 3(c)). That behavior of nickel
superalloys has been reported using the same measurement method as in
the present study (i.e., GND density as quantified by EBSD) [69].
Moreover, it has also been observed after monotonic loading instead of
fatigue [70]. Consequently, neither the cyclic character of the fatigue
loads nor the measurement method can explain the different behavior.
Nevertheless, recent studies have identified two requirements for this
localization of strain near ) 3 boundaries [70,87], which are not ful-
filled in the present case. The first is concomitant precipitation

Table 1

Mean boundary GND density, subgrain diameter and subgrain misorientation
corresponding to all the general high-angle boundaries (HAB) and former twin
boundaries (FTB) analyzed. The subgrain properties correspond to the subgrains
located at grain-boundary nucleation sites. The number of boundaries and
subgrains examined of each type is also displayed, together with the overall
values corresponding to all the boundaries. The uncertainties indicated are the
standard errors considering the number of boundaries and subgrains analyzed,
respectively.

Type of boundary HAB FTB Total

No. of boundaries analyzed 139 68 207

Boundary length analyzed 3.60 4.31 7.91
(mm)

Mean boundary GND density 1.79 + 1.21 + 1.60 &+
(m?) 0.03-10%° 0.03-10"° 0.03-10"°

Mean subgrain-free boundary 0.24 + 0.02 0.33 £ 0.03 0.25 + 0.02
length fraction

No. of subgrains analyzed 2680 1761 4441

Mean subgrain diameter (ym) 0.68 + 0.01 0.78 £+ 0.01 0.72 £ 0.01

Mean subgrain misorientation 2.34 £ 0.03 1.92 +0.04 2.17 +0.02

©)
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hardening, which confines the strain to relatively small volumes. The
second are low macroscopic strains: in the elastic regime, or just above.
In the case dealt with here, Ni-30%Fe is a single-phase alloy with no
precipitates. Likewise, the applied strain (i.e., 0.2) is well beyond the
macroscopic yield strength. In addition, the strong strain localizations
around twin boundaries arise only for certain combinations of slip sys-
tems on each boundary side [65,70]. By contrast, other combinations
promote dislocation transmission across the boundary. This is because of
the good atomic match of the crystals on both sides of the twin bound-
ary, which does not happen at general HABs [65,70]. The present results
indicate that, in this case, the behavior of twin boundaries is dislocation
transmission (at least, relative to general HABs). Furthermore, these
results resemble those reported by Wright et al. [45]. Those authors
measured considerably lower KAM values around twin boundaries than
around general HABs in pure copper deformed at room temperature
[45]. This similarity with the study by Wright et al. implies that the
transmissive behavior of annealing twin boundaries can be generalized
to single-phase FCC alloys and strains well beyond the yield strength,
applied at both relatively low and high temperatures.

Fig. 4 examines the correlation between the individual boundary
GND densities measured and two geometric variables: the length of the
boundary and the size of the parent deformed grain, as captured in the
EBSD maps. The boundary GND densities of general HABs show a clear
decrease with increasing boundary length: relatively short boundaries
exhibit both relatively high and low GND densities, while the GND
densities of relatively long boundaries are always towards the lower side
(blue dots in Fig. 4(a)). This leads to a slope of the linear fit between
boundary GND density and boundary length which is significantly
different from zero: (—0.04 & 0.03)-10'* mfz/pm. A linear fit slope that
significantly differs from zero implies correlation between the variables.
By contrast, the boundary GND densities of FTBs exhibit a much weaker
dependence on boundary length (orange dots in Fig. 4(a)). Accordingly,
the slope of the linear fit is not significantly different from zero: (+0.006
+ 0.013)-10'* m~2/um. This suggests a lack of correlation between the
variables.

To explain the decreasing trend with increasing boundary length for
general HABs, one possibility is that boundary GND densities are
reduced with larger size of the parent deformed grain: boundary seg-
ments of larger grains can be relatively long or short, depending on
where the triple junctions intersect the grain boundary; by contrast,
boundary segments of smaller grains can only be relatively short.
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Moreover, lower average GND densities across the entire grain have
typically been reported for larger grain size within a single micro-
structure [46,47,88]. However, Fig. 4(b) displays that boundary GND
densities do not depend on the captured size of the parent deformed
grain, neither for general HABs nor for FTBs. This results in linear fit
slopes which are not significantly different from zero for either type of
boundary: (—0.02 + 0.03)-10'* m’z/pm and (—0.01 + 0.03)-10"* m~2/
pm, respectively. Another possibility to account for the correlation be-
tween boundary GND density and boundary length is the higher GND
densities around triple junctions, compared to the areas around the
boundaries located away from the junctions (see Fig. 3(a)-(b) and the
explanation earlier in this section). In fact, in this case, higher GND
densities occur around triple junctions within distances of about 10 pm
[29] (e.g., Fig. 3(b)). For shorter boundaries, the areas with locally
higher GND density around the junctions will constitute higher fractions
of their lengths. In turn, this will lead to a higher measured average GND
density along the boundary (i.e., a higher boundary GND density), as
effectively observed. The weaker correlation for FTBs can be partly
explained by the lower dislocation accumulation around their junctions
(HAB-FTB junctions), compared to junctions including general HABs
only (HABx3 junctions). Nevertheless, the difference between both
junction types is relatively small, with the corresponding dislocation
accumulation factors reported as ~2.7 and ~2.9 for HAB-FTB and
HABx3 junctions, respectively [29] (Fig. 3(b)). These factors account for
the ratio between the average GND density measured within distances of
1 pm around junctions of each type, and the average GND density
measured in the entire microstructure [29]. At the same time, FTBs
reach larger lengths than general HABs (Fig. 4(a)). For the largest
lengths, the areas with increased GND density around the junctions only
constitute a negligible fraction of the boundary length. This means that,
whereas boundary GND densities monotonically decrease with length
for shorter boundaries (e.g., blue line in Fig. 4(a)), they gradually
become independent as length increases. That is the behavior exhibited
in Fig. 4(a) by FTBs (orange line), and by FTBs and general HABs when
considered together (black line).

Finally, the present study does not include the dislocations that EBSD
cannot resolve. The spatial resolution of EBSD is restricted to ~0.05 pm
[81] (the step size used in the present work). That is insufficient to detect
the orientation gradients due to some of the dislocations, which would
require a smaller observation volume [89,90]. The dislocations that
cannot be detected within a specific observation volume are referred to
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Fig. 4. Boundary GND density as a function of (a) the length of the boundary, and (b) the size of the parent deformed grain. The solid lines in (a) and (b) account for
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as statistically stored dislocations (SSDs) [89,90]. By contrast, those that
can be detected are geometrically necessary dislocations (GNDs)
[89,90]. In this case, the average boundary dislocation density was
measured to be 1.48 + 0.03-10'° m~2 with the current EBSD maps,
considering layers of 1 pm around the deformed grain boundaries. With
maps having a step size of 0.5 pm (i.e., an order of magnitude coarser),
the average boundary dislocation density within the same layer thick-
ness is 1.186 + 0.007-10'® m~2 [29]. This represents an increase of
merely 26% for the step size of 0.05 pm. At the same time, the dislo-
cation density detected by EBSD is known to linearly increase with
smaller step size [89,90]. This is the case up to a certain step size, below
which the measured dislocation density asymptotically increases to-
wards the total, practically existing dislocation density as the step size
approaches zero [89]. Consequently, the fraction of the total dislocation
density that is not resolved by EBSD maps with a step size of 0.05 pm will
not exceed one ninth of the difference with maps having a step size of
0.5 pm. For the present case, this means that the density of the SSDs
cannot exceed, at most, ~3% of the reported dislocation densities. In
any case, although the SSDs may have a quantitative effect on the total
dislocation density, they do not essentially affect the conclusions of this
study. Furthermore, those conclusions mainly involve the GNDs, which
are the dislocations that determine the subgrain sizes and
misorientations.

3.2. General description of the substructure

The outcome of the substructure analysis performed in this study can
be seen for a representative deformed grain in Fig. 2(b). The boundaries
of that grain have been labelled as I, II and III. As illustrated by the
figure, subgrains were detected both in the deformed grain interiors and
around deformed grain boundaries (black lines in the figure). However,
relatively large areas also existed in deformed grain interiors, not
occupied by any subgrains. Such subgrain-free areas frequently
extended to the deformed grain boundaries (e.g., black arrows in the
figure). Nevertheless, subgrains were more often found close to the
boundaries than in grain interiors. For instance, subgrains exist around a
significant portion of the boundary labelled as II, but do not in the
neighboring deformed grain interior (entity colored in dark blue). The
relatively low density of subgrains in deformed grain interiors is also
demonstrated by Table 2, which provides the number of subgrains
detected in this study at different types of sites. Particularly, less than
75% of all the subgrains were found not to be adjacent to any deformed
grain boundary (i.e., they only had one neighboring deformed grain).

The existence of these subgrain-free regions can be understood
considering the TEM analysis in [52], and that subgrains are entities
fully surrounded by LABs (with a fraction of such boundaries being
HABs instead of LABs, for the subgrains adjacent to deformed grain
boundaries). That TEM analysis was performed for the same alloy as
studied here, and after very similar deformation conditions [52]. The
TEM analysis revealed that the substructure in the deformed grain

Table 2

Mean subgrain diameter and misorientation as a function of the number of
deformed grains neighboring the subgrain (1 - grain interior, 2 — grain bound-
ary, 3 — triple junction, 4 - quadruple junction). The number of subgrains
analyzed of each type is also given, together with the overall values corre-
sponding to all the subgrains. The uncertainties indicated are the standard errors
considering the number of subgrains analyzed.

No. of neighboring 1 2 3 4 Total

deformed grains

No. of subgrains 12,315 4441 141 9 16,906
analyzed

Mean subgrain 091 + 0.72 £ 0.72 + 0.55 + 0.86 +
diameter (pm) 0.01 0.01 0.05 0.06 0.01

Mean subgrain 2.36 + 217 + 3.55 + 5.0 + 233 +
misorientation (°) 0.02 0.02 0.18 1.4 0.02
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interiors is formed by micro-bands, bounded by LABs parallel to each
other [52]. In that substructure, LABs normal to micro-band boundaries
were sometimes found [52]. When these are present, a volume becomes
completely surrounded by LABs, effectively leading to a subgrain.
However, such perpendicular LABs did not always exist [52]. Accord-
ingly, traces of micro-band boundaries were often detected in deformed
grain interiors in the EBSD maps examined here, without associated
perpendicular boundaries (see, e.g., the elongated entities highlighted
by a gray arrow in Fig. 2(b)). Therefore, the absence of the perpendicular
LABs can explain the subgrain-free regions found in the present case.

Nevertheless, the occurrence of such subgrain-free regions contrasts
with most previous studies on substructure characterization. These
found grain interiors to be mainly filled by subgrains [7,34-39]. Yet,
those studies analyzed lower deformation temperature and/or higher
applied strain than here, both of which lead to higher dislocation den-
sities after deformation [3]. Such higher dislocation densities accelerate
the dislocation arrangement mechanisms (recovery) enabling subgrain
boundary formation [3,79]. This role of a higher dislocation density is
confirmed by the TEM analysis in [73]. That analysis was also performed
for the alloy employed here and under the same conditions as in [52],
except for a significantly higher applied strain (i.e., 0.5). Comparison
between the TEM analyses in [52,73] showed that LABs perpendicular to
the micro-band boundaries were more profuse for the higher applied
strain. Hence, the existence of subgrain-free regions in the case here
analyzed can be ascribed to the low applied strain, and subsequently
limited dislocation accumulation. Besides, the fact that subgrains were
more frequently detected here around deformed grain boundaries than
in deformed grain interiors is also due to the higher dislocation densities
measured around the boundaries (Fig. 3(a) and Section 3.1). This led to
more profuse formation of LABs normal to the micro-band boundaries in
those regions (thus mimicking the effect of a higher applied strain as in
[73]). Finally, if the material is subjected to further recovery via, e.g.,
annealing after deformation (i.e., static recovery), subgrains may still
develop in the regions here classified as subgrain-free. By these means,
the dislocations present in the material can be arranged into normal
LABs to the micro-band boundaries. Yet, studying the effects of further
annealing is outside the scope of the present study, which focuses on the
as-deformed state only.

As explained above, significant regions adjacent to deformed grain
boundaries were not occupied by any subgrains (i.e., by regions fully
enclosed by LABs, Fig. 2(b)). Nevertheless, considerable differences
existed among deformed grain boundaries, in terms of their subgrain-
free boundary length fractions. For instance, the boundary segments
labelled as II and III in Fig. 2(b) were surrounded by significant
subgrain-free areas (subgrain-free length fractions of 0.28 and 0.18,
respectively). By contrast, boundary I was essentially fully surrounded
by subgrains (subgrain-free length fraction lower than 0.02). This was
the case even if all the three boundary segments belonged to the same
parent deformed grain. To clarify the reason for these differences, the
subgrain-free boundary length fractions of all the analyzed boundaries
are plotted against their boundary GND densities in Fig. 5(a). The figure
displays that those fractions monotonically decreased with increasing
boundary GND density, until reaching a relative saturation for the
highest GND densities. Hence, it can be concluded that insufficient
dislocation accumulation, and the resultant delay of recovery [3,79], is
the reason for the subgrain-free areas around deformed grain bound-
aries. Specifically, for each boundary, subgrains will exist around the
regions with locally higher dislocation densities. By contrast, the areas
with locally lower dislocation accumulation will be subgrain-free. For a
lower average dislocation density around the boundary, the boundary
length fraction corresponding to regions with relatively low dislocation
densities will increase. This will, in turn, give rise to a higher subgrain-
free boundary length fraction.

The distributions of the subgrain-free boundary length fractions for
general HABs and FTBs are plotted separately in Fig. 5(b). The figure
shows that the two boundary types followed markedly different
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Fig. 5. (a) Fraction of the boundary length that is not surrounded by subgrains (subgrain-free length fraction) as a function of the boundary GND density. (b)
Distribution of the subgrain-free length fractions corresponding to general boundaries (HAB) and former twin boundaries (FTB). The solid lines in (a) account for
polynomial regression fits (order equal to three), and have been added for visual guidance only. The shaded surrounding areas represent a confidence interval for the
fits, with a confidence index of 95%. Blue markers and lines correspond to general high-angle boundaries (HAB), and orange ones to former twin boundaries (FTB).
The black line displays the combined effect of general HABs and FTBs. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

distributions.

Although both distributions overlapped across most of the

entire range between 0 and 1, the distribution for general HABs was
centered around the bin with the lowest fractions (0-0.1), whereas that
for FTBs was centered around 0.4-0.5. Therefore, FTBs tended to exhibit
higher subgrain-free length fractions than general HABs (average
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fraction of ~0.3 for FTBs against ~0.2 for general HABs, see Table 1).
Nevertheless, Fig. 5(a) suggests also that the higher subgrain-free length
fractions for FTBs can be solely explained by their lower associated
dislocation densities: for the same boundary GND density, their
subgrain-free length fractions (orange line in Fig. 5(a)) do not differ
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Fig. 6. Distribution of (a, c) the size and (b, d) the misorientation of the subgrains captured, including (a, b) all the subgrains lying around deformed grain
boundaries, and (c, d) subgrains lying at grain-boundary and triple-junction sites separately.
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significantly from those exhibited by general HABs (blue line in Fig. 5
(a)). This ability of GND densities to essentially determine the subgrain-
free length fraction differences between FTBs and general HABs is
further illustrated by Fig. 2(b). The boundaries labelled as II (an FTB)
and III (a general HAB) showed similar boundary GND densities
(~1.4.10%° m’z), in line with their similar subgrain-free length fractions
(~0.2-0.3). Conversely, the boundary GND density of I (a general HAB),
whose subgrain-free length fraction was much lower (i.e., lower than
0.02), was considerably higher (~1.9~1015 m’z). This example also
highlights the reason for different subgrain-free length fractions in
boundary segments belonging to the same deformed grain: the varying
levels of dislocation density accumulated around them.

3.3. Subgrain sizes and misorientations

In this section, the sizes and misorientations of the subgrains located
around deformed grain boundaries are examined. This means that sub-
grains having at least two different neighboring deformed grains,
including their parent, are considered (Table 2). The distributions of the
sizes and misorientations of these subgrains are shown in Fig. 6(a)-(b).
Both seem compatible with lognormal or Rayleigh distributions. This
was also the case in previous studies, where subgrain size [2,36,40] and
misorientation [2,36,38,74] distributions were reported for all the
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subgrains in a microstructure, and not only for those located at deformed
grain boundaries. The distribution of subgrain sizes is centered around
0.25-0.5 pm (Fig. 6(a)), the bin with the smallest sizes. The subgrain
misorientation distribution is centered around 1-2° (Fig. 6(b)).

3.3.1. The relationship with boundary dislocation density

In this subsection, the relationship between boundary dislocation
density and the subgrain sizes and misorientations present around the
boundary is analyzed. To this end, only subgrains located at grain-
boundary sites are considered (i.e., subgrains with exactly two neigh-
boring deformed grains). The relationship between the average subgrain
size around a deformed grain boundary and the boundary GND density
is first examined in Fig. 7(a). The figure suggests a decrease of the
subgrain size with higher boundary GND density. Accordingly, the slope
of the linear fit between both variables is equal to (—0.025 + 0.005)-
107! um/m~2 (i.e., significantly different from zero). Similarly, the
largest subgrain size around a boundary also decreases with higher
dislocation density around the boundary (Fig. 7(c)). The slope of the
corresponding linear fit is (—0.069 =+ 0.019)-107 14 pm/m_2 (also
significantly different from zero). On the other hand, the average sub-
grain misorientation around a boundary increases with higher boundary
GND density (Fig. 7(b)). Fig. 7(d) shows that this is also the case for the
largest subgrain misorientation around the boundary. The linear fit
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Fig. 7. Characteristics of the substructure surrounding individual deformed grain boundaries as a function of the corresponding boundary GND density: (a) average
subgrain size, (b) average subgrain misorientation, (c) size of the largest subgrain, and (d) largest subgrain misorientation. The solid lines account for polynomial
regression fits (order equal to two), and have been added for visual guidance only. The shaded surrounding areas represent a confidence interval for the fits, with a
confidence index of 95%. Blue markers and lines correspond to general high-angle boundaries (HAB), and orange ones to former twin boundaries (FTB). The black
line displays the combined effect of general HABs and FTBs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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slopes obtained for both the average and the largest subgrain mis-
orientations confirm that the correlations are significant: (+0.11 +
0.02)-10"** °/m~2 and (+0.24 + 0.09)-10 1% °/m~2, respectively.

To further investigate the relationship between boundary dislocation
density and the resultant substructure, the deformed grain boundaries in
the examined EBSD maps have been divided into groups, depending on
their GND density level. Particularly, four categories have been created,
having increasingly higher boundary GND densities (pgp-1 < pgp-2 <
pe-3 < pgp-4), and roughly the same number of boundaries each. The
boundary GND density range corresponding to each category, as well as
the resultant number of boundaries, is shown in Table 3. Table 3 in-
dicates also the average subgrain-free boundary length fraction within
the four categories. In line with the discussion in Section 3.1, these
fractions decrease with higher boundary GND density of the category,
and the decrease tends to saturate for the categories with higher GND
densities. In turn, this reduction in the subgrain-free length fractions
implies a larger number of captured subgrains within the category, with
higher boundary GND density (Table 3). The magnitude of the increase
is also reduced gradually with higher boundary GND density. Moreover,
the number of captured subgrains even decreases from the third to the
fourth category, despite the subgrain-free length fraction still
decreasing. The reason for this behavior is the decrease of the total
boundary length inside each category (also given in Table 3) with higher
boundary GND density: as shown in Section 3.1, higher boundary GND
densities are possible for boundaries with shorter captured lengths
(Fig. 4(a)). In addition, Table 3 provides the average subgrain size and
misorientation within each boundary GND density category. In accor-
dance with Fig. 7(b), the average subgrain misorientation monotonically
increases with higher GND density of the category. At the same time, the
subgrain size decreases, in agreement with Fig. 7(a). The size and
misorientation distributions including all the subgrains inside each
category are shown in Fig. 8, and exhibit similar trends. The figure in-
dicates that the fraction of subgrains with smaller misorientations than
2° decreased steadily with higher GND density of the category; at the
same time, the fraction of subgrains with larger misorientations
increased (Fig. 8(b)). Similarly, the fraction of subgrains with smaller
sizes than 0.75 pm became gradually higher with increasing GND den-
sity (Fig. 8(a)). This effect was more pronounced for subgrains with

Table 3

Mean diameter and misorientation of subgrains located at grain-boundary sites,
for boundaries within four different boundary GND density pgg categories: pgp-1
(pge < 1.25:10"° m™2), pgp-2 (1.25-10"° m~2 < pgp < 1.60-10'° m™2), pgp-3
(1.60-10"° < pgg < 1.95-10" m™2) and pgg-4 (pgs > 1.95-10'° m~2). The
number of boundaries and grain-boundary subgrains in each category is also
given, together with the aggregate values corresponding to all the boundaries.
The uncertainties indicated are the standard errors considering the number of
boundaries and subgrains analyzed, respectively.

Category of pep-1 pe-2 pPee-3 pe-4 Total

boundary GND

density

Lower limit (m™2) 0 1.25-10"°  1.60-10"°  1.95.10'°

Upper limit (m~2) 1.25.10°  1.60-10"°  1.9510° -

No. of boundaries 52 52 52 51 207
analyzed

Boundary length 2.88 2.29 1.64 1.10 7.91
analyzed (mm)

Mean subgrain- 0.48 + 0.23 + 0.12 + 0.06 + 0.25
free boundary 0.03 0.02 0.02 0.01 +
length fraction 0.02

No. of subgrains 938 1192 1223 1088 4441
analyzed

Mean subgrain 0.87 + 0.75 + 0.68 + 0.61 + 0.72
diameter (pm) 0.02 0.02 0.01 0.01 +

0.01

Mean subgrain 1.61 £ 2.03 + 227 + 2.69 + 217
misorientation 0.04 0.05 0.05 0.06 +
©) 0.02
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smaller sizes than 0.5 pm.

The observed trend between boundary GND density and subgrain
misorientation agrees with the general trend found in the literature
between subgrain misorientation and applied strain (for the subgrains
located in deformed grain interiors) [2,6,7,34-36,38]. As higher applied
strains lead to higher dislocation densities [3], an equivalent effect on
substructure development is expected for both. This trend between
boundary GND density and subgrain misorientation is also in line with
the expectation, following the description of LABs as dislocation arrays:
LABs with higher misorientations contain dislocations that are more
closely spaced within the boundary [3]; for equal subgrain boundary
area, a higher density of dislocations thus implies subgrain boundaries
with higher misorientations.

On the other hand, previous substructure characterization studies
have found conflicting trends between applied strain and subgrain size
(for the subgrains in the deformed grain interiors). Below a certain
strain, subgrain sizes decrease with higher dislocation density
[2,7,34-37,55]. This is a natural effect, if LABs are considered as
dislocation arrays: smaller subgrains mean a higher density of subgrain
boundaries per unit of volume; for equal subgrain boundary mis-
orientations, smaller subgrains can thus accommodate a higher dislo-
cation density. However, above a certain strain, subgrain sizes cease to
decrease, and stay essentially unchanged against any further dislocation
density increase. When that occurs, higher dislocation density translates
into a higher subgrain misorientation only [1,5-7,62]. At the same time,
as displayed for this case, dislocation densities around deformed grain
boundaries can be considerably higher than in the grain interiors. In
fact, higher average subgrain misorientation and smaller subgrain size
have been found here around deformed grain boundaries than Taylor et
al. did in the deformed grain interiors, for the higher strain of 1 [34]
(~2.2° and ~0.7 pm here, see Table 3, against ~1.7° and ~1.2 pm in
[34]). The data by Taylor et al. were also obtained for Ni-30%Fe, and
under similar deformation conditions to the present ones (900 °C and 1
s~1 [34]). Consequently, the comparison with Taylor et al. [34] suggests
that the dislocation density is higher around deformed grain boundaries
for a strain of 0.2 than in the deformed grain interiors for a strain of 1.
These relatively high dislocation densities around deformed grain
boundaries could thus conceivably exceed the level required for the
subgrain size to saturate. Yet, the present results demonstrate that this is
not the case: the size of the subgrains surrounding the deformed grain
boundaries decreases steadily as the dislocation density around the
boundary increases.

Nevertheless, this reduction in the average subgrain size per
boundary with boundary dislocation density is at odds with results
presented in [29]. Those were obtained for the same microstructure
examined here, but excluding the subgrain boundaries with lower mis-
orientations than 1° from the analysis. With that condition in place, the
average subgrain size per boundary is essentially independent of
boundary dislocation density [29]. Hence, the present results also imply
that the decrease in subgrain size with higher dislocation density is
solely produced by the subgrain boundaries with lower misorientations
than 1°. In other words, that decrease is exclusively caused by incidental
dislocation boundaries (IDBs). IDBs result from the statistical mutual
trapping of gliding dislocations, and are opposed to geometrically
necessary boundaries (GNBs). The latter form due to different slip sys-
tem activities, or levels of shear strain, on both sides of the GNB [74,91].
Former studies on cold-deformed metals have found that the vast ma-
jority of IDBs possess lower misorientations than 1° [91]. At the same
time, GNB misorientations are nearly always larger than 1°, regardless
of the level of applied strain [91].

3.3.2. The effect of the type of nucleation site

This subsection compares the properties of the subgrains located at
different types of nucleation sites around deformed grain boundaries (i.
e., subgrains with at least two neighboring deformed grains). Particu-
larly, Table 2 indicates that a significant fraction of those subgrains (141
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Fig. 8. Distribution of (a) the sizes and (b) the misorientations of the subgrains lying around deformed grain boundaries, classified into four categories depending on
the GND density of the boundary pgp to which they belong: pgp-1 (pgg < 1.25-10*° m™2), pgp-2 (1.25-10%° m™2 < pgp < 1.6-10%° m™2), pgp-3 (1.6-10%° < pgp <

1.95-10*° m™2) and pgp-4 (pgs > 1.95-10'° m™2).

out of 4591, i.e., ~3%) was adjacent to a triple junction of deformed
grains (subgrains with exactly three neighboring deformed grains). By
contrast, less than 0.1% (9 out of 4591) neighbored a quadruple junction
of deformed grains (subgrains with exactly four neighboring deformed
grains). The rest of those subgrains (4441 out of 4591) belonged to
grain-boundary sites (subgrains with exactly two neighboring deformed
grains). In view of the small number of quadruple-junction subgrains
captured, this subsection focuses on the subgrains located at grain-
boundary and triple-junction nucleation sites.

The subgrain size and misorientation distributions separately
encompassing subgrains located at those two nucleation site types can
be viewed in Fig. 6(c)-(d). The two size distributions are very similar to
each other (Fig. 6(c)). Accordingly, the average subgrain sizes of triple-
junction and grain-boundary subgrains do not differ significantly (~0.7
pm for both, see Table 2). Yet, the fraction of subgrains with the largest
sizes (i.e., larger than 1.75 pm) is distinctly higher for triple-junction
sites. This is compensated for by the fraction of the smallest grains (i.
e., smaller than 0.5 pm) being also higher for triple-junction subgrains.
The latter effect even resulted in a smaller average subgrain size for the
detected quadruple-junction subgrains (Table 2). On the other hand, the
misorientation distribution of triple-junction subgrains deviates signif-
icantly from that of the grain-boundary subgrains (Fig. 6(d)). Specif-
ically, the former is shifted to considerably larger values: the
misorientations of most grain-boundary subgrains are smaller than 3°,
whereas those of triple-junction subgrains are more balanced across the
LAB range (Fig. 6(d)). Consequently, the average misorientation of the
triple-junction subgrains is significantly larger than that of the grain-
boundary subgrains (~3.6° against ~2.2°, Table 2). Quadruple-
junction subgrains exhibited an even larger average misorientation
(Table 2).

These results can explain the preferential role previously attributed
to triple-junction sites in the nucleation of SRX in hot-deformed
austenite [52,63,64]. In fact, for a given deformed grain boundary,
SRX nucleation preferentially initiates at the triple junctions rather than
at any grain-boundary site [43]. In this respect, SRX nucleation takes
place when the LAB between a subgrain and its parent deformed grain
fully transforms into an HAB, after the progressive increase of the LAB
misorientation [29]. The transformation into an HAB confers relatively
high mobility to the boundary, making it possible for the nucleus to
grow into the adjacent deformed grains [29]. With this mechanism,
subgrains with initially higher boundary misorientations possess a
nucleation advantage: they can more easily reach the minimum HAB
misorientation (typically, 15° [3]) in the incubation time before SRX. In
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this case, the fraction of subgrains with misorientations relatively close
to the HAB threshold is significantly higher at triple-junction sites than
at grain-boundary sites (note the higher fractions of larger mis-
orientations than, e.g., 5 or 10° in Fig. 6(d)). Therefore, triple-junction
sites are more likely to readily produce nucleation, as observed in
practice. The present results also highlight the degree of success of
triple-junction sites in terms of SRX nucleation: when subjecting the
present microstructure to SRX, about half of the new grains appear at
triple junctions, and the other half at grain-boundary sites [43]; yet, the
number of subgrains existing at triple junctions is more than thirty times
smaller than the number of subgrains at grain-boundary sites (Table 2).
Hence, a triple-junction subgrain is over thirty times more likely to
produce a nucleation event than a grain-boundary one. Of course, this
comparison is affected by the existence of subgrain-free regions around
deformed grain boundaries. However, these occur more often near
grain-boundary sites than near triple junctions (e.g., Fig. 2(b)). As a
result, the relative nucleation efficiency of triple junctions would be
even higher, if understood in terms of the boundary length (or area)
available as subgrains. Additionally, if the relationship between sub-
grain misorientations and boundary dislocation density shown in
Section 3.3.1 is recalled, the reason for the larger misorientations at
triple junctions is clear: higher dislocation densities accumulated around
them, compared to grain-boundary sites (Section 3.1 and Fig. 3(a)-(b)).

By contrast, the comparison between the size distributions of triple-
junction and grain-boundary subgrains is more complex (Fig. 6(c)):
triple junctions showed higher fractions of both the smallest and largest
subgrains, compared to grain-boundary sites. On the one hand, the
higher fraction of relatively small subgrains agrees with the general
effect of dislocation density on subgrain size as discussed in Section
3.3.1. In virtue of that effect, the higher dislocation density around tri-
ple junctions (Section 3.1) leads to increased fragmentation into sub-
grains of the SIBM bulges located at those sites. For instance, Fig. 9(a)-
(b) shows a bulge located at a triple grain junction and fragmented into
three smaller subgrains.

Nevertheless, not all the observed triple-junction bulges exhibited
fragmentation into subgrains. Some were composed of one subgrain
only (e.g., Fig. 9(c)-(d)), with the LAB of that subgrain located at the
base of the bulge (yellow arrow in Fig. 9(d)). These triple-junction
bulges explain the higher fraction of the largest subgrains found at tri-
ple junctions. The reason is the enhanced tendency for SIBM at multiple
grain junctions, relative to grain-boundary sites [29]. That tendency can
lead to relatively large bulge amplitudes during deformation already,
which increase the size of the corresponding (non-fragmented) multiple-
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Fig. 9. Example of SIBM bulges located at triple grain junctions, which (a, b) exhibit and (c, d) do not exhibit fragmentation into smaller subgrains: (a, ¢) IPF map,
and (b, d) subgrain map, where each colour represents one of the entities resulting from the deformed grains' discretization into subgrains and parent grains. White
lines indicate £3 and X9 CSL boundaries (i.e., twin boundaries). Black lines indicate boundaries with misorientations higher than 15°, and not identified as CSL
boundaries (i.e., general HABs). Yellow lines indicate boundaries with misorientations between 5 and 15° (i.e., LABs). Gray lines indicate boundaries with mis-
orientations between 0.5 and 15° (i.e., LABs). The gray and yellow lines have been omitted from (b) and (d). The yellow arrows in (a) and (c) point at the LAB located
at the base of the bulge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

junction subgrains. At the same time, LABs stay immobile before SRX
nucleation [29]. Hence, they do not contribute to a larger size of
multiple-junction subgrains. A clear example of the enhanced SIBM
(bulging) at multiple grain junctions can be viewed in Fig. 10. The EBSD
map of this figure was obtained with a coarser step size than the others
in this study: 0.5 pm. Fig. 10 displays two adjacent bulges of the same
parent deformed grain, both growing into the same neighboring
deformed grain: one is located at a quadruple grain junction, and the
other one at a grain-boundary site. The figure shows a much larger
amplitude for the quadruple-junction bulge than for the grain-boundary
one (~9 pm against ~4 pm). Furthermore, the position of the LAB
enclosing the quadruple-junction bulge (gray arrow, average misorien-
tation across the LAB of ~4°) roughly corresponds to the base of the
bulge. This confirms the absence of migration of that LAB. The LABs at
the base of the triple-junction bulges in Fig. 9 suggest the same lack of
migration (yellow arrows in the figure). In turn, the enhanced bulging at
multiple grain junctions is due to two reasons [43]: (i) the higher
dislocation densities around them (Section 3.1), which accelerate the
rate of bulging [23,24]; and (ii) the consumption of ‘extra’ deformed
grain boundaries as the bulges migrate, which are not present at grain-
boundary sites [43]. The latter provides an energetic advantage through
the removal of the corresponding boundary energy, and of the higher

13

dislocation densities surrounding deformed grain boundaries [43]. For
the quadruple-junction bulge in Fig. 10, the ‘extra’ deformed grain
boundaries are a general HAB and an FTB (the boundary in the left upper
corner which is partly a white line and partly a black line).

3.3.3. The effect of the type of deformed grain boundary

The differences between the sizes and misorientations of the sub-
grains located around general HABs and FTBs are examined in this
subsection. In this regard, the plots in Fig. 7 contain the average and
maximum values of each property for all the deformed grain boundaries
belonging to each type. In the four plots, the results considering general
HABs only (blue lines in Fig. 7(a)-(d)) essentially overlap those consid-
ering FTBs only (orange lines in Fig. 7(a)-(d)). A similar conclusion can
be drawn from Fig. 5(a), in terms of the subgrain-free length fractions for
both boundary types. These observations imply that, despite their
distinctly different dislocation transmission properties (Section 3.1),
substructure development (and the associated recovery processes) does
not significantly differ around FTBs and general HABs (for the disloca-
tions that do accumulate around the boundary). This is relevant for, e.g.,
the input to microstructural models incorporating topology (e.g.,
cellular automata). For example, topology-based models of recrystalli-
zation aim to predict the nucleation rate from the aggregate behavior of
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Fig. 10. KAM map displaying an example of SIBM bulges formed at adjacent
quadruple-junction and grain-boundary nucleation sites. White lines indicate
3 and X9 CSL boundaries (i.e., twin boundaries). Black lines indicate bound-
aries with misorientations higher than 15°, and not identified as CSL boundaries
(i.e., general HABs or FTBs). Gray lines indicate boundaries with mis-
orientations between 3 and 15° (i.e., LABs). The gray arrow indicates the LAB at
the base of one of the bulges.

all the subgrains within a deformed microstructure [25-27]. Because of
the increase of the subgrain misorientations with higher GND density
(Section 3.3.1) and the lower boundary GND densities of FTBs (Section
3.1 and Fig. 3(a) and (c)), the average subgrain misorientation for FTBs
is significantly lower than for general HABs (~1.9° against ~2.3°,
Table 1). On the other hand, the reduction in subgrain size with
increasing boundary GND density (Section 3.3.1) means that the
average subgrain size displayed by FTBs is significantly larger than that
of general HABs (~0.8 pm against ~0.7 pm, Table 1).

These results can explain the considerably lower nucleation effi-
ciencies (i.e., number of SRX grains formed per boundary length unit)
formerly reported for FTBs in the SRX of austenite, compared to general
HABs [43]. These lower nucleation efficiencies lead to FTBs making a
minor contribution to SRX nucleation in austenite only [43,52]. Firstly,
the number of subgrains per boundary length unit is much smaller
around FTBs: only around two thirds of those existing for general HABs
(Table 1). This is despite the total boundary length in the microstructure
being somewhat larger for FTBs (Table 1). Because SRX grains form from
subgrains, the existence of fewer subgrains directly means fewer op-
portunities for nucleation. Secondly, the misorientations of the sub-
grains tend to be smaller around FTBs (Table 1 and Fig. 7(b) and (d)). As
pointed out in Section 3.3.2, larger subgrain misorientations are closer
to the HAB misorientation threshold (typically, 15° [3]). Hence, those
subgrain boundaries can more readily transform into HABs in the initial
stages of recrystallization. This gives rise to effective nucleation,
because of the higher boundary mobility associated [29]. Additionally,
both reasons for the lower nucleation efficiency (fewer subgrains and
lower subgrain misorientations) can be attributed to the lower GND
densities accumulated around FTBs (see Fig. 5(a) and Fig. 7(b) and (d),
respectively). This is owing to the special dislocation transmission
properties of twin boundaries, as explained in Section 3.1. Nevertheless,
although comparatively less than general HABs, FTBs also produce
nucleation [43]. This is consistent with the present results: subgrain
misorientations near the HAB threshold (e.g., larger than 5 or 10°) exist
for FTBs in Fig. 7(d), albeit less frequently than for general HABs.

3.4. Quantitative description of the substructure

In this section, the application of physics-based equations to relate
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the average subgrain sizes and misorientations around a deformed grain
boundary with the corresponding boundary dislocation density is
examined. Such equations are required by the development of micro-
structural models, able to incorporate the far-reaching implications of
the substructure on the behavior of metals.

3.4.1. Average subgrain sizes

In the literature, the relationship between subgrain size and dislo-
cation density has most often been modelled via a Staker-Holt equation
(e.g., [11,27,56-61]). Staker-Holt relationships assume an inverse pro-
portionality between the average subgrain size and the square root of
the average dislocation density [37]. For the subgrains located around
one deformed grain boundary, a Staker-Holt equation can be defined as:

dsg — Ksu B
PeB

@

where dsg and pgj are the average subgrain size and dislocation density
around the boundary, and Ksy_¢p is the Staker-Holt constant for sub-
grains located around deformed grain boundaries. The Kgy_gp values
obtained for the deformed grain boundaries analyzed in this study are
plotted in Fig. 11(a). The figure indicates that the Ksy_gp value obtained
for a single boundary is, on average, independent of the boundary GND
density (slope of the linear fit equal to (—0.06 + 0.18)-10° % 1/m %.In
other words, roughly the same Staker-Holt constant value applies within
the whole examined boundary dislocation density range. This means
that, like the subgrains in the deformed grain interiors, those sur-
rounding the deformed grain boundaries also follow a Staker-Holt
relationship. Fig. 11(a) also displays significant scatter within a given
level of boundary dislocation density. Nevertheless, this scatter is
intrinsic to the examined effect: the length of the grain boundaries in a
material with an engineering grain size is limited. Consequently, the
number of subgrains that can be located around each of those bound-
aries is also limited. In addition, Fig. 11(a) suggests that the same
average Ksy_gp value applies to the subgrains surrounding general HABs
and FTBs. This is in line with the other results shown in this study, which
suggested an equivalent quantitative behavior for both boundary types
for the same boundary dislocation density level.

Fig. 11(b) displays the distribution of the Staker-Holt constant values
found for the individual deformed grain boundaries. The vast majority of
the Ksy gp values were comprised between 20 and 40. The average
value across all the studied boundaries was equal to 28.6 + 0.4. This is
close in magnitude to the value of 35 estimated by Shah et al. in [27],
also for hot-deformed austenite and subgrain sizes and dislocation
densities surrounding deformed grain boundaries. The Kgy_gg of 35 was
the average value in the microstructure leading to accurate predictions
of the grain size after DRX and MDRX, with the physics-based model
proposed by the authors [27]. Hence, it was not experimentally
measured, like in the present study. Besides, the deformation tempera-
tures and applied strain were higher than those employed here
(950-1100 °C and 0.5 [27]). On the other hand, both Ksy_gg values are
considerably higher than the original value of the Staker-Holt constant
reported by Staker and Holt (i.e., 16 [37]). Their study considered pure
copper, and only subgrains in deformed grain interiors [37]. Unlike
those, subgrains surrounding deformed grain boundaries form under a
dislocation density gradient, with respect to the distance to the bound-
ary (see Fig. 3(a)). Moreover, Staker and Holt obtained their value for a
deformation temperature range between 25 and 700 °C [37]. By
contrast, later studies have shown that the Staker-Holt constant value
increases with higher deformation temperature [56]. Specifically, a
value of 24 has been reported for pure copper after deformation at a
temperature as low as 400 °C (for the subgrains in the deformed grain
interiors) [56].

All in all, the present results demonstrate that a Staker-Holt rela-
tionship can be applied not only to describe the average subgrain sizes in
deformed grain interiors, but also those adjacent to deformed grain
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Fig. 11. (a) Staker-Holt constant value for each of the analyzed deformed grain boundaries as a function of the corresponding boundary GND density. (b) Distri-
bution of the Staker-Holt constant values for each of the analyzed deformed boundaries. The solid lines in (a) account for linear regression fits, and have been added
for visual guidance only. The shaded surrounding areas represent a confidence interval for the fits, with a confidence index of 95%. Blue markers and lines correspond
to general high-angle boundaries (HAB), and orange ones to former twin boundaries (FTB). The black line displays the combined effect of general HABs and FTBs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

boundaries. This is despite the fact that subgrains neighboring deformed
grain boundaries form under dislocation density gradients with respect
to the distance to the grain boundary. Such gradients do not exist in
deformed grain interiors (Fig. 3(a)-(b)). Moreover, the Staker-Holt
relationship is applicable around deformed grain boundaries also
despite the higher dislocation densities in that region (Section 3.1).
Those could have reached the level at which subgrain sizes cease to
decrease with higher dislocation density [1,5-7,62]. Yet, the present
study shows that this is not the case. Additionally, the current results
suggest that, in the present case, the Staker-Holt behavior (and the
decreasing trend of subgrain size with higher dislocation density in
general, Section 3.3.1) is caused by the IDBs solely (i.e., subgrain
boundaries with lower misorientations than 1°, Section 3.3.1), and not
by the GNBs. This can be rationalized by the association between Staker-
Holt behavior and the dislocation-dislocation interaction distance made
in [37]: only IDBs are created by the incidental interaction between the
dislocations periodically generated during plastic deformation. By
contrast, GNBs separate areas in the microstructure subjected to
different strain constraints [74,91]. As the present study implies, a
higher overall dislocation density around the boundary does not
necessarily mean a larger density of those areas (and, thus, a smaller
spacing between consecutive GNBs).

3.4.2. Average subgrain misorientations

Regarding the relationship between average subgrain misorientation
and boundary dislocation density, the data in Fig. 7(b) indicate that a
direct correlation exists between both variables. In this view, a physics-
based expression approximating that relationship is derived in this
section. To this end, it is assumed that all the GNDs located around a
deformed grain boundary are distributed into subgrain boundaries after
deformation. In other words, the contribution to the GND density of
GNDs located in subgrain interiors is ignored. This is reasonable,
considering the TEM analysis in [52]: that study found subgrain interiors
to be essentially dislocation-free.

To obtain the intended expression, an identification is thus made
between the total number of dislocations Ng; 145 forming the bound-
aries of all the subgrains adjacent to a deformed grain boundary, and the
overall number of dislocations Ny;_gg in the material layer surrounding
the deformed grain boundary (as derived from the average dislocation
density pgz measured around the boundary). This situation is sketched
in Fig. 12(a). Although the subgrains are represented as semicircles in
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the figure, no assumption is made about their shape, other than being
entities with the equivalent circle diameter ds¢ measured by EBSD
(Section 2.2).

The number of dislocations Ny making up an individual subgrain
boundary with length Lsg and misorientation s can be derived as [4]:
Nais = I%HSG (2)
where b is the length of the Burgers vector of the dislocations. In Eq. (2),
Osc is expressed in radians (i.e., 0s¢ must be multiplied by 7/180 before
entering the equation, if given in degrees).

Therefore, the average number of dislocations Ny, making up the
individual subgrain boundaries surrounding a deformed grain boundary
can be obtained replacing Lsg0sc by the average product of the lengths
and misorientations of those subgrain boundaries Lsz0s:

Ny — LscOsg

3

LsgfAsc can then be approximated by the product of the individual
averages Lgs0sc. Lsc is the average length of the subgrain boundaries
surrounding the deformed grain boundary, and s is their average
misorientation. At the same time, Ls; can be replaced by n-dsg. The
replacement of the average product by the product of the averages is
justified in detail in Appendix A. In any case, average values of 27.21 nm

and 27.27 nm were measured here for dsg0sg and dsgfsg across the
examined deformed grain boundaries. This means an average error of
~0.2% only due to the replacement.

Considering this, the total number of dislocations Ny ;4 making up
the boundaries of all the subgrains located around the deformed grain
boundary can be calculated as:
Ndi.s—LAB = ﬂdﬁés(}'NSG

b 4

where Ng; accounts for the number of subgrains surrounding the
deformed grain boundary.

If the deformed grain is considered to be of circular shape, and to
have a diameter equal to the average (deformed) grain size Dg, N5 can
be derived from dsg as:
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Fig. 12. (a) Geometry assumed for the derivation of Eq. (11), in which sub-
grains with an equivalent circle diameter dsg surround the boundary of a
deformed grain having a diameter D;. The gray area represents the area Agp of
the layer within which the boundary GND density p; has been measured. (b)
Comparison between the average subgrain misorientations measured around
individual deformed grain boundaries by EBSD and the corresponding
description by Eq. (11) (Eq. (11), purple line). The green box encircles relative
outlier points. The result from Eq. (11) is also given, when those outlier points
are excluded from the fitting of the equation (red line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

7Dg

Nsg = =— %)
dSG
Combining Eqs. 4 and 5, Ny;_14p is then obtained as:
7°Dg—
Nyis_1a8 = TGGSG (6)

On the other hand, the total number of dislocations Ng;_gs sur-
rounding the deformed grain boundary can be derived as the product of
its boundary dislocation density pg,;, and the area Agg of the layer
around the boundary within which the dislocations are considered (gray
in Fig. 12(a)). If the thickness of that layer is equal to dsg, Ny;_gp is given
by:

T/ o
Nais—68 = peAcB = Pgp 7 (D?; — (D6 — ds)* ) )
which can be simplified, considering that dsg << Dg:

Ve — =
Niis—gs = Ef)GBDGdSG (€)
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Taking thus Ny 145 equal to Ngs_gs, Eqs. 6 and 8 lead to:

= bdsc
Osg = o B

)]

Nevertheless, Eq. (9) assumes that the entire subgrain boundaries
can contain dislocations. This is not true: since the equation refers to the
subgrains surrounding a deformed grain boundary, a part of those
subgrain boundaries possesses HAB character (i.e., the part separating
the subgrain from the neighboring deformed grain). This fraction of the
subgrain boundary lengths cannot contain dislocations. Additionally,
the subgrain boundary misorientations in this study have been derived
taking into account, for each subgrain, the whole fraction of its
boundary length that is an LAB. However, a part of that length fraction
may be shared with other subgrains also neighboring the deformed grain
boundary. In the dislocation balance of Eq. (4), that part would be
counted twice, one for each neighboring subgrain. The rest of the sub-
grain boundary fraction that is an LAB is shared with the parent grain, or
with subgrains not neighboring the deformed grain boundary.

Consequently, to apply the expression to the current data, dgsg is
replaced in Eq. (9) by an effective subgrain size. This is smaller than dsg
by a geometric factor called z (with z > 1). z accounts for the fraction of
the subgrain boundaries that has HAB character, or may be shared with
other subgrains that are also located around the deformed grain
boundary:
baSG
ﬁﬂcs

(10)
Z

aSG =

Finally, Eq. (10) can be further simplified considering the Staker-

Holt relationship between dsg and pes (Eq. (1)). This was shown to
hold in Section 3.4.1:

= bKsu g

N an

About z, its average value for the deformed grain boundaries in the
analyzed microstructure can be estimated from the experimental mea-
surements. To this end, fs; and pg; are substituted in Eq. (11) by the
average subgrain misorientation and boundary GND density here
measured across all the boundaries. The values including both general
HABs and FTBs are considered (2.17° and 1.60-10'° mfz, see Table 1).
For a Burgers vector length of 0.2518 nm [86], and the measured
average Staker-Holt constant Kgy ¢ of 28.6 (Section 3.4.1), this leads to
a value of z equal to 1.21. Such a value suggests that only a limited
fraction of the total subgrain boundary length is shared with other
subgrains also neighboring the deformed grain boundary. This agrees
with the observed subgrains in the present EBSD maps (e.g., Fig. 1).
Moreover, this is also consistent with the circular shape assumed for the
subgrains in the derivation of Eq. (11) (Fig. 12(a)).

The validity of Eq. (11) is tested against the average subgrain mis-
orientations measured for the deformed grain boundaries examined in
the present case (the same data plotted in Fig. 7(b)) via Fig. 12(b). The
equation provides a good approximation (purple line in Fig. 12(b)) to
the average boundary behavior, except for the boundaries located
outside the main point cloud (i.e., those encircled by the green box).
These “outliers” correspond to boundaries for which a very small
number of subgrains was detected (typically, less than ten), and for
which those subgrains were characterized by relatively large mis-
orientations. Nevertheless, Fig. 12(b) also includes the result of Eq. (11)
when the “outliers” are excluded from the fitting (red line in the figure).
In that case, the value of zis 1.31. The figure indicates that the difference
made by the outliers in Eq. (11) is only minor. In addition, scatter also
exists, albeit smaller, among the boundaries located inside the main
point cloud. That scatter is also due to each boundary being surrounded
by a limited number of subgrains. This is intrinsic to the examined effect:
in a material with an engineering grain size, the length of the deformed
grain boundaries is restricted; because of that, the number of subgrains
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surrounding each of those boundaries will be restricted as well.

A limitation of the analysis in this section is that it neglects the
inhomogeneous distribution of the dislocation density along each
deformed grain boundary. For instance, this inhomogeneity produces
the subgrain-free regions surrounding the boundaries, as explained in
Section 3.2. In this sense, the p;; values employed as input to Eq. (11)
are the average dislocation densities across both the subgrain-containing
and subgrain-free regions surrounding each deformed grain boundary.
By contrast, only the subgrain-containing areas (whose dislocation
density must be higher than the boundary average) contribute to the
average subgrain misorientation around the boundary. However, even
with that limitation, Eq. (11) provides a good prediction of the average
subgrain misorientation around the examined boundaries. Conse-
quently, Eq. (11) constitutes a simple, physics-based method to obtain
the average misorientations of the subgrains surrounding the grain
boundaries of a deformed metal, as a function of the boundary dislo-
cation density. This equation is expected to be applicable in cases where
most of the dislocations around the grain boundary are forming subgrain
boundaries (i.e., when significant recovery has taken place). These
include deformation at high temperature and deformation of metals
with a relatively high SFE, regardless of the temperature of deformation
[1,2]. Moreover, the expression can be implemented in microstructural
models of deformed metals to, e.g., predict the nucleation of recrystal-
lization (which is dictated by the evolution of the subgrain mis-
orientations from their initial values just after deformation). For cases
other than those cited above, the possible validity of Eq. (11) should be
assessed separately.

4. Conclusions

The substructure developed around the grain boundaries of a Ni-30%
Fe austenite alloy after hot deformation to a relatively low strain (i.e.,
0.2) has been systematically characterized via EBSD. These are the main
findings:

1. Deformed grain boundaries are not completely surrounded by sub-
grains. On the contrary, considerable boundary length fractions are
subgrain-free. This subgrain-free boundary length fraction decreases
with higher dislocation density around the boundary. Hence, the
absence of subgrains has been attributed to relatively low local
dislocation densities. These retard recovery and the subsequent
subgrain formation, and are in line with the low strain and high
temperature applied.

2. Higher dislocation density around a boundary increases the average
misorientation of the subgrains surrounding the boundary, while
decreasing their average size. The decrease in the average subgrain
size is suitably described by a Staker-Holt type equation. This is
despite the spatial gradient and relatively high values of the dislo-
cation densities around deformed grain boundaries, which do not

Appendix A

Materials Characterization 240 (2026) 116733

exist in deformed grain interiors. In addition, a novel physics-based
equation has been developed, which is able to describe the varia-
tion of the average subgrain misorientation around a boundary as a
function of the average dislocation density around the boundary.

3. Subgrains at triple deformed grain junctions display considerably
higher misorientations than subgrains located at other sites along
deformed grain boundaries, away from the junctions. This explains
the preferential nucleation of SRX at triple-junction sites, and is due
to the higher dislocation densities accumulated around triple junc-
tions. Besides, triple junctions show higher fractions of both rela-
tively large and small subgrain sizes. The higher fraction of smaller
sizes agrees with the higher dislocation densities around junctions. In
turn, the higher fraction of larger sizes is due to the enhanced SIBM
(bulging) at multiple grain junctions.

4. Unlike suggested by previous research, former twin boundaries
(FTBs) accumulate lower dislocation densities than general HABs, at
least in single-phase alloys. This leads to higher subgrain-free
boundary length fractions and lower subgrain misorientations than
for general HABs. Those two effects account for the lower SRX
nucleation efficiencies of FTBs. Nevertheless, for the same level of
dislocation density around the boundary, the developed substructure
does not depend on whether the boundary is an FTB or a general
HAB.
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When deriving Eq. (11), the average product dsg0ss of the diameter and misorientation of the individual subgrains neighboring a deformed grain

boundary (Eq. (3)) is approximated by the product of the averages of the two variables dsgfsc. Replacing the average product of two stochastic
variables by the product of their averages is valid if they are not correlated. Moreover, the average of the stochastic variables should be taken in the
limit of an infinite number of observations. About the first condition, Fig. A.1 plots the diameter of the individual subgrains examined in the present
study, adjacent to a deformed grain boundary, as a function of their misorientation. The correlation coefficient between the two variables is only
+0.036. This confirms the absence of correlation between them. About the second condition, it is expected to be generally fulfilled, because all the

subgrains adjacent to a deformed grain boundary are taken into account. Accordingly, the average error made when replacing dsgfsg by dsgOsc for the
individual deformed grain boundaries analyzed in this study (considering both general HABs and FTBs) is of ~0.2% only (average values of 27.21 and

27.27 nm for dsgOsg and dsgOsg, respectively, across all the analyzed deformed grain boundaries)
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Fig. A.1. (a, b) Scatter plot representing the diameter and misorientation of all the individual subgrains observed in this study, which were adjacent to a deformed
grain boundary. For clarity, (b) represents an enlarged view of (a), corresponding to a misorientation range between 3 and 5°. The correlation coefficient resulting
from the scatter plot is +0.036.
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