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A B S T R A C T   

The microstructure resulting from plastic deformation of metals and alloys typically contains heterogeneity on 
several length scales. Here we discuss the characterization by electron backscatter diffraction of one particular 
aspect of such heterogeneity, namely the uniformity of refinement by high angle boundaries after application of 
large plastic strains. A recently developed method for the quantification of this type of heterogeneity, based on 
the identification of areas that remain relatively unrefined by high angle boundaries (quantified by the fraction 
of low misorientation regions, fLMR), is reviewed, and an extension of this method to quantity the degree of LMR 
clustering is presented. Additionaly, the required choices of parameters for use of this method are discussed and 
some general recommendations are given. The method is illustrated by a comparison of the microstructure in 
samples of aluminum heavily deformed by two different processing routes, where it is shown that the fLMR 
parameter provides a measure of both the efficiency and uniformity in refinement by high angle boundaries. It is 
also shown how this approach can be used to investigate the relationship between nucleation of recrystallization 
and deformation microstructure heterogeneity in samples deformed to large strains.   

1. Introduction 

The electron backscatter diffraction (EBSD) technique has become an 
important tool for the characterization of microstructure in various 
metallic materials, including those deformed to high plastic strains. This 
is due both to the ease of use of this technique, and to the relatively large 
sample areas that can be investigated compared to conventional trans-
mission electron microscope (TEM) investigations of deformed micro-
structures. It is, however, important to remember that despite 
improvements in angular resolution for samples deformed from light to 
moderate strains, based on either new indexing approaches (Day, 2008; 
Britton et al., 2013, 2018; Tong et al., 2015; Jackson et al., 2019; 
Winkelmann et al., 2020) or the use of post-processing operations 
(Humphreys et al., 2001; Godfrey, 2004; Brough et al., 2006; Seret et al., 
2019), the angular resolution of the EBSD technique for data sets 
collected from samples deformed to large strains remains limited typi-
cally in the range 1.5 – 2◦ (Cabibbo et al., 2005; Mishin and Godfrey, 
2007; Zhang et al., 2020; Lanjewar et al., 2020), as a result of the 
significantly higher dislocation densities in such materials. 

One aspect of samples deformed to high strains that is often over-
looked is the heterogeneity of the microstructure. In principle, this 

should be assessed before choosing an EBSD mapping strategy. The 
heterogeneity can have different forms and scales. Examples of sample- 
scale heterogeneities include the variation in equivalent strain from the 
center to surface in high-pressure torsion, through-thickness variations 
in rolled products, and the variation across the thickness of extruded 
billets (Vorhauer and Pippan, 2004; Mishin et al., 2004; Li et al., 2006, 
2018; Mishin and Bowen, 2009; Godfrey and Mishin, 2018; Shuai et al., 
2020). 

In fact, heterogeneity of some form or another is a common feature of 
almost all deformation microstructures, and the form of this heteroge-
neity varies with the level of applied strain. At low to medium strains, 
there is a well-recognized dependence of the deformation microstruc-
ture on crystallographic orientation, which leads to grain-to-grain var-
iations in the dislocation boundary arrangements. At medium to high 
strains another form of heterogeneity, namely bands of localized shear 
or localized glide, is also commonly observed, where these may be either 
crystallographic or macroscopic in nature (Quadir et al., 2007a). 

For samples deformed to very high plastic strains, the most important 
form of heterogeneity relates to the refinement of the microstructure by 
high angle boundaries (HABs), reflecting the fact that the objective in 
most studies where a high plastic strain is applied is to produce samples 
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with ultrafine grains. The most commonly used parameters in these 
studies for assessing the extent to which samples have achieved such 
refinement are the average (sub)grain size and the fraction of HABs 
(fHAB). The latter parameter is calculated as fHAB=N(>θHAB)/N(>θmin), 
where N(>θHAB) is the number of adjacent pixel misorientations with 
angle > θHAB and where N(>θmin) is the number of adjacent pixel mis-
orientations with angle greater than the chosen value for the resolution 
limit (θmin) in the examined EBSD data set. Although widely used, this 
parameter is somewhat problematic as it depends on the value assigned 
as the lower angular resolution limit for the EBSD data set. Dislocation 
boundaries with misorientation angles still lower than this are, however, 
typically found, and the presence of a significant fraction of low angle 
boundaries (LABs) even in heavily deformed materials is well docu-
mented from TEM studies (Liu et al., 2002; Mishin et al., 2003; Yu et al., 
2004; Cabibbo et al., 2005; Mishin and Godfrey, 2007; Quadir et al., 
2007b; Sun et al., 2014). Consequently, quoted fHAB values for EBSD 
data with θmin = 1.5 – 2◦ are usually an underestimation, and may differ 
by as much as 16 % (in absolute terms) to true values, based on studies 
where the same area is investigated using both EBSD and orientation 
measurements in the TEM (Mishin et al., 2006). 

An alternative approach that we have recently introduced is to define 
a parameter that quantifies the extent of microstructural refinement by 
HABs, based in part on the spatial distribution of boundaries of low 
misorientation angle in a given microstructure. This method has already 
been used successfully for analysis of samples resulting from a variety of 
processing routes and different metals (Mishin and Godfrey, 2008; Luo 
et al., 2012; Zhang et al., 2014a, 2015; Hsu et al., 2015a, 2015b; Mishin 
et al., 2017; Chen et al., 2017). We introduce here a further development 
of this method, with regard to both the choice of the required parameters 
and the potential for analysis of clusters of relatively unrefined volume. 
We present first a detailed description of the method, illustrated using 
data collected from a sample of Cu deformed by equal channel angular 
extrusion (ECAE). Following this, we give two examples of the use of the 
parameter for comparing samples of Al deformed to large strains under 
different processing conditions, and in the analysis of recrystallization in 
a heavily deformed microstructure. 

2. A new parameter for quantification of refinement by high 
angle boundaries 

For illustration of the proposed method for quantification of refine-
ment by HABs we analyze here a data set taken from a sample of Cu 
(99.98 % purity) deformed by ECAE to a strain of 10 using route A with 
an inner die angle of 120◦. Specimens were machined from the center 
part of the extruded bars, and the longitudinal plane, containing the 
extrusion exit direction and normal direction, was polished mechani-
cally, followed by electrochemical polishing. For data collection, and for 
all examples presented in this paper, EBSD measurements were taken 
using a Zeiss Supra 35 field emission gun SEM equipped with a Nordlys 
detector. Data collection and all post-processing was carried out using 
the Channel 5 EBSD software. 

An example EBSD data set, collected using a step size of 70 nm is 
shown in Fig. 1a. In this data set, 81 % of all diffraction patterns were 
successfully indexed directly during automated EBSD mapping. Orien-
tations that the software failed to identify were typically associated with 
boundary regions, where overlapping patterns from different crystallites 
were generated. To visualize boundaries in the EBSD maps, orientations 
in such regions were reconstructed during post-processing using an in- 
built noise-reduction function, resulting in a final non-indexed fraction 
of 99 %. Note that during such data cleaning, care should be taken to 
assign orientations predominantly only to non-indexed pixels lying 
along boundaries in the microstructure. 

In Fig. 1a misorientations corresponding to angles of between 2◦ and 
15◦ are shown in red, with misorientations of 15◦ or more shown in 
black. It is immediately clear that the low angle boundaries are not 
uniformly distributed, and moreover some regions can be found where 

Fig. 1. EBSD maps illustrating the partitioning of a data set into LMRs and 
HMRs in Cu processed by ECAE: (a) misorientation map; (b) domains shown in 
random colors after grain detection using θR = 5◦; (c) the subset of these 
detected domains with area > 2.5 μm2; (d) the LMR partition shown in blue; (e) 
contiguous LMRs are colored randomly to highlight their clustering. In all maps 
misorientations >15◦ are shown in black. In (a) misorientations from 2◦ to 15◦

are shown in red and in (b) - (e) misorientations from 5◦ to 15◦ are shown in 
white. In (b,c,e) there is no correlation between the random color assignment 
and orientations - the coloring is only used as a visual guide to indicate the 
different domains. Red frames in each map indicate the area corresponding to 
the magnified inset in the bottom-left corner. 
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the microstructure is primarily subdivided only by such low angle mis-
orientations. To quantify this observation, we take advantage of a 
standard function provided in commercial EBSD post-processing soft-
ware to perform a “grain detection” operation,1 whereby the EBSD map 
is segmented into domains such that any two pixels within each domain 
are connected by at least one path that does not cross a misorientation of 
more than the specified reconstruction angle, θR. Equivalently it can be 
said that the procedure divides the map into domains such that the 
misorientation between domains is at least equal to the chosen value of 
θR for every pixel pair across the domain boundaries. 

An example of such a procedure, using a value of θR = 5◦ is shown in 
Fig. 1b, where the detected domains are each assigned a random color. 
In this figure, boundaries with misorientation angles of greater than 5◦

and 15◦ are also shown by white and black lines, respectively. A wide 
range of domain sizes are seen, with the largest being ~29 μm2. Note 
that single domains can still contain boundaries of more than 5◦, as long 
as these are not linked up to form a closed region. By comparing Fig. 1b 
with Fig. 1a it can be seen that many of the domains are small, bounded 
fully by large misorientation angles and do not contain interior LAB 
misorientations, defined here as those of > 2◦. The microstructure, 
however, also contains a number of larger domains of varying size that 
are subdivided primarily by boundaries with misorientation angles in 
the range from 2◦ to 5◦. 

In order to quantify the amount of material with such characteristics, 
it is useful to define a threshold value for the domain size, A*. Based on 
the chosen value of A*, the map can then be partitioned into two subsets: 
one consisting of domains with areas greater than A*, and the other of 
domains with areas less than A*. An example is given in Fig. 1c where 
domains with areas > A* are highlighted, in this case for A* = 2.5 μm2 

and with each domain assigned the same random color used in Fig. 1b. 
The underlying idea is that the subset containing domains with area >
A* represents regions of significant size that are subdivided mostly by 
boundaries with angles <θR (the choice of A* is discussed in Section 
2.2). For the purposes of quantification such areas can be considered a 
separate phase forming low misorientation regions (LMRs) within the 
EBSD map, as shown in Fig. 1d. A key quantitative parameter describing 
the heterogeneity in refinement by deformation-induced boundaries 
with misorientation angle >θR is, therefore, fLMR - the area fraction of the 
LMRs. The remaining area, by definition, is subdivided into individual 
domains of area less than A*, in most cases surrounded by high angle 
boundaries, and is hence referred to as being formed of high misorien-
tation regions (HMRs) - though this can also be a single percolating 
region. Note that domains forming the HMRs can contain low angle 
misorientations, as long as these do not form closed regions. 

It can be seen that while some LMR domains of area > A* are iso-
lated, they may also be found in clusters of varying size. Consequently, 
closed networks of boundaries with misorientation angles > θR may still 
be found in such LMR clusters, corresponding to the boundaries between 
adjacent individual domains. Nevertheless, these clusters still predom-
inantly contain only misorientations with angle < θR, and thus fulfill the 
definition of being a low misorientation region. Accordingly, two 
additional parameters for quantification of the LMRs are the average 
area of all individual LMR (ILMR) domains with area >A*, defined here 
as Aav

ILMR, and the average area of the LMR clusters (LMRCs) in the data 
set, defined as Aav

LMRC. The difference between these two parameters can 
be seen by comparing Fig. 1e, where each LMR cluster is assigned a 
random color, and Fig. 1c, where each individual LMR domain with area 
>A* is assigned a random color. A simple measure of the extent of 
clustering within the LMR subset is given by the relative values of Aav

ILMR 

and Aav
LMRC. 

2.1. Dependence of LMR parameters on the choice of θR and A* 

It is clear from the above that the calculated values of fLMR, Aav
ILMR and 

Aav
LMRC, will all depend on the choices made for values of θR and A*. The 

variation in fLMR for varying values of θR using a fixed value of A* = 2.5 
μm2, and for varying values of A* using a fixed value of θR = 5◦, are 
shown in Fig. 2a,b respectively. It is seen that fLMR increases in a near- 
linear fashion with increasing θR over the range from θR = 2◦ to 15◦. 
In contrast, fLMR shows a non-linear dependence on A*, being highly 
sensitive to the choice of A* for low values, and nearly insensitive to A* 
for high values. 

Corresponding graphs showing the variation of Aav
ILMR and Aav

LMRC with 
the choices of θR and A* are shown in Fig. 2c,d. In both cases the value of 
Aav

ILMR increases in a nearly linear manner with increasing θR or A*. This 
is easy to understand, as increasing θR results in larger reconstructed 
domains, and increasing A* gives larger values of Aav

ILMR as a result of the 
increase in the lower cut-off value for the average reconstructed domain 
area. The value of Aav

LMRC, which treats each cluster as a single feature, 
exhibits a more complex behavior, in particular showing a minimum in 
the dependence on A*. For the cases of either a very large value of θR or a 
very small value of A*, this will result in a high fLMR fraction, with many 
of the individual LMRs connected into large areas covering most of the 
EBSD map. The increase in Aav

LMRC at large values of A* is a result of the 
fact that the average area must always be at least as large as the cut-off 
value (A*) in partitioning the EBSD data set. 

2.2. Recommendations for choice of θR and A* 

Based on the dependencies of fLMR, Aav
ILMR and Aav

LMRC described above, 
some recommendations for choices of θR and A* can be made. The 
choice for θR is motivated by the fact that the objective is to identify 
regions in samples deformed to large plastic strains that are relatively 
unrefined by the high angle boundaries characteristic of such strains, 
and that instead consist predominantly only of LABs. A low value of θR is 
therefore preferred. The value should, however, be taken above the 
threshold for reliable boundary detection, which for heavily deformed 
samples can be up to 2◦. A value of 5◦ is suggested, as this is sufficiently 
above this threshold, but is still typical of dislocation boundaries formed 
by plastic deformation to low-to-medium strains. For example, an 
average misorientation angle of 5◦ is found for cell block boundaries in 
Al and Ni at strains of 0.45 and 0.7, respectively (Liu and Hansen, 1995; 
Hughes and Hansen, 2000). Therefore, regions containing predomi-
nantly only misorientations lower than 5◦ can be regarded as having 
boundary misorientations typical of low-to-medium strain deformation. 

Two different approaches are possible to define the choice for A*. 
The first is to choose a value relative to the scale of refinement of the 
deformation microstructure under investigation, AR*. If we assume that 
the true average dislocation boundary spacing measured across all 
dislocation boundaries is dT, then a large region unrefined by HABs can 
be defined as one containing on average at least N dislocation cells of 
this size. The average area of one dislocation cell can be expressed as 
Acell = απ d2

T/4, where α is a stereological constant between 1 and 1.5. 
The area covering on average N subgrains is then given by AR* = Nαπ 
d2

T/4, which taking α = 1.25 gives AR* ≈ N d2
T. 

In practice, from an EBSD map we cannot determine the true 
boundary spacing dT because the limited angular resolution prevents 
identification of boundaries of misorientation angle lower than some 
threshold value. As a best estimate, therefore, we can take line intercept 
measurements using the lowest possible misorientation angle for inter-
rogating the data (e.g. 1.5◦ or 2◦ in the case of samples deformed to large 
strains or 0.5◦ for lightly deformed samples), to obtain dEBSD and use this 
value to select AR*, i.e. AR* = N d2

EBSD. The choice of N is necessarily 
somewhat arbitrary, but a sensible choice is suggested to be N = 10, as 
this number is large enough to represent an area of significant size 
(equivalent on average to 10 dislocation cells), but still falls in the range 

1 Note that the name “grain detection” is somewhat misleading as the result 
of this process can be dislocation cells, subgrains, grains or clusters of any of 
these, depending on the chosen misorientation angle. Accordingly, we refer 
here to detected features by the structure-neutral term of “domains”. 
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where fLMR is sensitive to AR* (as seen from Fig. 2b). Defined in this way 
the resulting value of fLMR represents the fraction of material that re-
mains relatively unrefined with respect to the average overall refine-
ment. Therefore, this parameter is useful, for example, in following the 
microstructural evolution with increasing strain as a measure of the 
effectiveness in obtaining comprehensive refinement, or for comparing 
the microstructures resulting from different processes, where the scale of 
structural refinement is significantly different. Of course, if more accu-
rate subgrain size data are available, for example, subgrain sizes 
measured in a TEM through multiple tilt experiments or using gallium 
enhanced microscopy for Al-alloys (Mishin et al., 2006), such data can 
also be used for choosing AR*. 

A second choice for A* can be made by taking an absolute value 
(AA*) that represents some desired level of microstructural refinement. 
When defined in this way, the resulting value of fLMR represents the 
efficiency of the investigated process in both achieving a fine scale 
microstructure and the uniformity of this refinement. This measure is 
useful, for example, for comparing microstructures in samples of the 
same material processed to similar total plastic strains using different 
processes. The choice of value for AA* is again arbitrary, but the authors 
have found a value of 2.5 μm2 to work well for pure metals and Al alloys 
with low concentrations of alloying elements. This value represents, 
following the discussion above, an area of 10 dislocation cells with 
boundary spacing of 0.5 μm. For highly alloyed materials, where the 
saturation in boundary spacing may not be reached until below a value 
of 100 nm, a smaller value of AA* may be preferred. 

3. Example applications of LMR partitioning 

Here we present two example uses of the LMR partitioning approach, 
illustrating its use both for comparison between different severe plastic 
deformation routes, and for analysis of recrystallization. 

3.1. Comparison of similar processing routes 

Aluminum AA1050 (99.5 % purity) samples with similar initial 
average grain sizes of 45− 50 μm and weak annealing textures were 
deformed by eight ECAE passes with sequential 90◦ clockwise rotations 
about the bar axis. The samples were deformed using one of two 

different 90◦-cornered dies. Although the elementary geometry, i.e. the 
angle between channels and the shape of the outer corner, was identical 
in these dies, their design was different. One die was built with a sliding 
floor. This design, along with an anti-seize lubricant, is expected to 
provide nearly frictionless deformation (Segal, 2004, 2008). This die 
was used to produce “Sample Al-1” with dimensions of 15 × 15 × 75 
mm. Another die was a split-die assembled of two blocks held together 
during deformation by bolts. This die was used to produce “Sample Al-2” 
with dimensions of 10 × 10 × 100 mm. To reduce friction in this die, the 
billet and the die surfaces were coated with a lubricant containing MoS2. 
Additional details regarding the processing of these two samples can be 
found elsewhere (Mishin et al., 2012, 2010). 

Fig. 3 shows the variation of fLMR with A* calculated from example 
EBSD maps in the center region of each sample (see Fig. 4a,b) taking a 
fixed value of θR = 5◦. Immediately obvious from Fig. 3 is that for any 
definition of A* the value of fLMR for the map from Sample Al-2 is larger 
than that for the map from Sample Al-1, indicating that the process used 

Fig. 2. Variation of the fraction of low misori-
entation regions (fLMR) in the microstructure of 
the Cu sample for different choices of (a) grain 
detection angle θR at a fixed minimum area of 
2.5 μm2, and (b) minimum area A* at a fixed 
grain detection angle of 5◦. Variation of the 
average area of individual LMRs and the 
average LMR cluster area for different choices of 
(c) grain detection angle θR at a fixed minimum 
area of 2.5 μm2, and (d) minimum area A* at a 
fixed grain detection angle of 5◦.   

Fig. 3. Variation of the fraction of low misorientation regions (fLMR) calculated 
for two Al samples (see Fig. 4) using different choices of the minimum area A* 
at a fixed grain detection angle of 5◦. 
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to prepare Sample Al-2 is less efficient at introducing refinement by 
HABs uniformly over the examined volume. For the Sample Al-1 data, 
the values of fLMR calculated based on the definitions of A* described in 
Section 2.2 are 10 % using AR* = 2.1 μm2 and 6% using AA* = 2.5 μm2. 
For the Sample Al-2 data, the corresponding fLMR values are 13 % using 
AR* = 2.9 μm2 and 16 % using AA* = 2.5 μm2. 

Maps showing the LMRs resulting from the different choices of A* are 
presented in Fig. 4c–f, together with misorientation maps showing the 
full microstructure over each examined region (Fig. 4a,b). Note that for 
these EBSD data the indexed fractions were 72 % and 70 %, respectively, 
and that data cleaning was carried out taking care to assign orientations 
predominantly only to non-indexed pixels along boundaries: the 
remaining non-indexed pixels, associated with coarse intermetallic 
particles, are shown in dark gray in Fig. 4a,b. The images in Fig. 4c, 
d show the LMR partitions calculated applying the relative area defini-
tion, i.e., A* = AR*, using values of 2.1 μm2 for Sample Al-1 and 2.9 μm2 

for Sample Al-2, where the difference in these two values also represents 
the greater average refinement in Sample Al-1. Fig. 4e,f shows the LMR 
partitions calculated applying the absolute area definition, i.e., A* =
AA*, using a value of 2.5 μm2. In each case, it can be seen that in addition 
to the difference in the area fraction, there is also a difference in the 

extent of clustering of the LMRs between the two samples. This differ-
ence is quantified in Fig. 5, which shows the variation of the average 
individual LMR area, Aav

ILMR, and the average LMR cluster area, Aav
LMRC, as 

a function of A*. Note that a procedure to determine the cluster area is 
given in Appendix A. For values of A* in the range of 1 to 3 μm2 the 
average ILMR area is similar for both Sample Al-1 and Sample Al-2, but 
in Sample Al-2 the average LMR cluster area is almost twice that in 
Sample Al-1. 

The values of fLMR for both Sample Al-1 and Sample Al-2 have also 
been calculated in a further three regions, resulting in average values 
(given here with the standard deviation) over four regions for each of the 
two samples of fLMR = 13 ± 2 % using AR* and 10 ± 2 % using AA* for 
Sample Al-1, and fLMR = 14 ± 1 % using AR* and 18 ± 1 % using AA* for 
Sample Al-2. Based on a comparison of the average fLMR (AR*) values, it 
can be concluded that the deformation process used to prepare Sample 
Al-1 is slightly more effective in achieving a given relative uniformity in 
refinement. Moreover, compared to deformation of Sample Al-2, this 
process results in achieving a more uniform high-strain microstructure, 
characterized by the smaller fraction of LMRs of sizes above 2.5 μm2. 
These average values can be contrasted with values of the commonly 
applied fHAB parameter, which in both samples is ~68 % (calculated 
using a lower cut-off angle of 2◦ and a 15◦ HAB definition). It is obvious 
that the fLMR parameter provides a much better differentiation between 
the refinement by HABs in the two samples. 

3.2. Effect of heterogeneity on nucleation of recrystallization 

A related topic where the LMR/HMR partitioning approach can help 
assist with microstructural analysis is in investigation of the influence of 
heterogeneity on recrystallization of metals after deformation to large 
plastic strains. The annealing behavior of such metals is of particular 
interest with regard to the uniformity, or otherwise heterogeneity, of 
microstructural coarsening. It is clear, however, that the presence of any 
significant amount of heterogeneity in the deformation microstructure 
can be expected to affect the annealing behavior. 

As an example, we illustrate here how LMR/HMR partitioning can be 
used to investigate the relationship between nucleation of recrystalli-
zation and heterogeneity in refinement by HABs in the ECAE-processed 
copper sample described in Section 2. To track the nucleation process, 
the longitudinal section of this sample was polished mechanically fol-
lowed by electropolishing. An area in the sample was then selected and 
mapped using EBSD, first in the as-deformed state, and then again after 

Fig. 4. EBSD data showing the microstructure 
in two Al samples processed by ECAE: misori-
entation maps showing boundaries between 2◦

and 15◦ in red, and > 15◦ in black in (a) Sample 
Al-1 and (b) Sample Al-2. In these maps, areas 
colored in dark gray represent unindexed points 
in the EBSD data set. (c) through (e) are maps 
showing the LMR partition in blue for a fixed 
value of θR = 5◦ based on choices of the mini-
mum area of (c) AR* = 2.1 μm2 (Sample Al-1), 
(d) AR* = 2.9 μm2 (Sample Al-2), (e) AA* =
2.5 μm2 (Sample Al-1), and (f) AA* = 2.5 μm2 

(Sample Al-2). In (c) - (f) misorientations from 
5◦ to 15◦ are shown in white, and mis-
orientations >15◦ are shown in black.   

Fig. 5. Variation of the average ILMR area and the average LMR cluster area 
calculated for the two Al samples using different choices of the minimum area 
A* at a fixed grain detection angle of 5◦. Note that fLMR = 0 for Sample Al-1 at 
A* = 10 μm2 and therefore no data point is shown. 

A. Godfrey and O.V. Mishin                                                                                                                                                                                                                  



Micron 148 (2021) 103107

6

annealing for 30 min at 160 ◦C to yield material at the start of recrys-
tallization. In order to allow a direct comparison between locations of 
the recrystallization nuclei and the deformed microstructure, the EBSD 
map after annealing was collected without any additional mechanical 
re-polishing of the sample surface, with only a very short electropolish to 
remove the oxide layer formed during annealing in air. Some geometric 
distortions in the collected EBSD data set for the annealed sample were 
corrected using the method described by Zhang et al. (2014b). 

Fig. 6a shows an orientation map of the tracked region of the ECAE 
copper sample before annealing. As is typical for ECAE samples pro-
cessed using route A, the microstructure is predominantly lamellar, 
consisting of bands of fine subgrains separated by bands of less refined 
material. This deformation heterogeneity is highlighted in Fig. 6b where 
the LMRs have been determined using values of θR = 5◦ and A* = 10 
d2

EBSD = 2.1 μm2, resulting in fLMR = 26 %. 
Fig. 6c presents an orientation map of the same area after annealing 

at 160 ◦C for 30 min, in which a number of small recrystallization nuclei 
are visible. Some of these nuclei are isolated, while others are found in 
small clusters. In order to more clearly highlight the positions of the 
recrystallization nuclei, a grain detection procedure was applied to the 
data set, using the grain orientation spread within each crystallite, as 
well as grain size (at least 1 μm disregarding twin boundaries), to 
identify a subset of the map containing only these recrystallization 
nuclei. The software was able to pick-up most of the nuclei automati-
cally based on these criteria, though some small manual adjustments of 

the subset were needed in a few cases. 
This subset of identified recrystallization nuclei can be directly su-

perposed onto a LMR/HMR map of the EBSD data set from the annealed 
sample to explore the relationship between the nuclei locations and the 
heterogeneity of deformation, as shown in Fig. 6d. It can be seen that the 
vast majority of nuclei form inside the HMRs, with many nuclei fully 
inside HMRs. Very few nuclei, corresponding to <10 % of the area, are 
found inside LMRs. In several places though, nuclei are seen that have 
consumed some LMR volume. In almost every case, for such nuclei there 
is a HAB between the growing nuclei and the LMR region. These ob-
servations can be easily understood as the LMRs represent regions of 
lower stored energy compared to HMRs, and therefore have less po-
tential to provide recrystallization nuclei. The fairly similar spread of 
orientations within the LMRs may, however, provide favorable condi-
tions for growth of recrystallization nuclei originating from within the 
HMRs. The LMR/HMR partition can therefore also be used in modelling 
recrystallization where nucleation needs to be prescribed or for the 
analysis of recrystallization texture (Hsu et al., 2015b). 

4. Discussion 

Despite the large plastic strains applied to the investigated samples, 
it is evident from EBSD data taken over a sufficiently large area that 
considerable heterogeneity exists in the refinement of the microstruc-
ture by HABs. In many previous studies the preferred parameter for 

Fig. 6. Application of LMR partitioning to 
investigation of nucleation of recrystallization 
in the copper sample described in Section 2: (a) 
Orientation map produced using inverse pole 
figure (IPF) coloring for the direction Z normal 
to the examined section of the deformed sam-
ple; (b) the LMR partition of the map shown in 
(a), based on values of θR = 5◦ and AR* = 2.1 
μm2; (c) Orientation map of the same area as (a) 
after annealing for 30 min at 160 ◦C showing 
the development of recrystallization nuclei; (d) 
the subset of recrystallization nuclei (same IPF 
coloring as in (c)) superposed on the LMR 
partition, highlighting the relationship between 
the locations of nuclei and the underlying 
deformation microstructure heterogeneity. In 
(b,d) LMRs and HMRs are shown in blue and 
gray, respectively. In all the EBSD maps, black 
lines indicate misorientations > 15◦; in (b,d) 
white lines additionally indicate mis-
orientations between 5◦ and 15◦; yellow lines 
indicate twin boundaries in (d). The small 
number of black, yellow and white pixels oc-
casionally seen along the perimeter of domains 
and recrystallized grains in (b,d) are artifacts 
related to boundaries drawn at double pixel 
thickness.   
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capturing the extent of effective plastic deformation has been the frac-
tion of HABs in the microstructure. Such a parameter is easy to calculate 
from EBSD data but is, however, unsatisfactory for a number of reasons. 
Firstly, this is a mean parameter that does not reflect the fact that some 
areas within a deformed sample may contain a very high fraction of 
HABs, while in other areas there may be few, if any, HABs. Additionally, 
as shown in Section 3.1, samples with similar values of fHAB may have 
microstructures with rather different spatial arrangements of HABs and 
LABs. Another key problem with the fHAB measure is its dependence on 
the choice of EBSD misorientation detection threshold, as this parameter 
is calculated as the high angle boundary length divided by the total 
length of all boundaries with misorientation above some threshold level, 
where this threshold level is limited by the presence of orientation noise 
in the EBSD data. 

In contrast, the LMR/HMR partitioning approach presented here has 
the advantage of providing information both regarding the length scale 
of refinement by HABs and also a scalar measure of the uniformity of this 
process. It is important also to recognize that the procedure relies on 
looking for the absence of boundaries with misorientation angles a few 
degrees above the typical detection threshold for highly deformed 
samples, and as such is a robust parameter. Although not explored in this 
work, it is clear that the spatial distribution of the LMRs can be further 
quantified to provide more detailed measures of heterogeneity. This can, 
for example, be done by analyzing the statistical variance in fLMR based 
on the use of subregions of varying size within a large area map (Godfrey 
et al., 2015). 

It should be acknowledged, however, that this measure is not entirely 
objective, as choices for θR and A* must be made by the user. The choice 
of θR is more constrained and therefore straightforward, as the goal is to 
choose a value such that absence of misorientations at this level can 
reliably be interpreted to mean that the volume is not typical of a high 
strain microstructure. As such, a value that is low, but clearly above the 
noise level of the data is an appropriate choice, hence our suggestion in 
this work of θR = 5◦. The choice of A*, although somewhat open, pro-
vides an opportunity to introduce a length scale into the LMR/HMR 
partitioning, in particular when an absolute value is used. The choice of 
this absolute value, defined here as AA*, should be guided by the scope 
of the intended use. For example, in comparing different processing 
routes with a goal of estimating the efficiency in microstructural 
refinement by deformation to similar nominal strains, a value of AA* 
applied to all samples based on the finest average scale of refinement 
may be instructive. 

The other proposed choice of A* is a value relative to the scale of the 
refinement in a given material. Such a relative value AR* has the 
advantage of, to a certain extent, being a strain-normalized parameter. It 
can be noted also that fixing the value of AR* as a multiple of the average 
cell size is dependent also, albeit indirectly, on the EBSD detection limit. 
Such a restriction is however unavoidable in any study that relies only 
on EBSD data. An alternative would be to use TEM-obtained values to 
determine the true average dislocation cell size, though this would 
require a good statistical sampling of the deformed microstructure. The 
value of fLMR obtained using AR* provides a measure of the uniformity of 
refinement by HABs, and can be recommended, for example, in an 
evaluation of the evolution of deformation microstructure over a range 
of plastic strain for a given material and processing conditions. 

While we have chosen to demonstrate the use of the partitioning 
approach for the data sets obtained in ECAE-processed samples, this 
approach is applicable to characterizing deformation heterogeneities in 
materials processed to large plastic strains by other deformation pro-
cesses, such as compression, rolling, and friction stir welding. In more 
general terms, the approach presented here is directly applicable to any 
single-phase material deforming predominantly by dislocation glide, 
where sufficient dislocation slip system multiplicity and 3D-mobility via 
either cross slip or climb is present to allow the formation of a well- 
defined dislocation cell structure (Godfrey and Hughes, 2004). In such 
cases there is, in principle, no upper limit on the level of plastic strain 

that can be investigated, given that a saturation in refinement with 
applied strain typically takes place, as found for example in samples 
deformed by high pressure torsion (Zhang et al., 2008; Pippan et al., 
2010). A caveat here, however, is that the EBSD map step-size should be 
small enough to allow clear identification of the dislocation cells and 
identification of the misorientation angles to neighboring dislocation 
cells. As such, the approach may not be suitable for some metallic ma-
terials where the cell structure is not well developed at medium-to-high 
strains, and where the scale of the dislocation cells that do form at very 
large strains approaches the minimum practically-achievable mapping 
step-size. 

5. Summary 

Even though the goal of applying large plastic strains to metals is in 
many cases to achieve a microstructure with a very fine effective grain 
size (i.e. subdivided on a fine scale by HABs), in practice significant 
heterogeneity is present in such materials. The facile nature of the EBSD 
technique, combined with fast mapping speeds in modern systems allow 
such heterogeneity in deformation microstructures to be characterized. 
Such characterization can be achieved by partitioning the microstruc-
ture into regions that are relatively unrefined by HABs (defined as low 
misorientation regions, LMRs) and the remainder, defined as high 
misorientation regions (HMRs). The extent of the heterogeneity in 
refinement can then be directly quantified by the area fraction of the 
LMRs (fLMR), and also allows spatial measures of the LMRs to be further 
analyzed in a quantitative manner. 

The calculation of fLMR for a given microstructure requires two 
parameter choices, namely a boundary misorientation angle θR and an 
area A*, that are combined to determine regions of size greater than A* 
unrefined by boundaries of angle greater than θR. One direct advantage 
of this parameter is that the value of A* allows the introduction of a 
length-scale into the characterization. The value of A* can be chosen 
either relative to the scale of the microstructure (e.g. as a multiple of the 
average length scale of refinement), or as an absolute value chosen to 
compare the extent of refinement in different samples with identical A*. 
It can be noted that determination of the LMR partition using a threshold 
angle of θR = 5◦ combined with an absolute choice for the minimum 
area, AA*, is essentially independent of the angular resolution of the 
orientation data, as the underlying philosophy of the measure lies in 
detection of regions that do not contain misorientations typically asso-
ciated with large plastic strains. 

The fLMR parameter provides a good differentiation between the 
heterogeneity in microstructures after deformation to large plastic 
strains, even when the commonly used fraction of high angle boundaries 
(fHAB) does not reveal any difference between these microstructures. 
Furthermore, partitioning of a deformed microstructure into areas 
composed of LMRs and HMRs can also support studies of recrystalliza-
tion, where in particular the propensity for nucleation may depend 
strongly of local variations in the stored energy and the spatial distri-
bution of mobile high angle boundaries. 
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Appendix A 

In order to determine the area of each individual LMR cluster, the 
following procedure can be used (instructions here are based on the 
Oxford Instruments Channel 5 post-processing software). Firstly the 
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LMR partition is created as a subset, by applying grain detection at the 
desired value of θR and selecting a subset of these grains (domains) with 
area > A*. The anti-subset is then created, consisting of all EBSD map 
pixels not in the LMR partition. This anti-subset is then converted to non- 
indexed points (using the “Nullify subset” in the Channel 5 software). 
Finally, grain detection can be performed again, this time using a value 
above the maximum possible disorientation angle for the material under 
study (for cubic crystal symmetry a value of θR = 63◦ suffices). This 
results in LMR clusters, i.e. areas consisting of pixels in the LMR parti-
tion connected by any continuous path. 
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