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Abstract 

We present a new method based on uncorrelated misorientation measurements by 

Electron Backscattered Diffraction (EBSD) to characterize the dislocation density of site-

specific areas selected on a bulk material. Gold samples submitted to different degrees of 

pre-straining are analyzed. A new scalar misorientation parameter called the Characteristic 

Misorientation Angle (CMA) is derived from uncorrelated misorientation data and compared 

to the more conventional parameters Grain Average Misorientation (GAM) and Grain 

Orientation Spread (GOS). We show that CMA is nearly independent of the scan step size 

and is more sensitive to plastic deformation than GAM and GOS. A coupled effect of local 

plastic strain and area size is observed on the measured values of CMA. Based on that, values 

of dislocation density are determined for site-specific areas whose strengths, as defined by 

the hardness at first pop-in, are subsequently measured by spherical nanoindentation. Results 

show that the site-specific strength of gold decreases with increasing initial dislocation 

density. While previous studies have suggested the same trend, the present work offers a new 

approach to more quantitatively correlate local dislocation densities to the onset of plasticity, 

without the need for destructive TEM investigations or micro-sample fabrication. 
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1 Introduction 

Fundamental studies addressing the effect of dislocation density on the strength of 

metals have been pursued since the dislocation was first recognized as the crystalline defect 

governing plasticity. While strongly predictive for most bulk metals, the commonly used 

Taylor relation breaks down at very small scales, where the local dislocation density may 

differ significantly from its average value. Accessing such small volumes from a mechanical 

testing perspective is well achieved through nanoindentation but assessing the corresponding 

initial local dislocation density remains a critical scientific challenge. While transmission 

electron microscopy (TEM) offers the possibility to observe local dislocation activities under 

applied stresses [1, 2], its applicability and ease of use is greatly limited and the requirement 

of preparing electron transparent samples may obviate the scientific investigation of interest. 

Electron backscattered diffraction (EBSD) is a better alternative for this purpose, since it 

offers the possibility of assessing plastic deformation in the micro-scale in a non-destructive 

manner [3-7]. This work aims at developing a method based on EBSD to characterize the 

local dislocation density of small volumes prior to nanoindentation. 

EBSD does not allow the direct observation of dislocations, but enables the 

measurement of misorientations imposed on the crystal by Geometrically Necessary 

Dislocations (GNDs) [3-8]. Local misorientations can be analyzed in different ways, 

depending on the crystal orientation taken as a reference. In correlated measurements, the 

misorientation is measured between each scan point and its nearest neighbors. Correlated 

data is used for instance in the Kernel Average Misorientation (KAM) analysis [3, 8, 9], in 

which each scan point is assigned to the average of the misorientation measured between that 

point and its nearest neighbors. In uncorrelated measurements, the misorientation is 

calculated between each point and all other points in the scanned area [3]. Other 



3 

 

measurements are grain-based and calculate the misorientation between each point inside of 

a grain and a reference orientation taken from that grain. Such measurements are usually 

called Grain Reference Orientation Deviation (GROD) and the reference used can be the 

average orientation of the grain [8], the point in the grain with the lowest KAM [8, 10] or the 

central orientation, as defined by Kamaya et al. [11].  

KAM and GROD can be displayed as color-coded maps, since each scan point is 

assigned to one value of misorientation [3, 8, 10]. While such maps are useful to visualize 

strain distribution and localization in a microstructure, the determination of a scalar 

misorientation parameter to quantify the plastic deformation of a grain or of a larger area in 

a polycrystalline material can also be helpful. This is done through average misorientation 

approaches [3], in which misorientation values such as KAM or GROD are averaged over 

each grain of the microstructure. For instance, the Grain Average Misorientation (GAM) is 

the average of the correlated misorientation values obtained on a specific grain (or the 

average of KAM in case only the first nearest neighbors are considered) [6, 9, 12]. The Grain 

Orientation Spread (GOS) is the average of the GROD values obtained within a grain [8, 9, 

13, 14]. Regarding the uncorrelated measurements, although they have been used in the early 

definition of GOS [3, 6, 15], there is currently no standard scalar parameter defined for such 

misorientation data.  

GAM and GOS have been extensively used to differentiate between deformed and 

recrystallized grains within a microstructure and thus determine the amount of 

recrystallization in polycrystalline materials [6, 13, 15-20]. When averaged over many grains 

of a scanned area, they have been correlated with macroscopic values of plastic strain. 

Lehockey et al. [5], Kamaya et al. [4] and Sutliff [7], for example, showed the possibility of 
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determining the bulk plastic strain of different materials based on calibration curves of plastic 

strain as a function of average scalar misorientation parameters obtained from EBSD.  

In this work, we envision a different application for such scalar parameters: instead of 

characterizing the average plastic strain of a bulk material, we use a scalar misorientation 

parameter to quantitatively characterize the plastic deformation of small, site-specific areas 

that will be tested by nanoindentation. By calculating dislocation densities using this scalar 

parameter and performing a one-to-one correlation between the initial dislocation density of 

these small areas and the respective values of site-specific strength, the effect of pre-existing 

dislocations on the strength of the material at small scales can be investigated. While other 

studies have already combined EBSD analysis with indentation [21-25] or micromechanics 

[26-31], they have generally been conducted on annealed materials and EBSD has been used 

either in-situ or post-mortem to characterize misorientations caused by the small-scale 

mechanical test. Just a few works have used EBSD to characterize local misorientations prior 

to indentation [32, 33]. Nevertheless, this was done in a more qualitative manner, comparing 

local hardness values with maps of misorientation [33] or maps of hardness predicted from 

misorientation measurements [32]. Besides, these studies focused on values of bulk hardness 

and not on the stress required for the onset of plasticity.  

We first present an overview of the different misorientation angle distributions and 

scalar parameters obtained from the post-treatment of EBSD data using a commercially 

available software. Polycrystalline gold samples containing different amounts of bulk pre-

straining are analyzed. We show that uncorrelated misorientation angle distributions are more 

sensitive to plastic strain than their GROD or correlated counterparts. Therefore, we propose 

a new scalar parameter derived from uncorrelated misorientation data, which we call the 

Characteristic Misorientation Angle (CMA). The effect of step size, local plastic strain and 
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size of the area analyzed on the different misorientation angle distributions is investigated 

and the CMA values obtained are compared with the more conventional parameters GAM 

and GOS. We then show how to estimate values of local dislocation density based on the 

CMA parameter, which are used to investigate the effect of pre-existing dislocations on the 

site-specific strength, as defined by the hardness at first pop-in, measured by spherical 

nanoindentation.  

2 Material and experimental methods 

A polycrystalline gold wire (1 mm diameter, 99.9985% purity, Alfa Aesar) was used 

as the starting material. The wire was annealed at 850°C for 24 hours to obtain a large-grained 

microstructure with initial low dislocation density. The wire was then cut into 3 mm long 

samples and ground up to 800 grit to obtain 2 mm long specimens with plan-parallel ends. 

One specimen was investigated in the annealed condition, while other two samples were pre-

compressed to 10% and 30% strain (reduction in height) using a universal testing machine 

(Zwick Z010 TN). To remove the deformed surface layer affected by the mechanical grinding 

and obtain specimens suitable for both EBSD and nanoindentation, the samples were milled 

using an argon ion beam in a cross section polisher (IB-09010CP, JEOL). Using a voltage of 

6 kV for 6 hours, the complete 1 mm circular cross section of the samples could be polished. 

The cross sections were oriented so as to have a glancing incidence of the ion beam, which 

diminishes the defects caused by ion implantation. 

EBSD measurements were performed at 10 kV acceleration voltage and 0.54 nA beam 

current using an EDAX/TSL detector operating in a FEI Nanolab 200 scanning electron 

microscope (SEM). A hexagonal acquisition grid was used for all measurements. The data 

was post-processed using the commercial OIM™ Analysis software (version 7.1). Various 
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EBSD scans were performed to investigate the influence of step size, area size and amount 

of local plastic strain on the resulting misorientation distributions and parameters. The 

analyses were restricted to very small areas (up to ~50 µm²), since we want them to be 

representative of the small volumes tested in nanoindentation. For each scanned area, 

correlated, uncorrelated and GROD misorientation angle distributions, as well as GAM and 

GOS values were obtained from the OIM™ software. All GROD distributions, and therefore 

all the GOS values, were calculated using the grain average orientation as a reference. A table 

summarizing the relationship between the different misorientation angle distributions and 

their respective scalar parameters is available in the supplementary material to this paper.  In 

some cases, line misorientation profiles (point-to-point and point-to-origin) were evaluated 

to better interpret the misorientation distributions and parameters obtained for the different 

areas. Values of CMA were calculated from the uncorrelated distributions according a 

procedure presented in 3.2.  

To evaluate the differences in the correlated, uncorrelated and GROD distributions, 

areas of 4.5 × 4.5 µm² selected on the different gold samples were analyzed. A step size of 

50 nm was used in this case. The effect of step size on the misorientation angle distributions 

and respective scalar parameters was investigated on an area of 4.5 × 9 µm², selected on the 

30% pre-strained sample. This area was scanned using step sizes varying between 50 and 

500 nm. The effect of area size was evaluated by performing several scans with area sizes 

varying from 1 to 49 µm² around the same region of the 10% pre-strained sample. The effect 

of the amount of local plastic strain was investigated by scanning areas of the same size (4.5 

× 4.5 µm²), randomly selected on different regions of the gold samples analyzed in this work. 

In order to investigate the effect of pre-existing dislocations on the site-specific strength 

of gold, several 4 × 4 µm² areas were selected on the annealed and 10% pre-strained samples.  
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Section 3.7 shows how to estimate values of local dislocation density based on the CMA 

values obtained for these small areas. Their site-specific strength was determined as the 

hardness at the first pop-in, 𝐻𝑝𝑜𝑝−𝑖𝑛, from load-displacement curves obtained from spherical, 

quasi-static nanoindentation experiments. These were conducted on an MTS NanoIndenter 

XP equipped with a diamond conospherical indenter tip of 0.77 µm radius of curvature. All 

indents were performed to a 100 nm depth. 𝐻𝑝𝑜𝑝−𝑖𝑛 was calculated by 𝐻𝑝𝑜𝑝−𝑖𝑛 =

𝑃𝑝𝑜𝑝−𝑖𝑛 𝐴𝑐⁄ , where 𝑃𝑝𝑜𝑝−𝑖𝑛 is the load achieved at the first pop-in and the contact area, 𝐴𝑐 , 

is calculated considering the Hertzian elastic contact with a reduced modulus of 85 GPa for 

gold. For the sake of comparison, values of bulk hardness for the same indents were also  

calculated using 𝐻𝑏𝑢𝑙𝑘  =  𝑃𝑚𝑎𝑥/𝐴𝑐, where 𝑃𝑚𝑎𝑥 is the maximum load achieved during the 

test and 𝐴𝑐 is the residual contact area, measured from SEM images.  

3 Results and discussion 

3.1 Misorientation angle distributions and their respective scalar parameters 

Fig. 1(a-c) show combined maps of [001] Inverse Pole Figure (IPF, color-coded) and 

Image Quality (IQ, gray-scale) obtained from 3 areas randomly selected on the three gold 

samples analyzed in this work. All areas are completely located inside of grains of the 

materials, so that no high-angle grain boundaries are present.  

The plastic deformation induced by the bulk pre-straining can be qualitatively observed 

in the maps of the 10% and 30% pre-strained samples (Fig. 1(b and c), respectively). 

Deformed regions appear darker in the IQ maps because distortions in the crystal lattice due 

to the presence of dislocations result in shifted and degraded EBSD patterns, leading to a 

lower quality diffraction signal [9]. When dislocations are arranged in arrays with a non-zero 

accumulated Burgers vector (i.e., arrays of GNDs), they form low-angle, subgrain 
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boundaries, such as that indicated with an arrow in Fig. 1c. These boundaries separate regions 

with slightly different crystallographic orientations and appear as dark lines in the IQ maps 

because of the degraded pattern quality resulting from the overlapping information from 

lattice planes with different orientations [9]. 

Fig. 2(a-c) shows the correlated, uncorrelated and GROD distributions associated with 

the areas shown in Fig. 1(a-c). These distributions are built out of histograms: the data points, 

connected by straight lines, represent the peak heights at the center of the histogram bins. 

The correlated distributions shown in Fig. 2a display the misorientation associated with all 

possible first neighboring point pairs in the analyzed areas and, as such, represent the raw 

data used to calculate KAM values when only the first nearest neighbors are considered. As 

can be seen in Fig. 2a, such data is not very sensitive to plastic deformation. The distributions 

are very narrow and no significant difference is detected among the different samples, 

although the IQ maps shown in Fig. 1 clearly indicate the presence of deformation on the 

10% and 30% pre-strained samples, which should lead to larger values of misorientation in 

relation to the annealed material. Plastic strain is more evident in the uncorrelated (Fig. 2b) 

and GROD (Fig. 2c) distributions, which become wider for increasing amounts of 

deformation.  

To better understand this effect, let us consider Fig. 3, which shows the misorientation 

profiles measured along the lines depicted in Fig. 1(a and c). The point-to-point 

misorientation (neighboring points) reflects the correlated distribution, whereas the point-to-

origin misorientation is comparable to the uncorrelated distribution, in which all possible 

point pairs are analyzed. The point-to-point misorientation profiles of the annealed and 30% 

pre-strained areas are very similar, comparable to their correlated misorientation distributions 

shown in Fig. 2a. It is however on the point-to-origin misorientation profiles that the 
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difference in the deformation state of the two areas become evident. While the point-to-origin 

profile of the annealed material is very similar to its point-to-point counterpart, much larger 

misorientations are measured in the point-to-origin profile of the 30% pre-strained sample in 

comparison to its point-to-point counterpart. These larger misorientations indicate the 

presence of a strain gradient in the 30% pre-strained area, which only becomes evident when 

the misorientation between scan points located far away from each other is taken into 

account. Therefore, when all possible point pairs of the scanned area are analyzed 

(uncorrelated data) or when the orientation of the scan points are compared to the average 

orientation of the analyzed area (GROD data), such large misorientations are captured, 

leading to broader misorientation angle distributions as shown in Fig. 2(b and c). The similar 

point-to-point and point-to-origin misorientation profiles of the annealed sample indicate the 

absence of large misorientations caused by plastic deformation. As a result, the uncorrelated 

and GROD distributions of this area are very similar to their correlated counterpart, as 

observed in Fig. 2(a-c).  

Correlated data is therefore not sensitive to the presence of long-range strain gradients 

and do not capture large misorientations, unless the neighboring points are located across a 

subgrain boundary, as demonstrated by the peak at around 0.75 µm, indicated by an arrow in 

Fig. 3. As pointed out by Brewer et al. [3], correlated data (such as KAM, as described by 

the authors) can be useful to detect regions in a sample where the local misorientation is high, 

such as in subgrain boundaries, but is less useful to evaluate if a grain or area is deformed 

from one end to the other. Therefore, we consider the uncorrelated and GROD distributions 

to be a much better representation of the overall deformation state of the analyzed area. 

The advantage of using GROD over the uncorrelated data is that GROD values can be 

mapped [8, 10], since each pixel is assigned to one single value of misorientation. By 



10 

 

contrast, in the uncorrelated measurement, each pixel is associated with (N-1) values of 

misorientation, with N being the total number of scan points in the analyzed area. This 

precludes the representation of uncorrelated data in the form of a map. Additionally, this 

highlights another challenge when working with uncorrelated measurements: the large 

amount of data generated when large areas area analyzed, or when small areas are scanned 

with a small step size. The total amount of uncorrelated data points can be calculated by 

𝐾𝑁,2 = 𝑁!/(2! (𝑁 − 2)!), which gives the amount of possible combinations of N scan points 

in the form of pairs, without repetition. For the areas shown in Fig. 1(a and c), this results in 

more than 40×106 data points, which leads to a considerable computational time even for 

such small areas. To circumvent this challenge, the OIM™ Analysis software uses a random 

sample of 2×105 point pairs (or all point pairs if less than 2×105) to generate the uncorrelated 

misorientation angle distributions [34]. In order to check if such a random sample is 

representative of the whole of the uncorrelated misorientation data, we performed 

calculations in an area selected on the 30% pre-strained sample containing almost 6000 scan 

points (resulting in about 18×106 point pairs). The distributions obtained using all possible 

point pairs and the 2×105 sample are astonishingly similar, as can be seen in the 

supplementary material to this paper. The procedure was repeated for 1000 random samples 

of 2×105 point pairs taken from the same area and the results were very reproducible, 

indicating the reliability of the uncorrelated distributions obtained from the OIM™ Analysis 

software, at least for the small areas analyzed in this work. 

The use of uncorrelated data to characterize the plastic deformation of site-specific 

areas has also advantages over the GROD distributions. As can be seen in Fig. 2(b and c), 

the uncorrelated distributions are broader than their GROD counterparts and, therefore, more 

sensitive to the long-range strains present in the analyzed area. In addition, they are obtained 
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from misorientations calculated between scan points and not using an average orientation as 

a reference, as for the GROD data. We therefore argue that the uncorrelated misorientation 

distributions are a better representation of the real deformation state of site-specific areas 

within a material. A more detailed comparison between the uncorrelated and GROD 

distributions will be presented in section 3.5. 

In order to summarize the data associated with the misorientation angle distributions 

shown in Fig. 2(a-c), scalar parameters can be derived and used as a metric to assess the 

deformation of different areas. As previously mentioned, the scalar parameters associated 

with the correlated data and with the GROD data are the GAM and GOS, respectively. These 

are simply the arithmetic average (mean) of the misorientation data obtained within a grain 

or area, such as those presented in Fig. 1(a-c). Since the correlated and GROD data display 

a nearly symmetric distribution (Fig. 2(a and c), respectively, the mean is a reasonable value 

to summarize the data. In contrast, the uncorrelated distributions are conspicuously skewed, 

presenting a tail towards larger misorientation values. For such distributions, the simple mean 

does not provide a good statistical representation of the data [35]. In order to extract a more 

robust and statistically meaningful parameter to summarize the uncorrelated misorientation 

data, we propose another method: we consider this data to follow a two-parameter Weibull 

distribution and use Weibull plots to determine a Characteristic Misorientation Angle 

(CMA), which is the angle below which 63.2% of the uncorrelated data of a given area is 

located. Details on how we determine this new misorientation parameter are presented in the 

following section, using the curves from Fig. 2b as an example.  
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3.2  Determination of CMA from uncorrelated misorientation distributions 

Fig. 4a shows the cumulative distributions associated with the data presented in          

Fig. 2b. These distributions are assumed to follow a Weibull equation of the form  [36]: 

 𝐶 = 1 − 𝑒𝑥𝑝 [− (
𝜃

𝜃∘
)

𝑚

] , Eq. 1 

where 𝜃 is the misorientation angle, 𝑚 is the Weibull shape parameter and 𝜃∘ = CMA, which  

is the scale parameter of the distribution. As previously mentioned, CMA is the value of 𝜃 at 

which 𝐶 = 0.632. In order to calculate the CMA values, the cumulative distributions are 

linearized by applying: 

 ln(− ln(1 − 𝐶)) = 𝑚𝑙𝑛𝜃 − 𝑚𝑙𝑛𝜃∘. Eq. 2 

Using Eq. 2, Weibull plots of the data shown in Fig. 4a are obtained, as presented in 

Fig. 4b. The parameters 𝑚 and 𝜃∘ can be easily calculated from these plots as follows: 𝑚 is 

the slope of the straight line fitted through the data, and 𝜃∘ is the value of 𝜃 for which 

ln(− ln(1 − 𝐶)) = 0, since then 𝑙𝑛𝜃 = 𝑙𝑛𝜃∘. This explains why 𝜃∘ corresponds to a 

probability of 0.632: if 𝜃 = 𝜃∘, then Eq. 1 reduces to 𝐶 = 1 − 𝑒−1, which results in               

𝐶 = 0.632, irrespective of the value of 𝑚.  

It is worth mentioning that only the data for 𝐶 ≤ 0.95 was used in the construction of 

the Weibull plots shown in Fig. 4b. This is because for very deformed areas, the distributions 

deviate from the Weibull assumption at 𝐶 > 0.95. Using the parameters obtained from the 

Weibull plots, Eq. 1 is plotted together with the experimental data in Fig. 4a. The Weibull 

equation describes the data very well, except for a small deviation at 𝐶 > 0.90 in the case of 

the 30% pre-strained sample. Nevertheless, the values of 𝜃 for 𝐶 = 0.632 (i.e., the values of 

CMA) can be well predicted in all cases, as indicated by the arrows in Fig. 4a. 
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Values of 𝜃∘ = 𝐶𝑀𝐴 = 0.46°, 0.99° and 3.10° were obtained, respectively, for the 

annealed, 10% and 30% pre-strained areas shown in Fig. 1(a-c). As discussed in the previous 

section, these values are a statistically robust representation of the skewed uncorrelated 

distributions and can, therefore, be used as a scalar parameter to quantify the plastic 

deformation of site-specific areas. In the next sections, values of CMA will be compared with 

the standard GAM and GOS parameters and the effect of step size, amount of local strain and 

area size on all these parameters will be evaluated. 

3.3 Effect of step size 

To evaluate the effect of step size on the misorientation measurements, an area selected 

on the 30% pre-strained sample was scanned with step sizes varying from 50 to 500 nm.    

Fig. 5(a and b) show the combined [001] IPF and IQ maps obtained for this area when 

scanned with step sizes of 50 and 300 nm, respectively. The effect of step size on the 

misorientation angle distributions is shown in Fig. 5(c-e). As in Fig. 2, the data points 

presented in these diagrams represent the peak heights at the center of the histogram bins. 

Comparing Fig. 5(a and b), it is evident that microstructural features such as subgrain 

boundaries are much better resolved using smaller step sizes. Increasing the step size leads 

to blurrier maps with hardly recognizable features. However, this does not affect the GROD 

and uncorrelated misorientation angle distributions shown, respectively, in Fig. 5(c and e), 

which virtually overlap for the different step sizes. Conversely, increasing the step size leads 

to broader correlated distributions, as shown in Fig. 5d. This indicates that the misorientation 

measured between neighboring point pairs increases for increasing step sizes, at least for the 

deformed sample analyzed here. Fig. 6 shows the misorientation parameters associated with 

the distributions shown in Fig. 5(c-e) as a function of step size. The broadening of the 
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correlated distributions is translated into an increase in the GAM values for increasing step 

sizes. This contrasts with the CMA and GOS values, which remain virtually constant. 

As discussed in section 3.1, in the presence of strain gradients, the misorientation 

measured between two points varies with the distance between them. This is shown in the 

misorientation profiles presented in Fig. 3 for the 30% pre-strained sample, in which larger 

misorientations are measured by taking the origin as a reference (point-to-origin profile) 

instead of the nearest neighbors (point-to-point profile). In the point-to-origin diagram, the 

distance over which the misorientation is measured increases steadily, while in the point-to-

point diagram this distance is constant and equal to the step size. If the step size is small, the 

misorientation between neighboring points is also small, even for very deformed materials. 

When the step size increases, so does the distance between neighboring points. The 

misorientation caused by strain gradients becomes then more evident, leading to larger 

correlated misorientations, resulting in larger GAM values. A similar effect occurs when 

higher order nearest neighbors are used for the correlated misorientation calculations (e.g., 

second, third or fourth nearest neighbors). Wright et al. [9] showed, for instance, that similar 

KAM maps were obtained on a deformed area scanned with different step sizes by 

proportionally increasing the order of the nearest neighbors as the step size of the 

measurement decreased, thus maintaining the distance over which the misorientations were 

calculated, i.e., the kernel size, constant for all scans. 

In the uncorrelated data, most of the analyzed pairs comprise points located far away 

from each other, at distances much larger than the step size. In this case, the misorientation 

measured between the two points will be the same, irrespective of the pixel size. Different 

misorientations along the same distance will only be observed when the orientation measured 

in the different scan points significantly changes due to averaging effects when using larger 
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step sizes. This happens, for instance, when opposite signed dislocations detected by separate 

pixels in small step size measurements cancel each other out when lying in the same pixel of 

a coarser scan. However, if such orientation variations are small in comparison to the 

misorientations measured, they should not have a significant effect on the misorientation 

angle distributions. This seems to be the case of the distributions shown in Fig. 5e.  

The effect of the step size on the GROD distributions (and consequently on the GOS 

values) is more difficult to interpret in terms of the distance between scan points in a given 

area. This is because the average orientation used as a reference for the misorientation 

calculations is not a physical scan point on the EBSD map. In this case, we can think again 

about the variation in orientations due to averaging effects when different step sizes are used. 

When these variations are much smaller than the misorientation measured between the scan 

points and the average orientation, they should not have a strong effect on the misorientation 

distribution curves, as in the case of the curves shown in Fig. 5c. 

The fact that GOS and CMA are insensitive to the step size, at least for the material 

and conditions analyzed in this work, makes their use advantageous to characterize plastic 

deformation with respect to GAM. Increasing the step size can speed up the EBSD 

measurement, which is helpful when large areas must be scanned. Additionally, results 

obtained from scans performed with different step sizes can be compared. However, the step 

size cannot be increased indefinitely. At some point, it will have an effect on the resulting 

misorientation curves. We envision that at least two factors dictate the maximum step size 

allowed for such measurements. One is related to the size of the microstructural features. It 

is usually recommended that the step size be limited by the size of the deformation structures, 

e.g. the subgrains in a cell-forming material [37, 38]. When very large step sizes are used, 

the averaging effects mentioned above can cause significantly different orientations to be 



16 

 

measured, thus influencing the misorientation results. The other factor is related to the 

amount of data obtained for a given area. For the same area, increasing the step size results 

in a decrease in the number of scan points, thus decreasing the amount of misorientation data. 

As observed in Fig. 5(c and d), this discretizes the distributions for larger step sizes (see e.g. 

the curves obtained with a 500 nm step size). Assuming the GROD distributions shown in 

Fig. 5c follow a normal distribution, the error associated with their mean can be estimated by 

by 𝑆𝐸 = 𝑆𝐷 √𝑁𝑚⁄ , where 𝑆𝐸 is the standard error of the mean (i.e., the error of GOS in the 

case of GROD distributions), 𝑆𝐷 is the standard deviation of the distribution and 𝑁𝑚 is the 

number of misorientations measured, i.e., the number of point pairs considered. For a GROD 

distribution, 𝑁𝑚 equals the number of measurement points obtained for the scanned area, 

since misorientations are measured between each scan point and one single reference 

orientation obtained for that area. According to the equation mentioned above, the error in 

the GOS values increases with decreasing 𝑁𝑚, i.e., with increasing the step size for the same 

area. This effect is exacerbated for deformed areas, which present broader GROD 

distributions and, consequently, larger standard deviations. The standard deviation of the 

GROD distributions shown in Fig. 5c is approximately 1.5. When the area shown in Fig. 5a 

is scanned with a 50 nm step size, this leads to a 𝑆𝐸 of about 1%. If the step size is increased 

to 500 nm, 𝑆𝐸 increases to about 10%. If a step size of 1 µm had been used, the error in the 

GOS determination would have increased to about 20%. Therefore, there should be a 

compromise between the size of the scanned area and the step size selected, so that enough 

data points are obtained to guarantee a small error in the determination of the scalar 

misorientation parameters. A more detailed description of the 𝑆𝐸 values associated with the 

GROD distributions shown in Fig. 5c is provided in the supplementary material. 
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In case of the uncorrelated data, values of SE do not apply since the distributions are 

strongly skewed and cannot be approximated by a normal distribution. However, the amount 

of misorientation data generated in the uncorrelated measurement is much larger than that of 

GROD. As an example, while only 228 GROD data points are obtained when the area shown 

in Fig. 5a is scanned with 500 nm step size, more than 25×103 uncorrelated misorientation 

data points are obtained for the same condition, leading to a smoother misorientation 

distribution with respect to its GROD counterpart (compare Fig. 5c and e) and a much more 

robust statistical representation of the misorientations measured from the same EBSD scan. 

3.4 Effect of amount of local plastic strain 

Fig. 7 shows the values of the misorientation parameters obtained for areas randomly 

selected on the different samples analyzed in this work. All areas have the same size (4.5 × 

4.5 µm²) and were scanned with a 50 nm step size. Areas 1, 3 and 4 are those shown in        

Fig. 1(a, b and c), respectively. As previously discussed, correlated measurements are not so 

sensitive to the overall plastic deformation of an area, especially when very small step sizes 

are used. As a result, the GAM values shown in Fig. 7 do not vary significantly for the 

different areas analyzed. Conversely, the values of CMA and GOS vary considerably among 

these areas, revealing the presence of different amounts of plastic deformation.  

As discussed in section 3.1, the uncorrelated and GROD measurements capture the 

presence of long-range misorientations caused by the presence of GNDs. Such 

misorientations increase with an increasing amount of GNDs, leading to broader 

misorientation angle distributions. To better understand this, let us consider an area of length 

L comprising a low-angle tilt boundary composed of an array of equidistant, parallel edge 

dislocations. The misorientation across the boundary is given by the reciprocal distance 
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between the dislocations, 1 𝜆⁄ , multiplied by the Burgers vector, 𝑏, so that 𝜃 = |𝑏| 𝜆⁄  [37]. 

For the same area size, increasing the number of dislocations in the boundary leads to a 

decrease in 𝜆, thus increasing the total misorientation in the area analyzed and, consequently, 

the values of GOS and CMA. We can therefore say that the magnitude of CMA and GOS 

scale with the number of dislocations present in the analyzed area. As a result, when areas of 

the same size are analyzed, increasing values of CMA or GOS reflect the effect of increasing 

dislocation densities, i.e., more dislocations per area. In this sense, the areas analyzed in Fig. 

7 were numbered according to an increasing dislocation density. The variation in the CMA 

and GOS values obtained from different areas selected on the same bulk material show that 

these parameters are sensitive to local variations in misorientation caused by the inherent 

heterogeneity of plastic deformation. Such parameters are therefore suitable to characterize 

the deformation state of site-specific areas prior to nanoindentation.  

3.5 Comparison between CMA and GOS 

As can be seen in Fig. 7, the values of CMA and GOS follow the same trend, i.e., they 

increase for larger amounts of local plastic deformation. However, the CMA values are 

always larger than their GOS counterparts. In addition, the difference between the CMA and 

GOS values becomes larger for larger amounts of local deformation. If we plot the CMA vs. 

the GOS values obtained for the areas analyzed in Fig. 7, a slope of 1.5 is obtained, as shown 

in Fig. 8a. This indicates that the CMA parameter is more sensitive to plastic deformation 

than the GOS. 

Fig. 8b shows the GROD and uncorrelated misorientation angle distributions 

associated with area 3 (from Fig. 7). The respective values of GOS and CMA are indicated 

in the diagram. The uncorrelated distribution is wider and has a tail towards larger 
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misorientation angles. As previously mentioned, uncorrelated misorientation values are 

obtained from “real” scan point pairs which are physically present in the measurement grid. 

In contrast, the GROD distribution is obtained from misorientations measured between the 

scan points and the average orientation of the scanned area. As shown in Fig. 8b, by doing 

this, we cut off the tail of the curve and lose information about long-range misorientations, 

which can add important information about the number of dislocations present in a given 

area. Thus, we consider the CMA values to offer a better assessment of the overall dislocation 

density of a given area with respect to their GOS counterpart. We therefore concentrate more 

on the CMA values in the next sections. 

3.6 Effect of area size 

The effect of area size on the misorientation parameters was analyzed on the four areas 

depicted in Fig. 9a, which were selected on the same region of the 10% pre-strained sample. 

The areas varied from 1 to 49 µm². Fig. 9b shows the values of CMA, GOS and GAM 

obtained from this areas as a function of the area size, 𝐿. While the GAM values are virtually 

constant for all areas, both GOS and CMA increase linearly with 𝐿. Again, CMA values are 

larger than the GOS due to the reasons discussed in the previous section.  

The increase in GOS and CMA with 𝐿 for the areas shown in Fig. 9a can be explained 

with the help of the misorientation profile measured along the diagonal arrow depicted in this 

picture. This profile is shown in Fig. 10a, which presents both the point-to-point and point-

to-origin misorientation. The presence of a strain gradient in this region is revealed by a 

steadily increase in the misorientation measured with the distance from the origin. As 

discussed in section 3.1, the point-to-origin profile is equivalent to the uncorrelated 

misorientation measurements, in which the long-range misorientations are captured between 
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scan points located far away from each other. In the presence of such a strain gradient, it is 

natural that the CMA and GOS values increase for increasing areas, since larger 

misorientations are being measured over longer distances. The effect of such larger 

misorientations is shown in the uncorrelated misorientation curves associated with the areas 

depicted in Fig. 9a. As can be seen in Fig. 10b, these curves get broader for increasing area 

sizes. Such an effect does not occur in the correlated measurements, which makes the GAM 

values to be insensitive to the area size. This is consistent with the point-to-point 

misorientation profile shown in Fig. 10a, which does not vary significantly over the distance 

analyzed.  

3.7 The coupled effect of area size and local plastic deformation 

The tendency shown in Fig. 9b of CMA and GOS values to increase linearly with 𝐿 

cannot be generalized and used to predict the misorientation of any area of a given size 

selected on a bulk sample. The effect of area size shown in Fig. 9b is actually biased by the 

local plastic deformation present in the area analyzed. As discussed in section 3.4, plastic 

deformation is very heterogeneous within a bulk material, so that different values of CMA 

are obtained for areas of the same size selected within a given sample. To illustrate that, the 

CMA data shown in Fig. 9a is replotted in Fig. 11a together with CMA values obtained for 

the several 4 × 4 µm² areas randomly selected on the 10% pre-strained sample for 

nanoindentation.   

So far, the CMA and GOS values have been shown to scale directly with both the 

amount of plastic deformation (i.e., dislocations) and with the area size selected for the 

analysis. But how can the coupled effect of these two factors on the values of CMA be 

represented? As discussed in section 3.4, the CMA values increase with the number of 
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dislocations present in the analyzed area. Therefore, when areas of the same size are 

compared, larger values of CMA indicate larger values of dislocation density. However, the 

increase in the CMA values with increasing area size shown in Fig. 9b is not necessarily a 

result of an increase in the local dislocation density. It only means that, in the specific case 

of these areas, the number of dislocations detected increases when larger areas are analyzed 

due to the presence of a strain gradient in that region. In order to correlate the values of CMA 

obtained from the different areas with values of dislocation density, the size of the areas 

should be taken into account. This can be done by assuming that the dislocation density of 

small, site-specific regions, such as that depicted in Fig. 9a, is homogenous. If increasing 

values of CMA mean an increasing number of dislocations, then intuitively we can say that 

𝜌𝐺𝑁𝐷 ∝ 𝐶𝑀𝐴/𝐿, or 𝐶𝑀𝐴 ∝ 𝜌𝐺𝑁𝐷𝐿, where 𝜌𝐺𝑁𝐷 is the GND density (note that we can only 

consider the density of GNDs, since only these dislocations cause misorientations measurable 

by EBSD). This simple relationship suggests that there is a coupled effect of area size, 𝐿, and 

dislocation density, 𝜌𝐺𝑁𝐷, on the measured values of CMA. This is similarly reflected in a 

relationship proposed by Kubin and Mortensen [39], which is often used to estimate GND 

densities from EBSD misorientation data [37, 40-42]: 

 𝜌𝐺𝑁𝐷 =
𝛼〈𝜃〉

|𝑏|Δ𝑥
 , Eq. 3 

where 〈𝜃〉 is the average misorientation measured over a distance Δ𝑥, 𝑏 is the magnitude of 

the Burgers vector and 𝛼 is a constant that depends on the kind of boundary formed by 

dislocations (tilt or twist).  In this work, we use 𝛼 = 3, as derived by Konijnenberg et al. [37] 

for a simple low angle tilt boundary. Usually, KAM values are used as the average 

misorientation in Eq. 3 [37, 40, 41], in which case Δ𝑥 equals the Kernel radius or the step 

size in case only the first nearest neighbors are considered. This way, one value of dislocation 
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density is assigned to each scan point and GND density maps can be generated. One of the 

drawbacks of using KAM in this analysis is the sensitivity to the step size inherent to 

correlated misorientation measurements. To overcome this issue, Moussa et al. [40, 42], 

following a work from Kamaya [43], suggested the substitution of 〈𝜃〉/Δ𝑥 in Eq. 3 by the 

misorientation gradient, 𝑑𝜃/𝑑𝑥, determined as the slope of a straight line fitted through 

average KAM values obtained on a given area as a function of the Kernel radius. Although 

this is an elegant approach to mitigate the effect of step size on 𝜌𝐺𝑁𝐷 maps based on KAM, 

it has been shown here that correlated misorientation measurements are not sensitive to long-

range misorientation gradients caused by dislocation structures. Therefore, if the objective is 

to determine the overall dislocation density of areas comprising more than just a few pixels, 

the use of CMA or GOS, which are much more sensitive to strain gradients, is more 

appropriate.  

In order to calculate the overall dislocation density of site-specific areas such as those 

depicted in Fig. 9a, an approach similar to that used by Konijnenberg et al. [37]  to assess the 

dislocation density of a microbeam based on its total bending is used. We assume that the 

analyzed area is completely located within a grain of the bulk material, and that its lattice 

curvature is accommodated by a set of low-angle tilt boundaries equidistant at Δ𝑥, distributed 

over the area length, 𝐿. In other words, we consider the dislocation density to be 

homogeneously distributed in the small area analyzed. The total misorientation of the 

analyzed area, 𝜃𝑡𝑜𝑡, is thus distributed over 𝐿/Δ𝑥 boundaries, so that the misorientation angle 

per boundary is 𝜃 = 𝜃𝑡𝑜𝑡Δ𝑥 𝐿⁄ . If we now substitute this into Eq. 3 and assume that 𝜃𝑡𝑜𝑡 is 

well represented by the CMA calculated for the given area, we obtain: 

 𝜌GND =
𝛼 𝐶𝑀𝐴

|𝑏| 𝐿
 . Eq. 4 
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Using Eq. 4 to calculate the dislocation density of the areas analyzed in Fig. 11a and 

plotting the CMA data obtained for these areas as a function of 𝜌GND𝐿, all data points collapse 

on the same line, as shown in Fig. 11b. This diagram indicates the coupled effect of 

dislocation density and area size on the measured values of CMA. CMA scales linearly with 

𝜌𝐺𝑁𝐷𝐿, at a factor that is proportional to the Burgers vector of the analyzed material. 

Although not shown here, a similar behavior is found when GOS values are considered in 

Eq. 4 instead of CMA.  

These results add to the current discussion of the influence of grain size on 

misorientation parameters like GOS. The effect of area size analyzed is equivalent to the 

effect of grain size when GOS is used to investigate polycrystalline materials. It has been 

often reported that GOS values increase with increasing grain size [11-13, 17, 44]. Wagner 

et al. [12, 44] proposed the normalization of the GOS values measured on an interstitial-free 

steel by the grain size, D, in order to compare grain populations with varying grain sizes. 

Using an analytical model, they suggested that GOS/D values should be independent of D, 

which was not supported by their experimental results. In our view, GOS/D can only be 

independent of D if the ratio between both variables remains constant for different grain 

sizes. If we substitute CMA/L in Eq. 4 by GOS/D, this would imply that the dislocation 

density of the different grains is constant, which does not reflect the heterogeneous nature of 

plastic deformation. The results presented in Fig. 11(a and b) show that the effect of L on 

CMA (equivalent to the effect of D on GOS) cannot be isolated and is always biased by the 

local amount of plastic deformation of the area or grain analyzed, as described by Eq. 4. We 

therefore suggest that values of GOS/D can indeed be used to compare the deformation state 

of different grains. But this is not because GOS/D is independent of D. The correct 
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interpretation is rather that GOS/D reflects the dislocation density of the different grains, 

which is a much more physically meaningful parameter to assess plastic deformation. 

3.8 Effect of local dislocation density on site-specific strength 

The effect of the initial GND density on the site-specific strength and on the bulk 

hardness (measured at 100 nm depth) obtained from indents performed on the annealed and 

10% pre-strained samples is presented in Fig. 12. As expected from the conventional Taylor 

hardening law, the bulk hardness increases with increasing initial dislocation density. 

However, this contrasts with the values of 𝐻 𝑝𝑜𝑝−𝑖𝑛 obtained for the same areas, which 

decrease with increasing dislocation densities.  

This observation is consistent with other works which reported that the strength of 

metals at small scales decreases with increasing amounts of bulk pre-straining (e.g. [45-47]). 

Although divergent from the conventional Taylor hardening law, such an effect should not 

be a surprise if we recall that dislocations are the crystallographic defects responsible for the 

much lower strengths observed in metals with respect to the theoretical stresses needed to 

deform a perfect crystal. The strength of a metal at small scales depend on the relative size 

of the volume tested, associated with the sample or indenter size, and the microstructural 

length scale governing the onset of plasticity, as determined e.g. by the dislocation density 

[48-50]. This is where the size effects come from. When the dislocation density of the parent 

material is very low and the volumes probed are very small, chances are that pristine volumes 

will be tested and theoretical stresses will be necessary to nucleate dislocations and deform 

the material (see e.g. [47]). By increasing the initial dislocation density of the parent material 

and/or increasing the sample or indenter size, the probability that the volume tested contains 

pre-existing dislocations increases, in which case lower stresses will be necessary to initiate 
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plastic deformation [46, 51]. For the indenter size and initial dislocation densities evaluated 

in this work, no pristine volumes were tested, since the values of 𝐻𝑝𝑜𝑝−𝑖𝑛 obtained are much 

lower than that predicted theoretically for a perfect gold crystal (approx. 18 GPa, according 

to [52]). But the results shown in Fig. 12 indicate that the stress necessary to activate the pre-

existing dislocations and thus initiate plasticity decreases with an increasing amount of 

dislocations in the indented volumes. This reveals a size effect caused by a reduction in the 

dislocation spacing in relation to the size of the indenter used. 

At larger indentation depths, the dislocation density under the indenter increases 

significantly and the size of the indenter becomes much larger than the dislocation spacing, 

at which point a bulk behavior is achieved. In this regime, traditional strain hardening 

mechanisms due to the interaction among dislocations can explain the increase in hardness 

with increasing dislocation density. The increase in bulk hardness shown in Fig. 12 suggests 

that the dislocation density generated in the plastic zone associated with the 100 nm 

indentation depth tended to increase with increasing values of initial local GND densities.  

The slopes obtained from the linear fittings through the data shown in Fig. 12 indicate 

that the site-specific strength (𝐻 𝑝𝑜𝑝−𝑖𝑛) show a much stronger dependence on the initial 

dislocation density than the values of bulk hardness. This contrasts with a recent work from 

El-Awady [53], in which a square root dependence of strength on dislocation density is 

predicted for both bulk and size-affected regimes. The trends shown in Fig. 12 are more 

consistent with the results of an analytical model proposed by Johnson and Ashby [54], in 

which a stronger dependence of strength on dislocation density is predicted for volumes 

containing very few dislocation segments with respect to the conventional square root 

dependence observed in the bulk regime. Future experiments following the methodology 

proposed in this work and considering other indenter sizes and initial dislocation densities 
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will bring more insights into the physical relationship between strength and dislocation 

density at very small scales and provide experimental evidence to either validate or improve 

these models. 

4 Summary 

A new scalar parameter derived from EBSD uncorrelated misorientation distributions 

was presented and used to assess the plastic deformation of site-specific areas (~16 µm²) 

selected on gold samples. This parameter, called the Characteristic Misorientation Angle 

(CMA), has been shown to present two main advantages relative to the more conventional 

parameters GAM and GOS: (i) it is more sensitive to long-range strains present in the 

analyzed area and, thus, better represents the overall misorientation caused by GNDs, and 

(ii) it is more statistically robust because of the much larger amount of uncorrelated data 

relative to its correlated or GROD counterparts. In contrast to GAM, GOS and CMA were 

shown not to be affected by the step sizes used in this work (up to 500 nm). A coupled effect 

of local GND density (𝜌𝐺𝑁𝐷) and area size (L) was observed on the measured values of CMA, 

which scale linearly with 𝜌𝐺𝑁𝐷𝐿. Based on such relationship, CMA values were used to 

estimate the overall 𝜌𝐺𝑁𝐷 of site-specific areas prior to nanoindentation. We showed that the 

site-specific strength of gold decreases with increasing initial 𝜌𝐺𝑁𝐷. Conversely, when bulk 

hardness values are analyzed, these increase with increasing 𝜌𝐺𝑁𝐷, as expected from the 

conventional Taylor hardening law. To our best knowledge, this is the first work that 

quantitatively compares local values of initial 𝜌𝐺𝑁𝐷 with the strength measured in 

nanoindentation. The methodology presented here is a powerful tool for investigating and 

understanding the effect of pre-existing dislocations on the strength of metals at small scales.  
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Figure captions: 

 

Fig. 1: Combined [001] IPF and IQ maps of selected areas from different gold samples: (a) 

annealed, (b) 10% pre-strained and (c) 30% pre-strained. Scans were conducted using a 50 

nm step size. The color code on the right-hand side is valid for all pictures. Misorientation 

profiles along the yellow lines depicted in (a) and (c) are shown in Fig. 3. The arrow in (c) 

indicates a subgrain boundary formed during pre-straining. The misorientation across this 

boundary is approximately 3°. 
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Fig. 2: Misorientation angle distributions obtained from the site-specific areas presented in 

Fig. 1(a-c). (a) Correlated data, in which only the first nearest neighbors are considered; (b) 

uncorrelated data, which takes into account the misorientation between all possible point 

pairs in the analyzed area and (c) Grain Reference Orientation Deviation (GROD), which 
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takes the average orientation of all scan points in the analyzed area as a reference. Point-to-

point lines serve to guide the eye. 

 

 

Fig. 3: Misorientation profiles along the yellow lines highlighted in Fig. 1(a and c). In the 

presence of strain gradients, such as in the 30%-pre-strained area, the point-to-origin 

misorientation considerably differs from the point-to-point misorientation. Such a difference 

is not present in the annealed area. The arrow indicates a peak in the point-to-point profile 

caused by neighboring points lying in different subgrains. 
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Fig. 4: (a) Cumulative distributions of the uncorrelated misorientation data shown in Fig.2b, 

associated with the areas shown in Fig.1. (b) Weibull plots of the data presented in (b). The 

dotted lines in (b) correspond to a fitting using Eq. 2. The lines in (a) correspond to Eq. 1 

using the parameters derived from (b). The scale parameter 𝜃∘ is the Characteristic 

Misorientation Angle, CMA. The arrows in (a) indicate the point in the curves where C = 

0.632, i.e., the position of CMA. 
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Fig. 5: Effect of step size on the misorientation angle distributions. (a) and (b) show the 

combined [001] IPF and IQ maps of the same area, selected on the 30% pre-strained sample, 

scanned with step sizes of 50 and 300 nm, respectively. The color code on the upper left is 

valid for both maps. (c), (d) and (e) show, respectively, the GROD, correlated and 

uncorrelated distributions obtained when scanning the area shown in (a) with different step 

sizes. Point-to-point lines serve to guide the eye. 
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Fig. 6: Effect of step size on different misorientation parameters. The Grain Average 

Misorientation (GAM) is the mean of the correlated misorientation data, the Grain 

Orientation Spread (GOS) is the mean of the GROD data and the Characteristic 

Misorientation Angle (CMA) is the angle below which 63.2% of the uncorrelated data is 

located. Point-to-point lines serve to guide the eye. 

 

 

Fig. 7: Effect of local strain on different scalar misorientation parameters. Values are 

associated with areas of same size (4.5 × 4.5 µm²) selected in bulk gold samples with different 

amounts of pre-straining. A step size of 50 nm was used in all areas. Point-to-point lines 

serve to guide the eye. 
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Fig. 8: Comparison between the CMA and GOS values obtained for the areas analyzed in 

Fig. 7. (a) shows that CMA values are ~1.5 larger than GOS for the same scanned areas. (b) 

Shows the GROD and uncorrelated misorientation angle distributions of area 3, selected on 

the 10% pre-strained sample. The respective values of GOS and CMA are indicated in the 

distributions. The dotted line in (a) is a linear fitting through the data. The data points in (b) 

represent the height at the center of histogram bins. The straight lines in (b) serve to guide 

the eye. 

 

 

Fig. 9: Effect of area size on different misorientation parameters. The analyzed areas were 

selected from the same region of the 10% pre-strained sample and are highlighted in the 

combined [001] IPF and IQ map shown in (a). (b) Shows the values of CMA, GOS and GAM 

obtained for the areas shown in (a). Point-to-point lines in (b) serve to guide the eye. A 

misorientation profile along the yellow line depicted in (a) is shown in Fig. 10a. 
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Fig. 10: Misorientation profiles obtained along the yellow diagonal arrow presented in Fig. 

9(a). (b) Shows the uncorrelated misorientation angle distributions associated with the areas 

highlighted in Fig. 9(a). The data points in (b) represent the heights at the center of histogram 

bins.  

 

 

Fig. 11: CMA values for different areas selected on the 10% pre-strained sample. The large 

spread in the CMA values shown in (a) for areas of same size (𝐿 = 4 µm) indicates that not 

only the area size controls the misorientation distributions. (b) shows the same data depicted 

in (a), but plotted as a function of 𝜌𝐺𝑁𝐷𝐿, indicating that there is a coupled effect of area size 

and local dislocation density on the measured values of CMA. 𝜌𝐺𝑁𝐷 was calculated using Eq. 

4, with b = 0.288 nm for gold. 
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Fig. 12: Effect of pre-existing dislocations on the site-specific strength (hardness at 1st pop-

in) and bulk hardness of gold. The dotted lines are linear fits through the data. Areas of 4×4 

µm² were analyzed using EBSD to determine local dislocation densities using Eq. 4 with b = 

0.288 nm for gold. Indentation measurements were conducted on these areas using a 

conospherical indenter with a 0.77 µm tip radius. 
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SM1: Summary of the different misorientation angle data and scalar parameters 

considered in this work 

Misorientation data Correlated Uncorrelated 

Grain Reference 

Orientation 

Deviation (GROD) 

Reference 

Orientation of 

adjacent scan points 

(first nearest 

neighbors) 

Orientation of all 

scan points             

inside of an area    

Average orientation 

of all scan points 

inside of a grain or 

area within a grain 

Distribution 

Displayed as a 

histogram of the 

misorientations of all 

possible adjacent 

point pairs within a 

given area 

Displayed as a 

histogram of the 

misorientations 

measured between all 

possible point pairs 

within a given area 

Displayed as a 

histogram of the 

misorientations 

measured between 

each scan point 

within a grain and the 

average orientation of 

that grain 

Scalar parameter 

(used to summarize 

the data) 

GAM 

(Grain Average 

Misorientation): 

The mean of all 

correlated data points 

inside of an area* 

 

CMA 

(Characteristic 

Misorientation 

Angle) 

The misorientation 

angle below which 

63.2% of the 

uncorrelated 

misorientation data of 

an area is located 

GOS 

(Grain Orientation 

Spread) 

The mean of all 

GROD data points 

obtained in a grain or 

in an area inside      

of a grain 

(GOS = <GROD>) 

*As mentioned in the paper, the correlated misorientation data is the raw data used to calculate 

KAM values when only the first nearest neighbors are considered. In the KAM measurements, 

each scan point is assigned to the average of the misorientation measured between that pixel 

and its nearest neighbors. Therefore, GAM can also be defined as the mean of the KAM values 

obtained in a given area, as long as the KAM was calculated using only first nearest neighbors. 

 



SM2: How representative is a random sample of 2×105 point pairs of the whole of the 

uncorrelated misorientation data? 

Figure SM2. 1 shows a comparison between the uncorrelated curves obtained using all 

possible point pairs (~18×106) of the area shown in Fig. 5a (when scanned with a 100 nm step 

size) and using a random sample of only 2×105 point pairs. The first was calculated using an 

in-house developed code and the latter was obtained directly from the OIM™ Analysis 

software. The distributions are very similar, showing that such a small sample is very 

representative of the whole of the uncorrelated data set, even for largely deformed areas. 2×105 

point pairs correspond to only 1% of the ~18×106 possible point pairs of the analyzed area. 

 

SM2. 1: Uncorrelated misorientation distributions calculated using all possible point pairs of the area 

shown in Fig. 5a (when scanned with a step size of 100 nm) and using a random sample containing only 

2×105 point pairs. The distributions are higher than those presented in Fig. 5e because a larger bin width 

has been used here (1° in comparison to the 0.7° used in Fig. 5e). 

Using the in-house developed code, 1000 uncorrelated misorientation angle distributions 

were obtained from 1000 random samples of 2×105 point pairs selected on the same area. Figure 

SM2. 2(a and b) show, respectively, the distributions of the means and standard deviations 

obtained for these 1000 uncorrelated distributions. As can be seen, both distributions are very 

narrow. The mean values vary from ~4.58° to ~4.62° and the standard deviations vary between 

~2.39° and ~2.41°, showing the high reproducibility of the data. 



 

SM2. 2: Distributions of the means (a) and standard deviations (b) of uncorrelated misorientation angle 

distributions obtained from 1000 random samples of 2×105 point pairs selected from the same area 

shown in Fig. 5a, when scanned with a 100 nm step size. 

SM3: The standard error associated with GOS 

 

SM3. 1: The standard error (SE) associated with the GOS values obtained from the GROD distributions 

shown in Fig. 5c. The equation used to calculate SE is shown in the inset. SD stands for the standard 

deviation (1.5° in this case). 𝑁𝑚 is the number of misorientation values obtained, which equals the 

number of scan points in the case of GROD distributions. The step sizes associated with each data point 

are indicated. 

SM4: Important remark on scalar misorientation parameters: 

Other scalar misorientation parameters exist, which are not explicitly mentioned in the 

introduction of this paper. These can be considered as part of larger groups, which are similar 

to either GAM or GOS. For instance, the Integrated Angular Misorientation Density (IMD) 

from Lehockey et al. [5] is similar to GAM. The Modified Crystal Deformation (MCD) by 



Kamaya et al. [4, 11] and the Average Misorientation (AMIS) from Sutliff [5] are similar to 

GOS. The reader is referred to [3, 9] for more detailed reviews on the different parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


