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ABSTRACT 

The correlation between plastic strain and crystallographic misorientation, grain size, grain 

orientation, distance from grain boundary, and loading history were investigated experimentally 

and numerically for body-centered-cubic (BCC) polycrystalline microstructures based on a 

misorientation deviation (MD) approach.  Nine monotonic tensile experiments were performed on 

two BCC titanium alloys inside a scanning electron microscope (SEM).  The influence of reference 

orientation was explored both at the grain scale and at the mesoscale using electron backscattered 

diffraction (EBSD).  The correlation between global plastic strain and the MD was quantified.  The 

tendency for orientation change was quantified as a function of plastic strain and grain orientation 

for three crystallographic orientations (i.e., [100], [110], and [111]) with respect to tensile 

direction.  The subpopulation of small grains exhibited a lower level of misorientation dispersion 

compared with larger grains, and this discrepancy became more pronounced at higher strains.  An 

empirical equation was proposed to estimate the level of misorientation dispersion for individual 

grains as a function of grain size and global plastic strain level.  Two interrupted in-situ SEM 

experiments were performed, and this resulted in a significantly increased misorientation 

compared with uninterrupted tests performed to similar plastic strain levels. 

Key word: Misorientation, heterogenous plastic deformation, loading history, grain size, 

crystallographic orientation, polycrystalline materials, in-situ SEM, EBSD, titanium 
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INTRODUCTION 

When a polycrystalline material is subjected to a load, local strain gradients can arise and create 

deformation that is not homogeneous.  To satisfy the geometrical continuity and to accommodate 

inhomogeneous plastic deformation, dislocation networks are formed (Nye, 1953).  These 

dislocation networks, which consist of both geometrically necessary dislocations (GNDs) and 

statistically stored dislocations (SSDs), result in crystallographic orientation changes (Ashby, 

1970).  The overall orientation changes due to SSDs are less heterogeneous than the localized 

orientation changes due to GNDs as SSDs evolve in a uniform and systematic way during plastic 

deformation when the strain gradient is relatively low.  GNDs are associated with larger and 

localized strain gradients.   

A detailed understanding of the heterogenous plastic deformation evolution at the microscale 

in polycrystalline materials is essential to construct accurate models that capture the inelastic 

response.  Moreover, it is vital to know the plastic strain level that evolves during service 

conditions in order to estimate the remaining life of structurally-loaded metallic components.  

However, measuring the deformation fields of polycrystalline microstructures during service is 

nontrivial, particularly at the microscale.  The approaches used to estimate the displacement field, 

directly or indirectly, are briefly described here. 

Various types of strain gages and extensometry have been used for decades to measure the 

deformation of materials.  Although such techniques have enabled the identification of the elastic 

properties and strain fields, they do not provide information on the plastic deformation at the meso- 

or micro-scale, especially when heterogeneous deformation and damage develops.  Hence, to 

explore the evolution of plastic deformation in detail, advanced techniques, based on transmission 

electron microscopy (TEM) (Dubinko et al., 2021, Hua et al., 2019, Castany et al., 2012; Delville 

et al., 2011) and in-situ scanning electron microscopy (SEM) (Zhang et al., 2019, Akarapu et al., 

2010; Korte et al., 2011; Soler et al., 2012; Yu et al., 2010; Oh et al., 2009), have been used.  The 

development of fully-automated electron backscatter diffraction (EBSD) by Wright and Adams 

(1992) to measure crystallographic orientations at the microscale in polycrystalline materials has 

greatly enhanced the indirect measurement approach for correlating displacement fields with 

microstructural parameters such as grain size, crystallographic orientation, and texture (Samaneh 

and Assempour, 2021, Jin et al., 2015, Zhang et al., 2015, Tasan et al., 2014).  In particular, the 

https://www.sciencedirect.com/science/article/abs/pii/S0020740321001764#%21
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straightforward sample preparation and rapid data acquisition of EBSD analysis have enabled 

researchers to study large areas (on the order of a mm2), which is impractical with TEM.  For 

example, EBSD has been used to characterize the slip activity and slip system distribution 

(Chakkedath et al., 2014; Chakkedath et al. 2018, Dastidar et al., 2015; Wang et al., 2016, Khademi 

et al., 2016; Li et al., 2015; Liu et al., 2017, Yin et al., 2021), slip transfer (Abuzaid et al., 2012; 

Bieler et al., 2014; Seal et al., 2012), damage nucleation (Bieler et al., 2009; Tasan et al., 2014), 

twinning (Chai et al., 2021, Gutierrez-Urrutia et al., 2010; Huang et al., 2019; Knezevic et al., 

2010; McCabe et al., 2014), crack initiation and crack growth (Leuders et al., 2013; Mingard et 

al., 2013), grain size and texture (Carpenter et al., 2012; Raabe et al., 2003), and to estimate the 

critical resolved shear stress (CRSS) ratios in polycrystalline alloys (Li et al., 2013, Chakkedath 

et al. 2018, Chakraborty et al. 2020).  Furthermore, EBSD has been used to correlate plastic strain 

with misorientation level.  More recently, in-situ SEM/EBSD experiments have been conducted 

in conjunction with digital image correlation (DIC) to provide more detailed information about the 

evolution of the plastic deformation field at the microscale (Ganesan et al., 2021, Chen and Daly, 

2017; Guan et al. 2017, Guery et al., 2016; Di Gioacchino and Quinta da Fonseca, 2015, Kammers 

and Daly, 2013a, 2013b; Linne et al., 2020; Zhang et al., 2018). 

Quantification of local plastic strain has recently been correlated with the level of the 

crystallographic misorientation in polycrystalline materials in which dislocation slip is the primary 

deformation mechanism (Buchheit et al., 2015; Kamaya et al., 2005; Subedi et al., 2015; Wilkinson 

et al., 2014; Wright et al., 2016; Kamaya, 2011; Yoda et al., 2010).  In general, two approaches 

have been used to quantify the level of crystallographic misorientation: the Kernel Average 

Misorientation (KAM) and misorientation deviation (MD).  In the KAM approach, the variation 

of misorientation is locally quantified at the sub-grain scale, i.e., the average misorientation 

between each pixel and its neighboring pixels at a particular (small) distance from a kernel is 

assigned as the KAM of that pixel.  The KAM has been used to estimate the GND density and 

study the local orientation gradients within a grain (Rui et al., 2018, Pokharel et al., 2015, 

Calcagnotto et al., 2010; Kundu and Field, 2016; Pokharel et al., 2015; Subedi et al., 2015).  The 

KAM is often relatively high near the grain boundary, where the local strain gradient is relatively 

high and typically significantly greater than the average KAM.  Although the KAM can 

qualitatively identify hot spots within the grains, it is very sensitive to the spatial distance between 

the kernel pixel and the chosen ring of neighboring pixels.  In the MD approach, the misorientation 
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between all the pixels within a grain and a reference orientation are averaged for each individual 

grain.  The MD values and their distribution, for a given microstructural patch, depend on the 

choice of the reference orientation (Wright et al., 2016).  A linear correlation can satisfactorily 

describe the relationship between the plastic strain and MD for stainless steel, regardless of spatial 

distance, which is one advantage of the MD approach over the KAM approach (Kamaya, 2011; 

Kamaya et al., 2005; Yoda et al., 2010).   

While this MD approach was effective in prior work to characterize heterogeneous 

deformation in FCC alloys, the present work examines refinements of this approach using two 

BCC Ti alloys.  The effect of the misorientation evolution as a function of plastic strain at both the 

grain scale and the mesoscale is examined with respect to the choice of reference orientation, grain 

size, and crystallographic orientation.  Furthermore, the influence of loading history on 

misorientation evolution was investigated by performing two sets of experiments; i.e. in a 

controlled group, the samples were loaded to a target strain monotonically, while in a target group 

the displacement was paused at times during the loading. 

The purpose of this manuscript is two-fold; to investigate slip behavior in two body centered cubic 

(BCC) titanium (Ti) alloys and to assess local misorientation analysis strategies.  Beta Ti alloys 

are solid-solution strengthened alloys with nearly the same elastic anisotropy as Fe, 

(Nejezchlebova et al., 2019), but are unlike typical steels, which have carbides.  Through heat 

treatments involving solutionizing in the beta-phase field followed by water quenching, these 

alloys form equiaxed single-phase microstructures with a relatively uniform grain size and weak 

texture.  Ti-12Cr-1Fe-3Al(wt.%), hereafter abbreviated as TCFA, and Ti-15Mo-3Nb-3Al-

0.2Si(wt.%), also known as TIMETAL-21S, served as model solution-strengthened BCC alloys 

with different grain sizes for this work.  The influence of the reference orientation on the MD 

distribution was investigated and the correlation between the global plastic strain and the 

misorientation values was assessed.  The level of misorientation was quantified as a function of 

the crystallographic orientation and the plastic strain.  To study the influence of grain size on local 

plastic strain, a population of ~6,000 grains, with a range of grain sizes, were analyzed.  An 

empirical equation was identified to estimate the level of orientation change as a function of grain 

size and global plastic strain.  As many prior studies have examined microstructural evolution 

using interrupted tensile tests (e.g. Li et al., 2013, 2015, Zhang et al., 2015, Yin et al., 2021), the 
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results from monotonic deformation were compared with results from interrupted tests in order to 

examine the influence of the loading history on the plastic deformation heterogeneity.  The results 

indicated that the interrupted tests resulted in a significantly increased misorientation compared 

with uninterrupted tests performed to the same plastic strain level.  The {100} and {110} 

orientations, with respect to tensile direction, exhibited the largest and smallest tendency for local 

orientation change, respectively.  Larger grains exhibited a greater misorientation level than 

smaller grains.  The level of misorientation heterogeneity became more pronounced at higher 

levels of plastic strain, especially for larger grains.  Some of the novel aspects of this work were 

the comparison of five misorientation metrics on both the meso and grain scale.  Although a linear 

correlation of misorientation and global plastic strain was reported previously, this work examined 

the effect of the choice of the reference orientation on the linear correlation. 

EXPERIMENTAL PROCEDURES 

TCFA  is a relatively new low-cost β Ti alloy developed in Japan for structural and biomedical 

uses (Ogawa et al., 2007), and TIMETAL-21S is a commercial β Ti alloy that has been used for 

intermediate temperature applications (Cotton et al., 2015).  The bulk compositions of both alloys 

are provided in Table 1.  Both alloys were received as solution-treated rolled sheets with 

thicknesses of approximately 0.8 and 0.6 mm with an average grain size of approximately 50 µm 

and 13 µm for TCFA and TIMETAL-21S, respectively. The tensile samples had the geometry 

described previously (Li et al., 2013, 2015, Khademi et al., 2016, Wang et al., 2016), see Figure 

1, and they were extracted using electro-discharge machining.  The specimens were ground 

sequentially using silicon carbide (SiC) papers through 400, 600, 1200, 2400, and 4000 grits.  A 

solution of five parts colloidal silica (with 0.06 μm particle size) and one part 30% hydrogen 

peroxide was used for the final mirror polish.  To remove the residual colloidal silica, the 

specimens were ultrasonically cleaned in methanol.  

Table 1. Chemical composition of TCFA and TIMETAL-21S 

Alloy: Ti Cr Fe Al Mo Nb Si O C N 

TCFA           

wt% 82.659 13.37 3.08 0.76 - - - 0.11 NA 0.021 

at% 83.19 12.39 2.66 1.36 - - - 0.33 NA 0.07 

TIMETAL-21S           

wt% 78.36 - 0.4 2.5-3.5 14-16 2.4-3.2 0.15-0.25 0.11-0.17 0.05 0.05 
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at% 83.29 - 0.36 5.66 7.95 1.53 0.36 0.45 0.21 0.18 

NA: not available; TCFA has about half the interstitial fraction and a similar fraction of substitutional alloy elements   

 

 

 

 

 

Figure 1.  The geometry of the test specimens used in the tensile experiments with dimensions 

in millimeters. The thickness was approximately 0.6mm and 0.8 mm for the TIMETAL-21S and 

TCFA specimens, respectively. 

 

The crystallographic orientation of selected areas of the specimens were obtained both before 

and after the deformation using an EBSD system manufactured by EDAX-TSL (Mahwah, NJ, 

USA).  EBSD scans were performed using OIM Analysis 6.1 software under the following 

conditions: working distance of approximately 18 mm, acceleration voltage of either 15 kV or 20 

kV, and tilt angle of 70°.  The EBSD data were collected from the center of the gage section using 

a hexagonal grid with a step size approximately one-tenth of the average grain size, i.e., the step 

size was 4 μm and 1 μm for TCFA and TIMETAL-21S, respectively (the interrupted TCFA test 

was scanned with a 2 μm step size). The grains that had either less than 18 pixels or abnormally 

large sizes were excluded from analysis.  Approximately 600 grains (~100,000 pixels) were 

analyzed for each test.  

Tensile tests were performed inside a Tescan Mira3 field emission SEM at a constant 

displacement rate, which corresponded to an approximate engineering strain rate of 5×10-4 s-1.  The 

miniature screw-driven tensile stage, manufactured by Ernest F. Fullam, Inc. (Lantham, NY, later 
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acquired by MTI Instruments, Albany, NY), was controlled using MTESTW version F8.8e data 

acquisition and control software (Admet, Inc., Norwood, MA, USA).  Five monotonic tensile 

experiments were performed on TCFA and four on TIMETAL-21S.  The samples were loaded to 

target global plastic strains of 3%, 6%, 9%, and 12%.  After unloading, EBSD was performed.  

The reported plastic strain was calculated using the force-displacement curves and confirmed using 

an average of displacements between several recognizable microstructural features in secondary 

electron (SE) SEM photomicrographs before and after the test.  Two interrupted tensile tests were 

made with eight 60 min pauses at incremental plastic strains up to 11% strain for the TCFA sample, 

and five pauses for 30 min up to 11.7% strain for the TIMETAL-21S sample.  The displacement 

was held constant during the pauses. 

MISORIENTATION AND REFERENCE ORIENTATION  

The misorientation in crystalline materials is measured by the difference between two 

crystalline orientations. Based upon the orientation matrices of locations A and B, 𝑔𝐴 and 𝑔𝐵, the 

misorientation operator ∆𝑔𝐴𝐵 is defined as: 

∆𝑔𝐴𝐵 = 𝑔𝐵 × 𝑔𝐴
−1 (1) 

To measure all possible misorientation values, crystal symmetry is considered.  BCC materials 

have 24 symmetric orientations described by operators 𝑂𝑐𝑟, which results in 24×24×2 (1152) 

descriptions of the misorientation: 

∆𝑔𝐴𝐵 = (𝑂𝐵
𝑐𝑟𝑔𝐵) × (𝑂𝐴

𝑐𝑟𝑔𝐴)
−1

 and  ∆𝑔𝐵𝐴 = (𝑂𝐴
𝑐𝑟𝑔𝐴) × (𝑂𝐵

𝑐𝑟𝑔𝐵)
−1

 (2) 

The rotation angle (𝜃) and is defined for each case by the following equations: 

cos 𝜃 =
∆𝑔11

𝐴𝐵 + ∆𝑔22
𝐴𝐵 + ∆𝑔33

𝐴𝐵 − 1

2
 (3) 

The absolute maximum angle of misorientation is 62.8° for a cubic crystal.  Only 24 variants need 

to be considered if only the misorientation angle is desired: 

∆𝑔𝐴𝐵 = 𝑔𝐵 × (𝑂𝐴
𝑐𝑟𝑔𝐴)

−1
 (4) 

The minimum orientation angle of 24 symmetric orientations between two given crystallographic 

orientations is called the disorientation and is determined by  

https://en.wikipedia.org/wiki/Crystallography
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𝐷(𝐴,𝐵) = 𝑚𝑖𝑛 (𝑎𝑟𝑐 cos
∆𝑔11

𝐴𝐵 + ∆𝑔22
𝐴𝐵 + ∆𝑔33

𝐴𝐵 − 1

2
) 

(5) 

In most of the literature, the term ‘misorientation’ is frequently used to describe the 

‘disorientation’, so hereafter, this more common practice is followed.  To quantify the 

misorientation at the grain scale, a reference orientation (RO) is chosen for each individual grain.  

Then, the average misorientation (𝑀̅) is calculated for each grain 𝑖: 

𝑀̅𝑖 =
∑ 𝐷(𝑅𝑂𝑖)𝑗

𝑛𝑖
𝑗=1

𝑛𝑖 − 1
 (6) 

where 𝑖 represents the grain ID, 𝑛𝑖 is the total number of pixels within grain 𝑖, and 𝑗 identifies each 

pixel 𝑗 in grain 𝑖, 𝑅𝑂𝑖 is the chosen reference orientation for grain 𝑖, and 𝐷(𝑅𝑂𝑖)𝑗 is the 

misorientation between crystallographic orientations of pixel 𝑗 and 𝑅𝑂𝑖 of grain 𝑖.  The 𝑀̅𝐺  for the 

entire map using a weighted average involving hundreds of grains, is: 

𝑀̅𝐺 =
∑ ∑ 𝐷(𝑅𝑂𝑖)𝑗

𝑛𝑖 
𝑗=1

𝑁
𝑖=1

∑ 𝑛𝑖  
𝑁
𝑖=1

 (7) 

where 𝑀̅𝐺 is the global average misorientation that represents the sample as a whole, based upon 

𝑁 grains in the entire map.  It is also possible to identify a subset of misorientations having a 

particular subset of pixels j in the set 𝑛𝑗 , such as the pixels along the grain boundary or at a 

particular distance from the grain boundary using equation (7). 

  

The effect of the choice of RO on the 𝑀̅ was investigated for the following RO criteria used 

for each grain i in this work: 

 𝑅𝑂𝑀𝑖𝑛, the orientation j in grain i that resulted in the minimum 𝑀̅𝑖,  (𝑀̅𝑖(𝑀𝑖𝑛)) 

 𝑅𝑂𝑀𝑎𝑥, the orientation j in grain i that resulted in the maximum 𝑀̅𝑖,  (𝑀̅𝑖(𝑀𝑎𝑥)) 

 𝑅𝑂𝐺𝑒𝑜−𝑐𝑒𝑛, the orientation j in grain i at the geometrical center of the grain, (𝑀̅𝑖(𝐺𝑒𝑜−𝑐𝑒𝑛)) 

 𝑅𝑂𝐴𝑣𝑔, the average grain orientation after deformation, (𝑀̅𝑖(𝐴𝑣𝑔)) 

 𝑅𝑂𝐴𝑙𝑙, the average misorientation with respect to each individual pixel (j) within grain i, as 

provided in equation (8), (𝑀̅𝑖(𝐴𝑙𝑙)) 
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 The average misorientation with respect to each individual pixel within a microstructural 

patch, (𝑀̅𝐺(𝐴𝑙𝑙)) , is provided in equation (9). 

𝑀̅𝑖(𝐴𝑙𝑙) =
∑ ∑ 𝐷𝑗𝑘

𝑛𝑖
𝑘=1

𝑛𝑖
𝑗=1

𝑛𝑖(𝑛𝑖 − 1)
 

(8) 

𝑀̅𝐺(𝐴𝑙𝑙) =
∑

∑ ∑ 𝐷𝑗𝑘
𝑛𝑖
𝑘=1

𝑛𝑖
𝑗=1

𝑛𝑖 − 1
𝑁
𝑖=1

(∑ 𝑛𝑖
𝑁
𝑖=1 )

  
(9) 

RESULTS  

Figure 2 shows the stress-displacement behavior of both alloys, indicating the similarity of 

the stress-strain behavior for tests taken to different strains.  For the TIMETAL-21S, necking 

occurred at the center of the gage section between 9% and 12%.  Hence, the local plastic strain 

was higher than 12% in the neck; it was 18% based upon comparing displacements of 

microstructural features in the SE SEM images before and after the test.  Though the TCFA has a 

much larger grain size, it also has a higher yield strength due to the differences in alloying elements 

(see Table 1). 

The stress-displacement curves plotted in Figure 3 from the interrupted tensile tests indicated 

that stress relaxation on order of 100 MPa and 50 MPa occurred during each pause for TCFA and 

TIMETAL-21S, respectively.  After reloading, an upper yield point (UYP) was observed at 

stresses of 40 MPa and 20 MPa greater than the lower yield point (LYP) for TCFA and TIMETAL-

21S, respectively (see Figure 3(b, d)).  The occurrence of an upper yield point indicates that 

dislocations were locked by interstitial atoms into their positions during the hold time.  The TCFA 

had twice the hold time and about half the population of interstitial atoms found in TIMETAL-

21S, but while the stress relaxation magnitude was similar in both alloys, the return to the lower 

yield stress took place over a larger strain in the TCFA.  The higher strength TCFA alloy also has 

a larger grain size (by a factor of ~4) as evident in Figure 4.  The difference in alloy composition 

implies that the solid solution strengthening is much more potent in the TCFA alloy, despite the 

fact that it has a smaller fraction of interstitials and a similar fraction of substitutional atoms.  

Otherwise, the microstructures and textures are similar in the two alloys.  
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Figure 2.   Tensile stress-displacement curves of monotonic tensile tests for TCFA and TIMETAL-21S 

alloys. 
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Figure 3.  (a) Stress-displacement curve of TCFA interrupted test and (b) the upper yield point 

(UYP), lower yield point (LYP), and stress relaxation (SR) for a TCFA sample. (c) Stress-

displacement curve of TIMETAL-21S interrupted test and (d) the UYP and LYP and SR for a 

TIMETAL-21S sample. 
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Evolution of the orientation gradient as function of plastic strain 

Inverse pole figure (IPF) orientation maps based upon a subset of EBSD scans from both 

alloys are presented in Figure 4 for the undeformed  and deformed states.  No significant 

orientation gradients were present in the undeformed state.  With increased plastic strain, 

orientation (color) gradients within grains became pronounced in many grains, such as grains with 

multiple prisms exhibiting noticeably different orientations (and colors) in different regions of the 

grain.  Figures 4(d,e) show a grain reference orientation deviation map based upon the average 

orientation of each grain.  Regions with 15 of misorientation from the average are black, which 

are usually in bands near the edges or corners of grains.  Though the grain size is larger in the 

TCFA, the qualitative aspects of the microstructures in the two alloys are similar.   

Orientation gradients are also evident in discrete inverse pole figures for the TCFA alloy 

in Figure 5 based upon subsets of larger EBSD scans with about 200-300 grains.  Figure 5(a) shows 

the orientations present in Figure 4(a) prior to deformation, where each grain is evident as clusters 

of black dots that are scattered throughout the triangle.  Four grains are selected to illustrate the 

initial orientation gradients present in the undeformed material, and their clusters of spots are 

colored with a local misorientation range from 0-1 (and enlarged next to each grain).  The slight 

spread of each grain orientation represents small misorientations within a given grain that are close 

to the ~0.5 resolution limit of the EBSD measurements.  The clustered areas sometimes overlap, 

as indicated in the colored cluster for the upper left grain on the IPF.  Figures 5(b,c) show similar 

discrete pole figures from monotonically deformed specimens strained to 2.7%, and 6.6%.  At a 

strain of 2.7%, an increased spread is observed around each individual orientation, but with 

increasing strain, the orientation spread increases such that individual grains can no longer be 

distinguished from each other.  The magnitude of spread in some grains exceeds 15, which is 

evident in four of the grains in the incrementally strained sample examined in Figure 5(d).  The 

parent orientations (shown in black dots from Figure 5(a)) bifurcated and rotated in different 

directions.  The orientation spread is also evident in the varying colors in the IPF images of these 

four grains.  The range of colors depends on whether the orientations are in an orientation range 

where the color gradients are large.   
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Figure 4.  EBSD 

measurements of 

TCFA (a-d) and 

TIMETAL-21S (e-

h).  Undeformed 

tensile direction IPF  

maps (a,g) show 

homogeneous color 

of recrystallized 

microstructure and 

deformed maps (b,h) 

show orientation 

(color) gradients, 

which are even more 

evident in the 

average grain 

orientation reference 

deviation maps (d,e).  

Pole figures (c,f)  

show that both alloys 

have a similar 

texture, but it is 

weaker in the TCFA 

alloy, which also has 

~4 times larger grain 

size.   

  



 

14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Tensile direction [010] EBSD discrete inverse pole figures from different TCFA samples 

deformed to different strains.  (a)  At 0% strain, four point clouds from corresponding undeformed TCFA 

grains are identified by red circles (enlarged point clouds next to the grains shapes show the spread more 

clearly; two of the grains have neighbor-grain overlap in the inverse pole figure).  (b) and (c) show the 

increase in spread with strain in monotonically-strained samples, while (d) is from the interrupted sample, 

which shows the same four specific grains identified in (a); the black points in (d) indicate the undeformed 

grain orientation.  Red triangles and blue circles relate to the orange and green grains in Figure 6.   
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Effect of RO choice on misorientation distributions at the grain scale 

The five different reference orientation criteria for 𝐷(𝑅𝑂𝑖) used to find the average 

misorientation 𝑀̅𝑖 values for each criterion are illustrated in Figure 6 for two exemplary grains.  In 

each gray scale map, the 𝑀̅𝑖 value and the range defining the gray scale are indicated for each RO 

criterion, and the location of RO is identified with a blue open circle.  The location of maximum 

misorientation from this RO is black and identified with a red triangle.  The orientations 

corresponding to these locations are also plotted in Figure 5(d) with the same symbols.  For the 

orange grain, the reference orientation is in nearly the same location for three of the criteria (the 

Avg reference orientation (𝑅𝑂𝐴𝑣𝑔) is slightly below the orientation in the Min(𝑅𝑂𝑀𝑖𝑛), and 

correspondingly, there are two open circles near each other in Figure 5(d)).  For the Geo-cen 

criterion (𝑅𝑂𝐺𝑒𝑜−𝑐𝑒𝑛), the RO is located at the geographical center of the grain, marked with a 

magenta  symbol, and its corresponding marker in Figure 5(d) also has the magenta .  The 

maximum value is in the same location for four of the five maps, with the exception of the Max 

map (𝑅𝑂𝑀𝑎𝑥), in which this location is (by definition) its minimum value, but its related maximum 

𝐷(𝑅𝑂𝑖) location is different from the minima locations in the other maps, and it is also plotted in 

Figure 5(d).  While there is an evident orientation gradient in the red to orange colors on its IPF 

map, the 𝑀̅𝑀𝑖𝑛 value of 3.59 is smaller than that for the green grain, which has a 6.31 value, though 

there is no obvious color gradient due to the misorientations being all within the portion of 

orientation space that has colors near green.  The green grain has the same location of the maximum 

𝐷(𝑅𝑂𝑖) for three criteria, but it is in another location for the other two.  A similar analysis on an 

additional 26 grains indicates that while the location of the RO values follows a similar pattern, 

only 5 of the 28 grains consistently have the RO and maximum 𝐷(𝑅𝑂𝑖) values in the same location.  

Of the other 23, 7 have a maximum 𝐷(𝑅𝑂𝑖) value that is not consistent with the others, and 18 have 

a RO that is not consistent with the others.  While there is a tendency for the same RO to be 

identified, these five criteria are different, leading to different outcomes. 

The global misorientation (𝑀̅𝐺) as a function of plastic strain is presented in Figure 7 for all 

five RO criteria for both alloys where each point represents the 𝑀̅𝐺  for one monotonic tensile test 

at a target plastic strain.  It should be noted that though the basis for the average and minimum 

ROs are different, the values are essentially the same.  These plots indicate that 𝑀̅𝐺  is proportional 

(b

) 
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to plastic strain for any of the RO criteria.  For the TIMETAL-21S, the sample strained to 12% 

strain had a neck so the datum points from this sample were not used to determine the linear fits.  

As all these criteria appear to have a linear relationship with strain, the 𝑀̅𝐺(𝑀𝑖𝑛) was arbitrarily 

chosen for subsequent analysis.    

The cumulative distribution of 𝑀̅𝑖(𝑀𝑖𝑛) values contributing to 𝑀̅𝐺(𝑀𝑖𝑛) at different levels of 

plastic strain for TCFA and the TIMETAL-21S are plotted in Figure 8 and relevant statistical 

information are summarized in Table 2.  The minimum and maximum 𝑀̅𝑖(𝑀𝑖𝑛), the difference 

between them (Δ(𝑀̅𝑖𝑚𝑎𝑥
- 𝑀̅𝑖𝑚𝑖𝑛

)), and the standard deviation (SD) increased with increasing 

plastic strain.  For the undeformed state, most of the grains exhibited similar 𝑀̅𝑖(𝑀𝑖𝑛) values (90% 

< 0.5).  With increasing plastic strain, the range of 𝑀̅𝑖(𝑀𝑖𝑛) values increased (shifting the curves 

from left to right).  The large TCFA grains initially had a narrower distribution, but it spread out 

faster than the TIMETAL-21S, as indicated by the two dotted TCFA curves on the TIMETAL-

21S plot at comparable strains.  For the interrupted tests, the distribution of 𝑀̅𝑖(𝑀𝑖𝑛) values are 

uniformly larger at the same strain for the TIMETAL-21S.  An interpolated distribution between 

the 9.4 and 12.3% monotonic samples at 11% is plotted with a dotted orange line to enable direct 

comparison with the interrupted 11% TCFA sample.  There are more 𝑀̅𝑖(𝑀𝑖𝑛) values below 2 in 

the interrupted test, yet above this 𝑀̅𝑖(𝑀𝑖𝑛) value, misorientations are greater than for the 

interrupted test, similar to the TIMETAL-21S sample.    
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Figure 6.  Two grains from Figure 5(d) illustrating the five different misorientation metrics, where the gray 

scale represents the range from the minimum (white, blue circle) to the maximum (black, red triangle) 

misorientations.  Among 28 grains in Figure 5(d) with 𝑀̅𝑖(𝑀𝑖𝑛) misorientations from 2.6 to 6.6 examined 

in the same way, only 5 consistently have the RO in the same location.  Of the other 23, 7 have a maximum 

𝐷(𝑅𝑂𝑖) value that is not consistent with the others, and 18 have a RO that is not consistent with the others.   
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Table 02. The calculated 𝑀̅𝐺(𝑀𝑖𝑛) values and standard deviation (SD) at each level of 

plastic strain and the associated parameters for TCFA 

Plastic 

strain 

(%) 

𝑀̅𝐺(𝑀𝑖𝑛) 

 (SD) 

Min(𝑀̅𝑖(𝑀𝑖𝑛)) 

* 

Max(𝑀̅𝑖(𝑀𝑖𝑛)) 

* 

Max(𝑀̅𝑖(𝑀𝑖𝑛)) 

- Min(𝑀̅𝑖(𝑀𝑖𝑛)) 

 

Total 

data  

points 

Step 

size 

 (m) 

TCFA       

0 0.43 (0.26) 0.24 2.59 2.36 101865 4 

2.7 0.79 (0.31) 0.34 2.63 2.30 90399 4 

4.8 1.35 (0.54) 0.46 3.62 3.15 84074 4 

6.6 2.05 (0.72) 0.51 4.64 4.13 161095 4 

9.4 2.44 (0.84) 0.67 5.24 4.56 141643 4 

12.3 3.1 (1.14) 0.78 7.02 6.25 98425 4 

11 int 3.05 (1.39) 0.46 6.82 6.36 164053 2 

      

TIMETAL-21S     

0 0.63 (0.35) 0.31 2.83 2.52 138465 1 

3.3 1.08 (0.41) 0.42 3.50 3.08 248944 1 

5.4 1.22 (0.41) 0.44 2.84 2.40 133154 1 

9.2 2.02 (0.70) 0.56 4.18 3.62 127486 1 

11.7 3.11 (1.07) 0.89 6.40 5.51 150965 1 

11.7 int 3.14 (1.18) 0.93 7.40 6.48 199400 1 
 

*  The minimum and maximum values of 𝑀̅𝑖(𝑀𝑖𝑛) are based upon the average of the lowest and 

highest 1% of the data in the population.  NA: not available; int: interrupted 
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Figure 7.  The Global Misorientation Deviation (𝑀̅𝐺) values using five reference orientation (RO) metrics 

for TCFA and TIMETAL-21S at different levels of plastic strain.  Linear fits indicate R2 values greater 

than 0.967 for 𝑀̅𝐺(𝑚𝑖𝑛). The linear fits exclude the necked TIMETAL-21S sample deformed to 11.7%.  
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Figure 8.  The cumulative distribution of 𝑀̅𝑖 as a function of plastic strain for TCFA and TIMETAL-21S.  

With increasing plastic strain, the 𝑀̅𝑖 shifted to higher values.  Ellipses illustrate similitude in how particular 

components in the microstructure maintain the same details of the distribution even though each sample 

was distinct from the others for TCFA.  The distribution is smoother and initially broader for the smaller 

grain size TIMETAL-21S, but the TCSA spreads out more rapidly with strain.  The gray lines show how 

the grain size affects the distribution for interrupted tests.  To compare the TCFA interrupted and monotonic 

samples, the 11% interpolated monotonic (dotted) distribution enables more direct comparison.  To 

compare TIMETAL-21S with the larger grain size TCFA, dotted TCFA data at comparable strains are 

overlaid on the TIMETAL-21S plot (arrows point to larger grain size).  
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The effect of grain size on 𝑴̅𝒊(𝑴𝒊𝒏) 

In this section, the relationship between the grain size and the 𝑀̅𝑖(𝑀𝑖𝑛) was quantified and 

characterized.  The equivalent grain diameter D was calculated based on the EBSD data using the 

following equation:  

𝐷 = 2√
𝑛 ∗ 𝑙1 ∗ 𝑙2

𝜋
 

(12) 

where n is total number of pixels within the grain, 𝑙1 and 𝑙2 are the vertical and horizontal step 

sizes of the EBSD scans, respectively.  Approximately 3,000 grains were analyzed for each alloy, 

600 grains at each strain level.  The cumulative equivalent grain diameter distribution in Figure 9 

indicates that it is similar for all of the samples.  To quantify the relationship between grain size 

and 𝑀̅𝑖(𝑀𝑖𝑛), the grains were grouped according to their equivalent grain diameters and plotted in 

Figure 10.  For the TCFA alloy, grains smaller than 20 μm (due to low number of pixels within 

the grains) and greater than 100 μm (due to low number of the grains within the microstructure 

patch) were excluded.  Similarly, the grains in TIMETAL-21S with sizes less than 5 μm and greater 

than 30 μm were excluded.  The 𝑀̅𝐺(𝑀𝑖𝑛) versus 𝐷 𝐷𝑎𝑣𝑔⁄  exhibited a linear trend at each plastic 

strain level for both alloys, except for the undeformed state, where there was nearly no variation 

in 𝑀̅𝐺(𝑀𝑖𝑛) with grain size.  With increasing plastic strain, the difference between the 𝑀̅𝐺(𝑀𝑖𝑛) of 

the largest and smallest grain size subpopulations indicated that the contribution of the larger grain 

subpopulation increasingly dominated the 𝑀̅𝐺(𝑀𝑖𝑛) with increasing strain similarly in both alloys 

(Figure 10(c)). 
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Figure 90.  Cumulative distribution of the Equivalent Grain Diameter for TCFA and TIMETAL-21S 

samples tensile tested to different strain levels.  Although the tensile tests were performed on different 

samples, the data indicate a similar grain size distribution for all the samples.  The dashed lines show the 

shape of the other material superposed to enable comparison, indicating the same range but 

different shapes of the distribution. 
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Figure 10. (a) and (b) The 𝑀̅𝐺(𝑀𝑖𝑛)versus 𝐷/𝐷𝑎𝑣𝑔 for different plastic strain levels for TCFA and TIMETAL-

21S.  The 𝑀̅𝐺(𝑀𝑖𝑛) values were almost constant for the undeformed materials.  With increasing plastic strain 

level, the larger grains exhibited higher 𝑀̅𝐺(𝑀𝑖𝑛)values.  This increase is more pronounced at the highest 

plastic strain levels. (c) The 𝑀̅𝐺(𝑀𝑖𝑛) grain size slope increases with strain in a similar way in both alloys, 

indicating that the contribution of the larger grain subpopulation increasingly dominates this metric with 

strain. 

 

 

  



 

24 

The effect of orientation on 𝑴̅𝒊(𝑴𝒊𝒏) 

Figure 11 exhibits an IPF for TCFA with respect to the tensile direction of 𝑀̅𝑖(𝑀𝑖𝑛) for 444 

grains in the specimen deformed monotonically to 12.3% plastic strain, where the average 

orientation in each grain is plotted with a colored dot representing the 𝑀̅𝑖(𝑀𝑖𝑛) values.  The 𝑀̅𝑖(𝑀𝑖𝑛) 

are lower for the grains closer to the [101] corner compared with those in other regions ([101] || to 

the tensile axis is the terminal stable orientation for BCC metals deformed in tension (Hosford 

2009)).  To quantify the influence of the grain orientation on 𝑀̅𝑖(𝑀𝑖𝑛), three sub populations were 

chosen for grains within 20° of the [100], [101], and [111] loading directions.  For illustration, ~50 

grains that belong to the [101] group are shown in Figure 12Figure .  The 𝑀̅𝐺(𝑀𝑖𝑛) for each group 

is plotted as function of plastic strain in Figure 13 for all of the samples and the fraction of each 

group is provided next to the corresponding label in the legend.  These fractions differ between 

the two alloys.  All three groups have almost the same 𝑀̅𝐺(𝑀𝑖𝑛) value in the undeformed state (0% 

strain).  With increasing plastic strain up to ~6%, a slight variation was observed between the 

lowest and highest 𝑀̅𝐺(𝑀𝑖𝑛) groups for both alloys.  However, at ~9% plastic strain, the difference 

for each group became more notable, indicating that the [100] group has the most tendency to 

deform to accommodate the continuity of structural patch.  The differences are easily 

distinguishable at 12% plastic strain for both alloys.  The [100] and the [111] fraction decreased 

and the [101] fraction increased with strain in both alloys as evident in the inset, consistent with 

normal rotations in BCC metals.  
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Figure 11.  The distribution of the 𝑀̅𝑖(𝑀𝑖𝑛) values, plotted on an EBSD IPF map (with respect to the loading 

direction), for 444 grains in a TCFA sample deformed to 12.3% plastic strain.  The grains located within 

20 of the [101] corner exhibited the lowest 𝑀̅𝑖(𝑀𝑖𝑛) values, which indicates a lower tendency for orientation 

change.  There is a small common area between [110] and [111] groups. 

 

  

Figure 12.  Partitioned EBSD map highlighting the crystallographic orientations with a tolerance angle 

of 20° from [101] and its corresponding loading direction IPF for the TCFA sample subjected to 12.3% 

plastic strain.  
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Figure 13.  The 𝑴̅𝑮(𝑴𝒊𝒏) values as a function of grain orientation and plastic strain for TCFA and TIMETAl-

21S (the smaller insets compare metrics of the two alloys with increasing strain).  The [100] group exhibited 

a higher 𝑴̅𝑮(𝑴𝒊𝒏) value than other groups, and their average fraction among all specimens is noted in the 

legend.  The 𝑴̅𝑮(𝑴𝒊𝒏) in the larger grain size TCFA increases faster with strain (upper inset), despite the 

smaller fraction of the [100] population in the TCFA (diamond symbols in the lower inset, which shows 

fractions of each orientation group from each specimen).   
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The influence of distance from the grain boundary on 𝑫(𝒎𝒊𝒏𝒊)𝒋 

The GND density and orientation gradient were higher in regions closer to the grain 

boundaries compared to the regions closer to the grain center, due to local plastic strain 

concentrations (Schwartz et al., 2009).   In this section, the 𝑀̅𝐺(𝑀𝑖𝑛) was used as a basis to assess 

the effect of distance from the grain boundary on the local misorientation.  Figure 14 presents the 

ratio of 𝐷(𝑀𝑖𝑛𝑖)𝑗/𝑀̅𝐺(𝑀𝑖𝑛) along the grain boundaries for 200 grains of a TCFA sample tensile 

tested to 12.3% plastic strain.  For most of the locations adjacent to grain boundaries, the 𝐷(𝑀𝑖𝑛𝑖)𝑗 

values are higher than the overall 𝑀̅𝐺(𝑀𝑖𝑛) (red to white colors), but there are some boundaries 

where it is lower (dark red to black).  In regions with low ratios (black) the orientation along the 

boundary is close to the RO of the grain, indicating that there is a minimal gradient in orientation 

near the boundary. 

The data were grouped according to their distance from the closest grain boundary.  Figure 

15 exhibits the average 𝐷̅(𝑀𝑖𝑛) value as a function of distances from the grain boundary.  As 

expected, the average 𝐷̅(𝑀𝑖𝑛) is largest at the perimeter of the grains and it decreases linearly with 

distance from the grain boundaries for the microstructural patch shown in Figure 14.   

The effect of loading history on misorientation 

The 𝑀̅𝐺(𝑀𝑖𝑛) of the monotonic (solid symbols) and interrupted (open symbols) tests are 

compared in Figure 16.  The open symbols indicate that both interrupted tests have higher 𝑀̅𝐺(𝑀𝑖𝑛).  

These results imply that the crystallographic orientation change becomes more pronounced for 

samples undergoing interrupted (paused) tests compared with samples undergoing monotonic 

deformation.  Also, there is a dip in the orientation spread around 3% strain in the TCFA and 5% 

in the TIMETAL-21S (see arrows), indicating that there is a systematic change in how local 

rotations take place during the deformation process at low strain.  
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Figure 14.  The distribution of local grain misorientation 𝑫(𝑴𝒊𝒏𝒊)𝒋 values along grain boundaries for ~200 

grains of a TCFA sample loaded to 12.3% plastic strain.  These are generally larger than the overall 

misorientation 𝑴̅𝑮(𝑴𝒊𝒏) (colors from red to white), indicating high GND density and dislocation pileups, 

where 𝑫(𝑴𝒊𝒏𝒊)𝒋 values less than half of 𝑴̅𝑮(𝑴𝒊𝒏) (dark red to black) indicate hard orientations with little 

accumulated strain (or the effect of slip transfer through the boundary).   

 

 

Figure 15.  The influence of distance from the grain boundary on the average local misorientation 𝑀̅𝐺(𝑀𝑖𝑛)𝑗 

for a TCFA sample that was deformed to 12.3% plastic strain at RT.  The larger the distance from the grain 

boundary, the lower the 𝑀̅𝐺(𝑀𝑖𝑛)𝑗 value was. 
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Figure 16.  (a) The 𝑀̅𝐺(𝑀𝑖𝑛) increases linearly with global plastic strain for monotonic tensile tests 

for TCFA and TIMETAL-21S.  The linear regression indicates a linear relationship between global 

plastic strain and 𝑀̅𝐺(𝑀𝑖𝑛) with a relatively high R2 value.  Within the 𝑀̅𝐺(𝑀𝑖𝑛) population, the 

difference between the minimum and maximum of 𝑀̅𝑖(𝑀𝑖𝑛) also increases with strain (b), but there 

are systematic oscillations that differ between the alloys (arrows indicate strains where a local 

minima in the maximum 𝑀𝐺(𝑀𝑖𝑛) were observed).  The open symbols represent the maximum 

values of the interrupted tensile tests, which show a higher misorientation resulting from periodic 

pauses in deformation.  
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DISCUSSION 

Evolution of orientation change 

During deformation, each individual grain experiences a unique strain distribution to satisfy 

the deformation compatibility constraints from neighboring grains, resulting in the evolving 

heterogeneous deformation. Local lattice orientation changes arising from heterogeneous and 

anisotropic deformation within individual grains lead to GND accumulation.  The change in TCFA 

local orientations from their initial uniform orientation at 0% strain to their spread orientation at 

11% strain is shown for four exemplary grains in Figure 5(d), indicating that the original 

orientation rotates heterogeneously and in all directions.  Even after 2.3% strain in Figure 5(b), 

there are significant orientation gradients.  Even at this low strain, it is difficult to be certain which 

points around each cluster belong to the same grain without analyzing each grain individually.  

The fact that there is an average linear response of 𝑀̅𝑖(𝑀𝑖𝑛) with strain despite the widely varying 

grain responses of individual grains indicates that the overall accumulation of GNDs is insensitive 

to local variations, or that local variations develop in order to maintain global equilibrium and 

minimize the strain energy.     

Misorientation and plastic strain 

Different metrics are commonly used to correlate the plastic strain with the misorientation, 

including average grain orientation, the orientation within the grain having the lowest KAM value, 

the lowest 𝑀̅𝐺 value, the highest pattern quality, the highest confidence index, and the average 

grain orientation before and after the deformation (Buchheit et al., 2015; Kamaya et al., 2005, 

2006; Kamaya 2011; Wright et al., 2016).  Among these, the insensitivity with respect to 

acquisition system, sample surface finish, EBSD step size, as well as the linearity of 𝑀̅𝐺   with 

strain makes this the preferred metric (Kamaya et al., 2005, 2006; Kamaya 2011).  In this current 

work, although Figure 6 illustrated a different misorientation distribution within the grain, the 

global 𝑀̅𝐺 values plotted in Figure 7 show that the plastic strains are directly proportional to the 

𝑀̅𝐺, regardless of the RO metric.  This result, which has not been found previously, indicates that 

the 𝑀̅𝐺 approach is a robust means to correlate the misorientation with the plastic strain.  The 

further demonstrates the superiority of this metric for characterizing overall defect accumulation.   
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The linear increase of GND content with strain in Figure 7 is consistent with the smooth changes 

in shape of the 𝑀̅𝑖 in Figure 8.  The purple curve at 0% plastic strain indicates that the 𝑀̅𝑖values 

for 90% of the grain population was less than ~0.5.  This not only reflects the intrinsic uncertainty 

in the EBSD measurement system, but it also shows that there is measurable initial, though small 

orientation variation within the grains of the as-received sheet that seems to be maintained with 

increasing deformation.  Even small features in the distribution that are probably related to the 

texture are replicated in the lower stages of strain in different samples as noted with ellipses in 

Figure 8.  This indicates that the increase in GNDs occurs in a globally uniform way, though 

heterogeneously at the grain scale.  This is consistent with previous work, where similar linear 

correlations were reported for a stainless steel and a nickel alloy (Kamaya et al., 2005, 2006).  This 

work shows that the overall relationships identified in prior work on FCC alloys are similarly 

useful for BCC alloys.  

TCFA and TIMETAL-21S exhibited a relatively uniform strain distribution throughout the 

gage length up to 12% and 9% plastic strain, respectively.  Though the high R2 values for the linear 

fits in Figures 7 and 13 similarly show linear increases in misorientation, the formation of a neck 

in the TIMETAL-21S sample at 11.7% indicates that more non-uniform deformation took place.  

This could be related to significant change in stress tensor due to the neck and differences in 

texture, as the fraction of near-[100] orientations aligned with the tensile axis, which develop 

misorientation at the fastest rate, is about twice as large as that for the other components.   

Crystal orientation and slip system effects 

Figure 13 illustrates the effect of plastic strain on crystal orientation, where the 𝑀̅𝐺(𝑀𝑖𝑛) 

values were similar in the undeformed state (0% plastic strain) for each crystal orientation group, 

but the variation became more pronounced with increasing plastic strain.  For both alloys, the [100] 

group has the highest 𝑀̅𝐺(𝑀𝑖𝑛) value, while the [101] group exhibited the lowest 𝑀̅𝐺(𝑀𝑖𝑛) value, 

and the [111] group was in between.   

It is useful to compare the evolution of grain orientations with another study conducted on 

BCC Fe single crystals (Franciosi et al., 2015), which focused on identifying the conditions for 

slip on {110} vs. {112} planes.  Eight tensile test orientations are superimposed on the same 

inverse pole figure in Figure 17(a), illustrating how the crystal orientation rotated but did not 

spread out like the five TCFA polycrystal grains illustrated in Figure 17(b), which have initial 
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orientations similar to those in the Franciosi experiment (initial orientations are in the black square 

in Figure 17(a)).  Near [100] orientations rotate toward [111], and continue on that trajectory well 

past the orange dotted line where slip on the (011) plane has a higher resolved shear stress (Schmid 

factor), indicating significant latent hardening.  Similar overshoot occurs for orientations going 

beyond the edge of the triangle for slip on (011) or {112} planes in the middle and right regions 

as the rotations continue to rotate toward [11̅1] as indicated by arrows (in the polycrystal IPF, this 

trajectory is reflected into the fundamental triangle as indicated by dashed arrows).  This overshoot 

shows how strongly latent hardening affects both {112} and {101} slip activity.  The trajectories 

of orientation change are similar for the TCFA polycrystal, indicating that predominant slip system 

activity is similar for the single crystal iron (Fe) and TCFA (The elastic anisotropy of beta Ti is 

nearly the same as in Fe, (Nejezchlebova et al., 2019).  However, the range of orientations present 

for the TCFA with 11% strain is equal to or greater than the range of single crystal rotations in 

single crystals that were deformed to much larger strains, which were between 20% to 55% (the 

final strains for Fe are labeled near the end of the rotation trajectory).  The orientation spread in 

Figure 5(d) for 4 other grain orientations is even greater.  The greater orientation spread observed 

in polycrystals compared with single crystals implies that the conditions at the grain boundary play 

a profound role in determining the active slip systems as different regions of the same grain deform 

and rotate by different combinations of slip systems.   
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Figure 17.  Inverse pole figure (IPF) indicating the orientation changes of deformed single crystal 

tensile Fe samples (a) (Franciosi et al., 2015), which is compared with the EBSD IPF showing 

orientation changes of similar orientations in the incrementally-deformed TCFA polycrystal (b).  

Orientation change directions are similar in the Fe and TCFA, but the rotations and spread after 

11% strain in the polycrystal are greater than the single crystals that were deformed to much larger 

strains (noted in corresponding colors/numbers).  Initial orientations are identified in black; those 

to the right of the orange dotted line rotated toward [11̅1]; those to the left rotated toward [111].   

 

The effect of crystal orientation on resolved shear stress (i.e Schmid factor) on slip systems 

is explored in Table 3, which provides a list the Schmid factors for {110} and {112} slip systems 

for several orientations.  The bold numbers represent the highest Schmid factor for each of the four 

slip directions among the 24 slip systems.  A greater spread in misorientation will result from 

active slip systems having different slip directions.  For the tensile axis along [001], there are eight 

equally favored {110} and four {112} slip systems with Schmid factors > 0.4 identified in these 

first two rows in Table 3.  The four highest Schmid factors have different slip directions, in contrast 

to the [101] direction (last pair of rows of Table 3) where there are half as many slip systems with 

high resolved shear stress and only two slip directions are highly favored, which are illustrated by 

the red and blue vectors in Figure 18(a).  Figure 18(b) illustrates the next four highest Schmid 

factor slip systems on {110} planes.  For the [101] orientation, a rotation from one slip direction 

toward the tensile axis reduces the Schmid factor on that system and increases it on the other to 

counter rotate, making the [011] strain direction a stable orientation (Hosford 1993, 2009), if both 

slip systems are active.  For the [111] orientation, there are only three {112} slip systems with 

Schmid factors greater than 0.3, each with a different slip direction.  As all four <111> slip 

directions are equally favored for the [001] tensile direction, three directions are equally favored 

for the [111] direction, but only two slip directions are favored for the [011] direction on {112} 

planes, this can account for the relative ranking of 𝑀̅𝑖 values for the three orientation groups in 

Figure 11.   
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Figure 18.  (a) There are only two highly favored {112}<111> slip systems and (b) four less 

highly favored {110}<111> slip systems when the tensile axis is along [101].  Away from the 

[101] tensile axis, there are more slip systems that have high Schmid factors, as illustrated in 

(c,d), where the six slip systems with the highest Schmid factors are plotted for slip systems 

along the orientation range from [001] to [111] (c), and [001] to [414].  The {110}<111> family 

is the most favorable in the middle of both ranges (middle of the triangle in Figure 17(a)).   
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Table 3. The number of possible slip directions (SD) with high Schmid factors (m) for the 12 {110}<111> 

and 12 {112}<111> slip systems for the several grain orientations with respect to the tensile axis (TA) X 

direction for the BCC crystal structure.  Bold values represent distinct <111> directions with the highest 

Schmid factors.  Gray values are conceptually interesting but irrelevant. 

TA 

(Bunge) 

SD m 

>0.3 Family Schmid factors 

[0 0 1] 

(90, 90, 0) 
4 

{110} 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0 0 0 0 

{112} 0.47 0.47 0.47 0.47 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 

[1 1 8] 

(90, 100, 45) 
4 

{110} 0.45 0.45 0.43 0.43 0.35 0.35 0.33 0.33 0.10 0.10 0 0 

{112} 0.50 0.46 0.46 0.39 0.31 0.31 0.25 0.25 0.19 0.19 0.14 0.14 

[10 10 64] 

(90, 102, 45) 
4 

{110} 0.45 0.45 0.43 0.43 0.27 0.27 0.23 0.23 0.18 0.18 0 0 

{112} 0.50 0.45 0.45 0.36 0.37 0.26 0.24 0.24 0.13 0.13 0.05 0.05 

[10 10 34] 

(90, 113, 45) 
3 

{110} 0.45 0.45 0.39 0.39 0.25 0.25 0.20 0.20 0.19 0.19 0 0 

{112} 0.45 0.40 0.40 0.38 0.38 0.23 0.23 0.21 0.11 0.11 0.02 0.02 

[1 1 1] 

(90, 145, 45) 
3 

{110} 0.27 0.27 0.27 0.27 0.27 0.27 0 0 0 0 0 0 

{112} 0.31 0.31 0.31 0.16 0.16 0.16 0.16 0.16 0.16 0 0 0 

[1 0 1] 

(90, 135, 0) 

2 {110} 0.41 0.41 0.41 0.41 0 0 0 0 0 0 0 0 

 {112} 0.47 0.47 0.24 0.24 0.24 0.24 0 0 0 0 0 0 
 

 

As few grains have orientation near the corners of the triangle, the directions of crystal 

rotation depend on which <111> direction has the highest resolved shear stress, and also the 

presence of dislocations on other slip systems that could cause latent hardening.  To assist 

visualization of primary and secondary slip systems, Figure 18(c) plots the Schmid factors along 

the paths from [001] to [111], which has one (of the two) maxima for the (112̅)[111] slip at the 

[118] tensile axis.  The slip system Schmid factors rise and fall with orientation change smoothly, 

but their rank changes where the Schmid factors for another slip system crosses it, such as at 

orientation [10 10 34].  Slip systems with the highest Schmid factors have the highest color density.  

Figure 18(d) shows the Schmid factor ranking from [001] to [414], which is where the maximum 

is found for the (121) [11̅1] slip system.  The maximum Schmid factor for the (011) [11̅1] slip 

system occurs at ~[418].  The three Schmid factor maxima are labeled with “+” in Figure 17(a).  

The (112̅)[111] slip system has the  highest Schmid factor on the left side of the dotted orange line 

in Figure 17(a), leading to rotations toward [111], as evident in both the Fe single crystal and a 

similarly oriented red grain in the polycrystal in Figure 17.  To the right of the orange dotted line, 

the most favored slip systems are (011) [11̅1] in the middle section of the triangle, and (121) [11̅1] 

is most favored on the right side of the triangle.  These slip systems cause rotation downward as 
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illustrated by the Fe single crystal.  As multi-slip is necessary in polycrystals, secondary slip 

systems will cause rotations toward other <111> directions, leading to spread in various directions 

rather than a single rotation.  In Figure 17(b), the magenta grain was initially to the right of the 

orange dotted line, and it rotated toward [111] and also spread down toward [11̅1], suggesting that 

both {110} and {112} slip processes took place with different slip directions, leading to two 

different directions of rotation.  On the other hand, the magenta grain in Figure 5(d) shows spread 

in a rather different manner, with a more complex rotation leading to two orientations, indicating 

that different combinations of slip systems were dominant in different parts of the grain.  On the 

right side of the triangle in Figure 17(b), the blue orientation near {111} rotated toward the center 

of the triangle as well as down toward [11̅1].  Unlike the single crystal, the green grain with a 

near-[101] orientation was not stable.  In the polycrystal, even though a unidirectional load was 

applied to the sample, the local stress tensor was strongly dependent on the crystal orientation, the 

grain shape, and the orientation and deformation history of neighboring grains, leading to local 

deviations in the local stress tensor.  This variation in deformation is greatest at grain boundaries, 

and modest differences in the stress state would lead to different slip systems having the highest 

Schmid factor in different locations.  The additional complexity of latent hardening implies that 

whatever slip system was initially favored would remain favored even when its Schmid factor was 

no longer the maximum.  Hence, the combination of slip systems active in a given grain varied 

with location, leading to various directions and degrees of rotation.  This can account for the 

unstable deformation of {101} oriented grains in the polycrystal compared to the single crystal.   

To summarize, the {100}, {111}, and {110} orientations exhibited 4, 3, and 2 slip directions 

available on up to and 20, 15, and 10 possible slip systems with relatively high Schmid factors, 

respectively.  Because the stress tensor varied spatially within the grains and particularly near the 

grain boundaries, the probability of activation of a higher number of different slip systems was the 

greatest for the {100} group, leading to more spreading and the lowest for the {110} group.   

Grain size effects 

The grain size and the grain size distribution have a significant influence on the mechanical 

properties of polycrystalline materials (Berbenni et al., 2007; Lavergne et al., 2013; Nicaise et al., 

2011).  Berbenni et al. (2007) reported that the yield stress depends not only on the average grain 

size but also on the of grain size distribution, especially when the average grain size is on order of 

micrometers (when most of the material is near a grain boundary).  A numerical analysis, showed 
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that a higher dispersion in the grain size resulted in a lower yield stress due to an increase in the 

plastic heterogeneity, e.g. when ∆𝐷 𝐷⁄ = 1 (where ∆𝐷 is the range of grain size, 𝐷 is the average 

grain size) plastic deformation occurs in all the grains, whereas, when ∆𝐷 𝐷⁄ = 5, a portion of the 

smaller grains  remain elastic.  In this work, the influence of the grain size on the misorientation 

deviation heterogeneity was investigated at the grain scale.  

As shown in Figure 13, the 𝑀̅𝐺(𝑀𝑖𝑛) has a non-zero value in the undeformed state (which 

reflects the intrinsic uncertainty in EBSD orientation determination and pre-existing orientation 

gradients) regardless of the grain size.  The 𝑀̅𝐺(𝑀𝑖𝑛) value was uniformly greater for the larger 

grains than the smaller grains at each level of plastic strain.  This is consistent with previous work 

for a steel alloy (Allain-Bonasso et al., 2012), where the equivalent grain size was between 0.5 and 

2 times DAvg, see Figure 13Error! Reference source not found.  Hence, the larger grains were 

surrounded by a larger number of neighboring grains that affected the local stress state differently 

with increasing strain that affected the local activation of favored slip systems, leading to larger 

increases of 𝑀̅𝐺(𝑀𝑖𝑛) for larger grain sizes (Figure 13).  The large grain must locally accommodate 

the deformation of neighboring grains in order to retain continuity during deformation.  

Furthermore, grain boundaries are common sources of dislocations (Espinosa et al., 2005; Fu et 

al., 2001; Hirth, 1972).  This implies that GNDs are more variously generated in larger grains than 

smaller grains (due to the fact that they have a larger circumference and more neighbor grains), 

which leads to a higher range of orientation change.  Also, when a large grain appears small due 

to only a corner of it being visible in a section, then the number of neighbor grains in the corner of 

the larger grain is small, making this subset of the larger grain similar to a smaller grain, so the 

growth rate of 𝑀̅𝐺(𝑀𝑖𝑛) is primarily an indicator of the number of neighbors. 

An empirical model is proposed to estimate the local misorientation at the grain scale as a 

function of the equivalent grain diameter and the global plastic strain:   

𝑀̅𝑖(𝑀𝑖𝑛),𝑚𝑜𝑑𝑒𝑙  = 𝑎𝜀𝑝
𝐷

𝐷𝐴𝑣𝑔
+ 𝑏𝜀𝑝 + 𝑐   (10) 

where the 𝑀̅𝑖(𝑀𝑖𝑛),𝑚𝑜𝑑𝑒𝑙 is the estimated misorientation of an arbitrary grain, D is the equivalent 

diameter of that grain, 𝐷𝐴𝑣𝑔 is the average grain diameter of the material, and 𝜀𝑝 is the global 

plastic strain. Root Mean Square Error (RMSE) was applied to the experimental data to determine 

the constants a, b, and c, which are provided in Table 4 for each alloy.    
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Table 4. The constant values determined from equation (10) for each alloy.  

The least square estimator was acquired on the experimental data to obtain the constants and R2. 

Alloy a b c RSME  

TCFA 6.77 13.49 .37 0.18 

TIMETAL-21S 5.28 7.19 0.55 0.09 
 

RSME: Root Mean Square Error 

In equation 10, the constant a describes the relative effect of grain size on grain 

misorientation, while the constant b describes the uniform misorientation level based on global 

plastic strain.  The constant c estimates the level of misorientation at 0% plastic strain, which 

depends on the measurement error and the misorientation level of the as-received material.  There 

was an ~22% lower value for the smaller grain size TIMETAL-21S.  While the width of the 

normalized grain size distribution of the two alloys in Figure 9 is the same, the shape is different, 

reflecting the difference in texture and grain size.  The lower sensitivity to strain and grain size in 

the TIMETAL-21S suggests that the influence of neighbor grains overlaps more and reduces 

variations in the amount of activated slip.  

The 𝑀̅𝐺(𝑀𝑖𝑛),𝑓𝑖𝑡 versus the 𝑀̅𝐺(𝑀𝑖𝑛),𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 is plotted in Figure 19, for data from all 

specimens, representing approximately 6,000 grains.  The slope of the linear regression was nearly 

1 for both alloys (note that the highest strain value was not plotted, as it formed a neck and hence, 

had a change in strain path).  Other parameters, such as composition, crystallographic grain 

orientation and neighboring grains, were not considered in equation 10.   
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Figure 19.  The fitted 𝑀̅𝐺(𝑀𝑖𝑛) values (obtained using equation [10]) versus the experimental 

𝑀̅𝐺(𝑀𝑖𝑛) values for TCFA (in blue) and TIMETAL-21S (in red).  Almost 3000 grains were 

analyzed for each alloy. 
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Distance from grain boundary  

The local stress tensor significantly influences the heterogeneous deformation behavior at 

grain boundaries (Morgeneyer et al., 2021, Tang et al., 2019, Su et al., 2016, Bieler et al., 2009; 

Cahn et al., 2006; Swygenhoven, 2002; Telang et al., 2004; Wang et al., 2010; Zaefferer et al., 

2003).  It is well-known that the orientation gradient is greater at the grain boundaries due to higher 

GND densities located near grain boundaries.  For quantifying this level of misorientation, the 

KAM approach has been frequently used (Calcagnotto et al., 2010, Mohtadi-Bonab et al., 2015, 

Mishra et al., 2009; Rollett et al., 2012).  Figure 14 shows black boundaries that have lower local 

misorientation (𝐷(𝑀𝑖𝑛𝑖)𝑗) than the global misorientation (𝑀̅𝐺(𝑀𝑖𝑛)) implying that there is no pileup 

of dislocations, which could occur if the region is hard and not deforming, or if the boundary is 

transparent to dislocation slip.  The orange-white colored boundaries indicate high orientation 

gradients and hence, high GND content that indicates a dislocation pileup, so these boundaries 

block dislocation motion.  Boundaries with highly contrasting colors on each side indicate that a 

pileup is present on one side, and a lack of deformation on the other, i.e. a dark perimeter indicates 

that the enclosed grain has a hard orientation or it is a small grain, which is more resistant to 

deformation. 

However, as mentioned previously, the KAM approach is sensitive to step size (Subedi et 

al., 2015).  In this work, the misorientation deviation, which is less sensitive to step size than the 

KAM approach, was used to quantify the orientation dispersion at the grain boundaries.  As shown 

in Figure 14, the 𝐷(𝑀𝑖𝑛𝑖𝑗) values along the grain boundaries are often higher than the average 

𝑀̅𝐺(𝑀𝑖𝑛) values, which is to be expected.  At some grain boundaries, the local 𝐷(𝑀𝑖𝑛𝑖)𝑗 values were 

more than 3 times the 𝑀̅𝐺(𝑀𝑖𝑛) values, and other boundaries were half as large.  Use of the 

𝑀̅𝐺(𝑀𝑖𝑛) value is effective in that boundaries that deform less as well as more than usual are 

highlighted (if the 𝑀̅𝑖(𝑀𝑖𝑛) had been used, the values would be more uniformly similar).  Of the 28 

grains analyzed as shown in Figure 6, the grain with the smallest 𝑀̅𝑖(𝑀𝑖𝑛) of 2.6 (the red grain in 

Figure 17) has a maximum 𝐷(𝑀𝑖𝑛) of 8.8, and the grain with the grain with the highest 𝑀̅𝑖(𝑀𝑖𝑛) of 

6.61 has a maximum 𝐷(𝑀𝑖𝑛) of 15.9 (the magenta grain in Figure 5).  Some other grains had higher 

maximum values of 16-17 (and they were not the largest grains) and have a variety of orientations.  

The 𝐷̅(𝑀𝑖𝑛𝑖)𝑗 is plotted as a function of distance from the grain boundaries in Figure 15, where 
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𝐷̅(𝑀𝑖𝑛𝑖)𝑗 is the average misorientation of the pixels with respect to RO(Min).  Two points should be 

noted here for interpreting the 𝐷̅(𝑀𝑖𝑛𝑖)𝑗 values at the grain boundary vicinity.  First, the 𝐷̅(𝑀𝑖𝑛𝑖)𝑗 

value is approximately proportional to the distance from the grain boundary.  Second, in contrast, 

the KAM usually exhibits a relatively high misorientation gradient close to the grain boundaries 

and a relatively small misorientation gradient within the grains (Subedi et al., 2015).  This contrast 

results from the fact that the misorientation value 𝑀̅𝑖(𝑀𝑖𝑛) for each pixel is measured by comparing 

it to a specific reference orientation for each grain, while the KAM approach averages the 

misorientation between a selected pixel and its neighboring pixels.  

Interrupted vs Monotonic tensile test 

The interrupted test 𝑀̅𝐺(𝑀𝑖𝑛) values showed an approximately 30% increase relative to 

monotonic tests at approximately 11% plastic strain (see Figure 16).  The stress-displacement 

curves in Figure 3 indicate that stress relaxation (on order of 50 MPa) occurred during each pause.  

This indicates that interstitial atoms and defects rearranged in order to reduce the internal elastic 

strain energy during each pause, which resulted in pinning dislocations (Cottrell and Bilby, 1949).  

Upon reloading, more strain energy was needed to exceed a threshold energy for yield (40 MPa 

and 20 MPa greater than the lower yield point for TCFA and TIMETAL-21S, respectively, see 

Figure 3(b and d)).  While it is commonly assumed that an upper yield point represents dislocation 

breakaway from Cottrell atmospheres that pin dislocations, it is also possible that secondary slip 

systems were more easily activated, which would result in a change in local crystal rotation axes 

in subsequent deformation.  Rearrangement in the structure of dislocation cores could have altered 

the local stress states in different regions within the grains, especially near the grain boundaries 

where stresses are higher.  With reloading, if the local stress tensor was different from the prior 

deformation step at the same location, it could favor activation of slip systems different from what 

would have been active without relaxation, indicating that prior active slip directions may have 

locked up.  If different slip systems were activated more than the prior dominant ones, this would 

result in different local rotation processes, and hence the orientation dispersion became more 

pronounced within each grain, leading to a cumulatively higher 𝑀̅𝐺(𝑀𝑖𝑛)  value for the interrupted 

test as compared to the monotonic tests.  This effect uniformly increases all misorientations in the 

small grain size, where local stress states are probably more uniformly high, but not in the stronger 
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large grain size TCFA alloy.  The broader 𝑀̅𝐺(𝑀𝑖𝑛)  spread in the TCFA alloy, including lower 

𝑀̅𝐺(𝑀𝑖𝑛) values where less strain took place (possibly in grain interiors that were hardened by 

Cottrell atmospheres), suggests that a greater variety of responses to partial unloading took place, 

due to the greater heterogeneity of deformation in the larger grain microstructure (see Figure 8).  

The uniform increase in 𝑀̅𝐺(𝑀𝑖𝑛) in the smaller grain size TIMETAL-21S would be consistent with 

a more uniform high stress condition throughout the material, as the distance to grain boundary is 

smaller.  Also, there is a lesser amount of lockup of dislocations reflected in the smaller peak stress 

after reloading in the TIMETAL-21S, so a lesser degree of new activation of slip systems (and 

locking of prior acting systems) took place.   

Finally, Figure 16(b) shows how the orientation spread between the minimum and maximum 

values of 𝑀𝐺(𝑀𝑖𝑛) oscillates with increasing strain.  The same oscillations are present in the 

𝑀̅𝐺(𝑀𝑖𝑛) data in Figure 16(a) but are less obvious.  There are decreases in the spread with increasing 

strain in both alloys (arrows), though the effect is stronger in the TIMETAL-21S.  The origin of 

this effect is not known, but the fact that it is apparent in both alloys indicates that systematic 

changes in how strain is partitioned take place in both alloys, but what accounts for this decrease 

in the orientation spread is not clear. 

Summary and Conclusions 

In this work, plastic strain was correlated with the level of misorientation for two BCC Ti 

alloys deformed in tension to targeted plastic strain levels.  The influence of the reference 

orientation was explored both at the grain scale and at the mesoscale.  The correlation between the 

global plastic strain and the 𝑀̅𝑖 was examined.  The tendency for orientation change was quantified 

as a function of plastic strain, grain size, and parent orientation.  An empirical equation was 

proposed to estimate the level of misorientation dispersion at the grain scale as a function of grain 

size and plastic global strain.  Two interrupted in-situ SEM experiments were performed, which 

resulted in a significantly increased misorientation compared with uninterrupted tests performed 

to the same plastic strain level.  

The statistically analyzed data showed that the {100} and {110} orientations, with respect 

to tensile direction, exhibited the largest and smallest tendency for local orientation change, 

respectively.  This is correlated with the fact that the grains near {100} and {110} orientations 
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have the highest and lowest number of highly-stressed slip systems and slip directions, 

respectively.  The subpopulation of large grains exhibited a greater misorientation level than the 

small grains, where the difference became more pronounced for larger grains with increased strain.  

This implies that the level of misorientation heterogeneity became more pronounced at higher 

levels of plastic strain, especially for larger grains.  This could be explained by the fact that in 

polycrystals, the larger grains are surrounded by a greater number of neighboring grains that 

imposed complex evolving stress states that led to a greater variety of activated slip systems within 

the larger grain.  The misorientation level is sensitive to the strain path, as the misorientation was 

higher for the interrupted tests compared with the monotonic tests.  The rearrangement of 

dislocations (due to the relaxation), pinned dislocations (due to the Cottrell atmospheres), and 

resulting permanent change in the orientation and geometry of the grains at the submicron scale 

affects the local stress states at different regions of the grains.  These factors may result in the 

activation of new slip systems having different rotational axes, which leads to a higher 

misorientation dispersion during the interrupted tests compared to the monotonic tests taken to the 

same strain level.  
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