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A B S T R A C T   

At the macroscopic scale, strain accumulation is known to form parallel to the plane of maximum shear stress. In 
this work, plastic strain accumulation is tracked across four mesoscale areas of interests. Each representing a 
different configuration of tension-torsion loading. The local deviations in the deformation pathways were 
investigated relative to the plane of maximum shear stress. The deviations in the deformation pathways were 
observed to be a function of the local plastic strain magnitude and the microstructural features. From these 
results, a representative volume element was created based on the macroscopic and micromechanical de-
formations as well as the spatial statistics of the deformation bands.   

1. Introduction 

The development of the deformation pathways within poly-
crystalline materials is a multi-scale process, wherein the macroscopic 
loading conditions and local microstructure dictate the mechanical 
response [1,2]. At the nanoscale, plastic deformation manifests as arrays 
of dislocations, i.e., slip bands within the material. Dislocations progress 
to grain boundaries (GBs) wherein they experience cross-slip, direct 
transmission, indirect transmission or no transmission [3]. Deformation 
bands, DBs, are created when slip events become inter-connected 
through many grains within the microstructure. 

At the macroscopic scale, the primary pathways of deformation 
occur in the plane of maximum shear stress (MSS) [4] as determined by 
the loading condition and calculated through a Mohr's circle analysis 
[5–7]. These deformation pathways consist of both crystallographic and 
non-crystallographic deformation based on the local strain magnitudes 
[6,7]. In many cases, a slip plane is not directly aligned with the plane of 
MSS, and thus slip events across neighboring grains may be required, 
such that their cumulative deformation corresponds to the plane of MSS 
[8,9]. 

At the microstructural scale, the largest degree of deformation is 
observed to localize near the GBs [10]. Compatibility constraints and 
dislocation motion increase stress and promote deformation near GBs. 
Compatibility stresses are caused by neighboring grains with different 
crystallographic orientations, and localized deformations in adjacent 

grains [11]. Additional stresses are experienced due to dislocation pile- 
ups at a GB [12]. These complex stresses are relieved through slip 
transmission or the activation of an adjacent slip system. These slip 
events create a network of inter-connected slip events, which have 
shown to be key features in crack initiation and material failure [13,14]. 
Due to the consequences of localized deformation at GBs, spatially 
resolved deformation tracking methods have been developed. 

Previous studies have implemented techniques such as digital image 
correlation (DIC) [15], electron back scatter diffraction (EBSD) [16] or 
combinations of both techniques [10] to study deformation across 
length scales. The single camera DIC technique tracks the in-plane 
displacement of features, often referred to as a speckle pattern, on a 
surface between a reference state and deformed state. The resolution is 
enhanced by utilizing a speckle pattern that is fine, random and dense 
[17] relative to the microstructural features of interest, such as grain size 
[18]. In uniaxial deformation, DIC studies have observed partitioning of 
strain accumulation into banded structures which form parallel to the 
plane of MSS [10,19]. These banded structures are synonymous with the 
aforementioned DBs. Lunt et al. [20] quantified the in-plane strain 
partitioning of the DB features, wherein the DBs accumulated up to four 
times the amount of strain as compared to regions without these 
features. 

In addition to GBs, other microstructural features such as grain size 
[13,21–23] and crystallographic texture [24–29] are important factors 
influencing the local deformation behavior. Hall [21] and Petch [22] 
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observed that material strength was inversely proportional to grain size. 
Deformation in smaller grains is more difficult due to the shorter mean 
free path between dislocations and GBs. As a consequence of dislocation 
pile-up, back stresses are imposed on the primary slip systems which 
cause secondary slip activity and work hardening [30]. In titanium al-
loys, a grain is termed “hard” or soft” based on the c-axis orientation 
relative to the loading axis, where a hard grain has a c-axis that is near 
parallel to the loading direction. Conversely, soft grains have a c-axis 
that is nearly perpendicular to the loading direction and are well ori-
ented for basal slip and prismatic slip. At the bulk scale, Evans et al. [29] 
observed crack initiation of textured materials is controlled by the basal 
planes orientation relative to the plane of MSS, where better alignment 
resulted in shorter material life. At the microscale, Harr et al. [28] 
observed grains well oriented for basal slip create long range slip traces 
which can traverse over 100 grain diameters. 

Polycrystalline deformation models address many length scales of 
deformation phenomena by simulating explicit or representative 
deformation behavior. A representative volume element (RVE), is the 
minimum volume simulated that captures the ensemble mechanical 
behavior and was described by Hill [31]. The characteristics of a RVE 
were described in two parts where (i) the distribution and dispersion of 
the microstructural features are matched to the material simulated and 
(ii) the volume is large enough such that the effective properties are 
independent of the boundary effects. In accordance with Hill's descrip-
tion, RVEs are commonly sized by matching a set of microstructural 
descriptor distributions [32], such as grain size, texture, grain 
morphology, etc. Additional verification for RVEs may include matching 
various mechanical properties, such as yield strength and hardening rate 
[33]. In addition to the two common methodologies above, RVE sizing 
interpretation has also been investigated by matching the spatial vari-
ability of in-plane plastic strain [34] or grain-to-grain variability based 
on elastic strains [35]. Balzani et al. [36] proposed a methodology to 
size an RVE, which minimized the error in the overall macroscopic 
deformation response while also considering the distribution of micro-
structural features within the RVE. This approach differs from the 
aforementioned approaches because it utilizes the post experimental 
deformation behavior at two length scales and does not consider any of 

the typical microstructural descriptors. Lastly, two-point statistics 
(autocorrelation and, cord length distributions) are commonly utilized 
to characterize the spatial occurrence of features such as c-axis orien-
tation [37] and microtextured zones [38]. However, it is noted that 
these two-point functions capture the average behavior and thus they 
should be utilized with additional characterization methods for 
improved accuracy of the RVE construction. 

In this work, the deformation occurring parallel to the plane of MSS 
is decoupled from the microstructure-based strain accumulation via a 
series of multiaxial tension-torsion experiments, which vary the plane of 
MSS. By removing the effect of the plane of MSS, the influence of 
microstructural features, such as grain size, grain orientation and GBs, 
on the developing primary and secondary deformation pathways can be 
assessed over many grains. Where the primary deformation pathways 
are aligned with the plane of MSS, and the secondary deformation 
pathways are any deviations from the plane of MSS. Given the 
discrepancy between these deformation length scales, millimeters of 
material are interrogated. Deviations within DBs are correlated by their 
distance from the GBs and degree of plastic strain accommodation to 
investigate the role of microstructural features on the development of 
deformation pathways. Four separate stress states, torsion, tension, 2:1 
tension and 2:1 torsion, were characterized via DIC and EBSD. The 
orientation of the DBs were characterized via two-point statistics and 
compared against the plane of MSS. The trends reported here are 
consistent for each of the global stress states. Finally, the characterized 
DB measurements, macroscopic residual strain, ETotal

residual, and 
micromechanical fields are utilized to inform a RVE size, which is 
compared against prior RVE instantiations on similar and engineering 
variations of the material. 

2. Materials and methods 

2.1. Material pedigree and specimen preparation 

The material system studied in this experiment was a near alpha 
phase titanium alloy, Ti-7Al, with a hexagonal closed packed crystal 
structure. The Ti-7Al material was cast into ingot form, hot isostatic 

Fig. 1. (a) A scale representation of the tension-torsion specimen displaying the position and size of the AOI. (b) The dimensions of the AOI for each specimen, with 
specified subregion of interest. (c) Subregion of interest, displaying titanium nanoparticle speckle pattern. The translucent red box represents the subset size utilized 
for the DIC analysis, 28 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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pressed, extruded and annealed at 955 ◦C for 24  hours, followed by an 
air cool [39]. The resulting material contained equiaxed grains with an 
average grain size of 86 μm. In order to create specimens, gauge sections 
of Ti-7Al were extracted and friction stir welded to circular gripping end 

pieces of Ti-6 V-4Al. A 10 mm, square-cross section, gauge length was 
machined from the Ti-7Al portion to complete the specimen geometry, 
as shown in Fig. 1a. Each specimen was machined and electro-polished 
to create a mirror finish, enabling spatial orientation characterization 
via EBSD. 

An area of interest (AOI) measuring 2150 μm by 2250 μm was 

Fig. 2. The normal-direction inverse pole figure representations for each of the analyzed AOIs are shown for the macroscopic loading states; (a) torsion, (b) 2:1 
torsion, (c) 2:1 tension and (d) tension specimens. The longitudinal axis is denoted for all specimens. 

Table 1 
The peak tensile strain (ЕApplied

Tension) and shear strain (ΓApplied
Shear) applied 

macroscopically to each specimen. The residual macroscopic strain of each 
specimen, ETotal

residual.   

ЕApplied
Tension ΓApplied

Shear ETotal
residual γmax  

Torsion 0 0.006 0.002 0.002 
2:1 torsion 0.003 0.005 0.0008 0.003 
2:1 tension 0.005 0.003 0.0008 0.004 

Tension 0.006 0 0.0005 0.006 

The average maximum in-plane shear strain within each specimen's AOI, γmax. 

Table 2 
The tensile (ε̇Tensile), shear (ε̇Shear), and combined (ε̇Combined) strain rates (s−1) for 
each loading condition.  

Loading condition ε̇Tensile
(
s−1)

ε̇Shear
(
s−1)

ε̇Combined
(
s−1)

Torsion – 6.80E-05 6.80E-05 
2:1 tension 3.40E-05 1.75E-05 3.81E-05 
2:1torsion 1.67E-05 3.17E-05 3.58E-05 
Tension 3.35E-05 – 3.35E-05  
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marked within the gauge section using Vickers indents as fiducial 
markers, which were placed using a LECO Microhardness Tester, model 
LM247AT. The fiducial marker pattern is shown in Fig. 1b. The fiducial 
markers served a two-fold purpose; (i) establish an AOI and (ii) provide 
spatial reference markings to consolidate the DIC and EBSD datasets. 
Crystallographic orientation data was collected via EBSD utilizing an 
Oxford symmetry detector, with a step size of 2 μm. The GBs were 
defined by a 5◦ misorientation tolerance. The normal-direction inverse 
pole figure maps for each specimen are shown in Fig. 2. 

2.2. Experimental details 

Four tension-torsion experiments were conducted in an MTS Model 
809 servo hydraulic test system with a MTS biaxial extensometer, model 

632, to monitor the applied tensile and shear strains. Each specimen was 
loaded in stress control to the same target least squares strain, ЕTotal, of 
0.006 as defined by Eq. 1, wherein ЕApplied

Tension and ΓApplied
Shear are the 

applied tensile strain and shear strain applied to the specimen, 
respectively. 

ЕTotal =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ЕTension
Applied

2
+ ΓShear

Applied
2

√

(1) 

The ЕTotal, 0.006, value was chosen such that the applied load would 
be just beyond the yield stress of the material. The choice in the ЕTotal 
ensured sufficient deformation was imparted to make DB identification 
possible and avoided difficulties that may have resulted by large de-
formations, such as uniquely distinguishing DBs or damage to the DIC 
speckle pattern. Specimens were returned to zero shear strain, to ensure 

Fig. 3. Strain maps displaying the γmax, for the (a) torsion, (b) 2:1 torsion, (c) 2:1 tension and (d) tension specimens. The plane of MSS is delineated by an arrow for 
each specimen. 
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Fig. 4. (a) Strain map displaying the γmax of the torsion specimen. (b) DBs are identified by unique colors following the percolation strain at 0.003. (c) A skeletonized 
representation of each DB represented in (b). GBs are represented by black and teal lines in (a) and (c), respectively. The longitudinal axis and plane of MSS are 
delineated by arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) Binary DB map for the torsion specimen. (b) Self-correlation of image (a). (c) Iso-probability contours as traced by ellipsoid fitting, wherein each ellipse 
represents a different probability contour. Note that a larger probability value such as P1 corresponds to a fit ellipse with smaller area. 
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a near planar surface for the DIC technique, and zero tensile load, before 
being removed from the load frame. Therefore, the residual macroscopic 
strain, ETotal

residual for each specimen is different, where the ETotal
residual 

is proportional to the applied shear strain. Tension-torsion experiments 
of varying ratios were conducted on 4 specimens, the specific experi-
mental conditions were torsion, tension, 2:1 tension and 2:1 torsion. 
Where the ratio 2:1, indicates the fraction of the applied strains. The 
applied strain conditions and residual strain for each specimen are 
shown in Table 1 within columns 1, 2 and 3. 

The tensile strain rate (ε̇Tensile), shear strain rate (ε̇Shear) and com-
bined strain rate (ε̇Combined) for each specimen were on the order of 1E−5 

s−1 and are listed within Table 2 for each loading condition. The com-
bined strain rate was determined by substituting strain rate for strain 
within Eq. 1. 

2.3. Digital image correlation 

Titanium nanoparticles, with a mean size of 80 nm, were applied to 

Fig. 6. DBs are shown at multiple percolation strains, 0.003, 0.006 and 0.009, for the loading conditions: (a) torsion, (b) 2:1 torsion, (c) 2:1 tension and (d) tension 
specimens. The theoretical angle of the deformation, the plane of MSS, is annotated for each loading condition. The box region in (b) will be discussed in Fig. 8. 

Table 3 
The range of DB inclination angles from autocorrelation and the angle of the 
plane of MSS, relative to the longitudinal axis of the specimen.   

Inclination angle 

Range from autocorrelation Plane of MSS 

Torsion 0◦ - 5◦ 0◦

2:1 torsion 3◦ - 10◦ 7.88◦

2:1 tension 19◦ - 27◦ 22.5◦

Tension 41◦ - 44◦ 45◦
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each specimen to enable DIC following specimen deformation, as shown 
in Fig. 1c. The nano-particle solution was prepared and applied in 
accordance with Tracy et al. [40]. A Zeiss Axio Imager with a total 
magnification of 50x was utilized to capture images at a resolution of 
1960 × 1460 pixels or 0.9 μm

pixel. In total, four images with 15% overlap 
were needed to capture each AOI. DIC was performed with the Corre-
lated Solutions VIC2D software package utilizing a subset of 28 μm and a 
step size of 1.8 μm, as shown in Fig. 1c. 

Full field deformation was captured utilizing the DIC technique and 
overlaid with the microstructure as captured via EBSD. To account for 
all in-plane strains captured within the dataset, the maximum in-plane 
shear strain, γmax, was calculated for each spatial point utilizing Eq. 2 
[41], wherein εxx, εyy, and εxy are the axial, transverse, and in-plane 
shear strains at each pixel location, respectively. 

γmax =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(εxx − εyy

2

)2
+

(εxy

2

)2
√

(2) 

The resulting γmax maps for each specimen are shown in Fig. 3. Re-
gions of localized plastic strain present as discrete bands within the 

microstructure and are observed to form at varying angles based on the 
imposed stress state. The plane of MSS for each loading case is super-
imposed. The average maximum in-plane shear strain, γmax, for each 
specimen's AOI is shown in column 4 of Table 1. 

2.4. Deformation band identification and orientation analysis 

DBs were identified by utilizing a series of applied strain thresholds 
and applying percolation theory as series of a fill-flood actions. By uti-
lizing this method of segmentation, a DB can be described as the inter- 
connectivity of the plastic deformation resulting from the imposed 
macroscopic deformation [42]. The results of this analysis will be 
referred to as the percolation strain throughout the article. First, a strain 
threshold and MATLAB based percolation algorithm [43] are applied to 
the original γmax maps, as shown in Fig. 4a. The percolation algorithm 
utilized strain thresholds as high pass filters and subsequently fill-flood 
commands to identify and cluster 8-connected pixels [43] with γmax 

magnitudes above 0.003, 0.006 and 0.009. Each cluster is defined as a 
DB and is shown as a unique color for the torsion specimen in Fig. 4b. 
Each DB was skeletonized, allowing for each spatial point within the DB 
to be referenced to other microstructural features such as GBs, as shown 
in Fig. 4c. 

An autocorrelation [44,45] was utilized to establish the mean 
orientation of the DBs within each specimen. The autocorrelation uti-
lized binarized data, where the DBs are represented by white and the 
surrounding matrix is black, as shown in Fig. 5a. The autocorrelation 
produced a spatial probability map which corresponds to the likelihood 
of the DBs overlapping one another, as shown for the torsion specimen in 
Fig. 5b. Iso-probabilities were represented by ellipses fit to the auto-
correlation probability map as shown schematically in Fig. 5c, wherein 
the greatest and lowest iso-probability contour correspond to P1 and P3, 
respectively. The mean orientation of DBs or inclination angle within 
each specimen was defined as the angle between the major axis of the fit 
ellipse and the longitudinal axis. The range of isoprobability values were 
consistent for each percolation strain and were selected via inspection to 
allow ellipse fitting over the largest range of probability values. 

2.5. RVE construction via a combination of the macroscopic and 
micromechanical deformation response 

The following procedure establishes a mesoscale RVE edge length 
that satisfies the macroscopic and micromechanical strain state of the 
material. The following methodology has been modified to utilize plastic 
strain data from the original methodology presented by Balzani et al. 
[36], who utilized stresses obtained through finite element simulations. 
The procedure first establishes an area which minimizes the error be-
tween the ETotal

residual and the γmax of a potential RVE window, which 
varies in size. The edge length of the window with be referred to as the 
RVE edge length. The micromechanical analysis informs the number of 
DBs features which will fit within the established mesoscale RVE by 
matching feature statistics throughout the AOI. The RVE model estab-
lished by these methods will be referred to as the mesoscale plastic strain 
sizing (MPSS) model. 

2.5.1. Macroscopic RVE sizing approach 
The macroscopic approach utilizes a minimization of a least squares 

functional to determine the RVE edge length which minimizes the 
overall deformation response error, relative to the ETotal

residual. First, the 
reasonable deviation, r, is computed for each specimen and for each RVE 
edge length that fits within the AOI. The value r is derived by normal-
izing the difference between the ETotal

residual and the average maximum 

Fig. 7. Deformation band measurements of the (a) length and (b) thickness at 
percolation strains 0.003, 0.006 and 0.009. 
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in-plane shear strain within that specific RVE, γmax
RVE, as described by Eq. 

3. 

r =
Eresidual

Total − γmax
RVE

Eresidual
Total

(3) 

The average macroscopic error, r̃, is then computed separately for 
each specimen utilizing the list of r values for each RVE edge length and 
is defined as 

r̃ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

nep

∑nep

j=1

(
r2

j
)

√

(4)  

where nep is the number of RVE edge lengths over which r was calcu-
lated. The overall mechanical error, r̃∅, incorporates ̃r of all specimens 
into a single value per RVE edge length and is defined as. 

r̃∅ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

nexp

∑nexp

j=1
r̃2

√

(5)  

where nexp is the number of experiments (i.e., specimens). The r̃∅ is 
determined for all RVE edge lengths and decreases exponentially with 
increasing RVE edge length. Therefore, the RVE edge length which 
minimizes the r̃∅ over all loading cases can be determined. 

2.5.2. Micromechanical RVE sizing approach 
The micromechanical methodology quantifies the number of 

microstructural features that should statistically occur within the RVE 
previously sized by the macroscopic approach. The DB area fraction, 
DBAF, was utilized to approximate the micromechanical variability 
throughout the AOIs and is defined as. 

DBAF =
PixelDB

PixelAOI
(6)  

where the number of pixels occupied by DBs and the total number of 
pixels within the AOI are defined as PixelDB and PixelAOI, respectively. 
The average DB area fraction, DBAF, was utilized to compute the number 
of DBs, nDB, per RVE edge length as shown in Eq. 7. 

RVE edge length =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

nDBADB

DBAF

√

(7) 

Where the ADB is the average area of a DB for each specimen and was 
calculated by utilizing the mean thickness and mean length of the DBs at 

Fig. 8. DBs with superimposed GBs of a subsection of the 2:1 torsion AOI, at three percolation strains, 0.003, 0.006 and 0.009. Specific instances of deformation 
deviations near GBs at a percolation strain of 0.003 are encircled. DBs with magnitudes of 0.009 or larger are observed to form nearly parallel to the plane of MSS. 

Fig. 9. (a) A deformation band is shown in segments, where each segment 
begins or terminates at a circle. (b) The deformation band deflection, DBD, is 
shown schematically between points 1–2 and points 2–3. 
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each percolation strain. The nDB is the only unknown and is solved for by 
utilizing the RVE edge length previously established in Section 2.5.1. 

3. Results 

The principle results of this study are three-fold, (i) the DB de-
scriptors of orientation, length and width are characterized at three 
percolation strains, (ii) the preference for DB formation and perturba-
tion throughout the microstructure are investigated relative to three 

percolation strains and microstructural features, and (iii) a mesoscopic 
RVE size that satisfies both the macroscopic deformation state as well as 
matches the micromechanical variability along microstructural features 
is identified utilizing the aforementioned methodologies. 

3.1. The macroscopic orientation and morphology of deformation bands 

The degree of strain accumulation within the deformation pathways 
were examined for each loading case. The plastic strain was binned 

Fig. 10. The deformation band deviation, DBD, as a function of distance to the nearest GB, and percolation strain values. γmax of 0.003 (left column), 0.006 (center 
column) and 0.009 (right column) are shown for loading states (a – c) torsion, (d – f) 2:1 torsion, (g – i) 2:1 tension, and (j – l) tension. 
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utilizing percolation strains of 0.003, 0.006 and 0.009, as shown for all 
specimens in Fig. 6. For each loading configuration, the plane of MSS is 
superimposed on each γmax map. In general, the greatest strain accu-
mulations occur parallel to the plane of MSS and begin to deviate from 
the plane of MSS as the percolation strain is decreased. A region in 
Fig. 6b has been boxed for subsequent interpretation. 

The mean orientation of all DBs within each specimen were exam-
ined utilizing the autocorrelation method previously described in Sec-
tion 2.4. The range of DB inclination angles and the plane of MSS for 
each loading case, relative to the longitudinal axis, are shown in Table 3. 
The DB inclination angles from the autocorrelation technique were near 
the expected deformation angles. DBs were observed to form within 5◦

of the planes of MSS. 
The length and thickness of each DB was quantified utilizing ImageJ 

[46] for all percolation strains. The length of a DB was defined as the 
Euclidean distance from end-to-end. Along each DB, the width was 
measured approximately every 100 μm. The DB measurements for all 
percolation strains are shown in Fig. 7. All presented statistical de-
scriptors of the length and width of the DBs were inversely proportional 
to the percolation stain. A few DBs spanned the entire AOI, thus the 
mean lengths may be larger than classified. The maximum width of a DB 
was approximately 3 grain diameter or 250 μm. 

3.2. The effect of grain boundaries on the pathway of deformation bands 

The pathways of deformation were examined relative to GBs and 
based on the degree of accommodated strain. A visual inspection of the 
DBs relative to GBs, was conducted, a representative region is shown in 
Fig. 8. Fig. 8 was created by superimposing the GBs onto the DBs pre-
viously shown in the boxed region of Fig. 6b. As expected, the plastic 
deformation accumulated parallel to the plane of MSS. However, several 
encircled regions show deformation which deviated from the plane of 
MSS near GBs. These deviations appeared more common at lower 
percolation strains and are investigated further in the following analysis. 

The ability of a GB to influence the pathway of DBs was examined by 
characterizing the angular deviation of each DB relative to the nearest 
GB at each percolation strain. First, a skeletonized DB was divided into 
segments measuring 16 μm in length, as shown in Fig. 9a. Note, this 
analysis has been repeated with DB segments ranging between 8 μm and 
20 μm in length with no effect on the reported trends. Next, the angle 
between adjacent DB segments was determined. This quantity is defined 
as the deformation band deviation (DBD), as shown within Fig. 9b. Once 
a DBD was determined for a DB segment, all pixels within that DB 
segment would be assigned that DBD. The distance between DB seg-
ments and the nearest GB was determined by measuring the distance 

Fig. 11. The distribution of γmax as a function of the distance to the nearest GB, as shown for the (a) torsion, (b) 2:1 torsion, (c) 2:1 tension and (d) tension specimens.  
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between each DB pixel and every surrounding GB pixel, the minimum 
distance was identified for each corresponding DB pixel. If the DB was 
coincident with the GB, the distance reported is zero. For the lowest 
percolation strain, 0.003, the DBD spans from 0◦ – 90◦, as shown in 
Fig. 10(a), (d), (g) and (j). As the percolation strain increases to 0.006 
and 0.009 the DBD trends toward 0◦, as shown in Fig. 10(b-c), (e-f), (h-i) 
and (k-l). These results demonstrate that DBs have a greater effect on the 
pathways of DBs at relatively low strain magnitudes, while DBs with 
larger degrees of strain are more directly influenced by the plane of MSS. 

For validity, the method utilized to determine the DB pathways 
should validate previous literature, wherein GBs are observed to accu-
mulate the largest degree of deformation. The γmax magnitudes were 
binned by distance to the nearest GB and are shown for each specimen 
within Fig. 11. As expected, DB locations near GBs localized the greatest 
degree of deformation and serve as a confirmation that the method 
utilized to define DBs is reasonable. 

3.3. The role of grain size and texture on the pathway of deformation 
bands 

The probability of a DB interacting with a grain based on the grain 
size (diameter) is examined for all loading cases. Utilizing the 

skeletonized DBs and a percolation strain of 0.003, grains with and 
without DBs were partitioned into two categories. For all specimens, the 
largest grains had the highest probability of containing a DB, as shown in 
Fig. 12. On average, DBs formed in grains whose diameter were 1.6 
times larger, than grains without DBs. 

The preference for DBs to form in a specific crystallographic orien-
tation, relative to the plane of MSS, was examined for all grains within 
each specimen. For each specimen, the grain orientations were rotated 
by the angular difference between the specimen's longitudinal axis and 
the specimen's plane of MSS (about an axis normal to the plane of pol-
ish). An inverse pole figure projected onto the plane of MSS was created 
for each specimen, where grains with and without DBs are represented 
for a percolation strain of 0.003, as shown in Fig. 13. No clustering to-
ward a given crystallographic orientation was observed within the in-
verse pole figures, indicating no strong preference for DBs to form within 
a specific grain orientation, relative to the plane of MSS. The same 
analysis was repeated for the larger percolation strains, 0.006 and 0.009, 
and for all percolation strains utilizing an inverse pole figure projection 
along the specimen's longitudinal axis, no preferred crystallographic 
orientation was observed for DB formation. The absence of a preferred 
grain orientation for DB formation is not surprising due to the weak fiber 
texture of the material. 

Fig. 12. The cumulative probability that DBs exist within grains as a function of size, as shown for the (a) torsion, (b) 2:1 torsion, (c) 2:1 tension and (d) ten-
sion specimens. 

J. Rotella et al.                                                                                                                                                                                                                                  



Materials Characterization 182 (2021) 111552

12

3.4. RVE sizing considering the residual deformation state and 
deformation band features 

The methodologies presented in Section 2.5 established a relation-
ship between the macroscopic strain state of the material, the macro-
scopic approach, and the number of DBs required to achieve an 
equivalent deformation state within a RVE, the micromechanical 
approach. The ̃r for each specimen is shown within Fig. 14a. At RVE edge 
lengths above 1000 μm the ̃r for all specimens are observed to converge, 
and above 1500 μm, the difference between individual specimens be-
comes negligible. The r̃∅ of all specimens is shown in Fig. 14b. A RVE 
edge length of 1610 μm minimizes r̃∅ and would encompass 446 grains 
of average diameter, 86 μm. The number of DBs that would appear in a 
RVE with an edge length of 1610 μm is calculated utilizing the mean DB 
measurements from Fig. 7 and Eq. 7. Approximately 18 DBs are required 
for the full range of percolation strains investigated as notated in 
Fig. 14b. 

4. Discussion 

The macroscopic tension torsion stress states resulted in plastic flow 
that formed DBs, which spanned multiple grains, as shown in Figs. 3 and 
4. The presence of distinct deformation pathways through the micro-
structure were explicitly shown by Abuzaid et al. [10]. From such 
studies of uniaxial loading utilizing DIC, deformation bands are well 
aligned with the plane of MSS, yet from this single condition, the role of 
the microstructure was not able to be distinguished from the overall 
applied loading condition. In this study, the development of the DBs was 
assessed in relation to (i) the plane of MSS and (ii) microstructural 

features. Additionally, a mesoscale RVE edge length was determined 
which captured the variability in the mechanical response of the ex-
periments as well as the DB features. 

The DBs with the longest lengths and having the largest strains were 
found to be nearly coincident with the plane of MSS as determined by a 
Mohr's circle analysis for each loading condition. The distinct orienta-
tion and magnitude of DBs within the microstructure has been referred 
to as strain patterning. Utilizing DIC with slip band resolution, Lunt et al. 
[20] quantified the spatial strain variation based on strain patterning 
features, but did not address how the strain pattern was affected by the 
presence of GBs. In addition to agreeing with the continuum solution, 
the DBs identified utilizing the largest percolation strain, 0.009, were 
found to be the least perturbed by GBs, as shown in Fig. 10. In a way 
these DBs act as a conduit though which the largest deformations are 
accommodated. Past studies have shown that deformation which is 
inter-connected over two or more grains results in higher slip intensities 
along slip bands [47], promotes crack initiation [14], and are ultimately 
locations of material failure [13,48]. These results are consistent with 
the previous literature regarding slip inter-connectivity. 

In tandem with DBs parallel to the plane of MSS, DBs of smaller 
length and having lower amounts of strain formed at orientations that 
differed from the plane of MSS to maintain compatibility within each 
specimen. This behavior is shown in Fig. 8, where portions of DBs can be 
seen deviating nearly perpendicular to the plane of MSS. Previous 
studies discuss the importance of compatibility between grains, wherein 
deformation of one grain requires the neighboring grains to also 
accommodate deformation, such that the interface between the grains 
remains intact [49–51]. This constraint creates stresses within the 
neighboring grain [11,52] and may cause deformation to occur in a 

Fig. 13. Inverse pole figure projection of every grain with respect to the plane of MSS within the (a) torsion, (b) 2:1 torsion, (c) 2:1 tension and (d) tension specimens. 
Grains that contain a DB are shown in blue, while grains that do not contain DBs are shown in red. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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direction that does not coincide with the plane of MSS. Further, high 
energy x-ray diffraction microscopy (HEDM) experiments show that in 
the presence of a macroscopic uniaxial stress the grain level stresses 
produced are often similar in magnitude but occur in the all directions, 
including the directions normal to the applied load [53]. Utilizing 
HEDM, Chatterjee et al. [54] observed large variations in stress triaxi-
ality within neighboring grains in Ti-7Al, positioning GBs as preferred 
sites for deformation deviation. 

The largest deviation of DBs from the plane of MSS were found to 
coincide with GBs, wherein a DB would deviate along a GB. The stress 
near GBs is greater due to the obstruction of dislocation motion [12] and 
the aforementioned compatibility related stresses. In this study, the DBs 
with the lowest percolation strain, 0.003, experienced the largest de-
viations near GBs as compared to the larger percolation strain DBs, as 
shown in Fig. 10. This is in agreement with the theory of multi-slip 
[55,56] wherein the number of slip systems activated is governed by 
the amount of deformation accommodated, therefore larger percolation 
strain DBs have less deflection because of the increased slip system 
actively near the GB region. This finding is in concurrence with Ashby 
[30], wherein the effect of internal grain level stresses on deformation 
were most impactful before the onset of larger strain events such as 
multi-slip, which relieve the internal stresses near the GBs. 

RVE sizing for Ti-7Al has been approached through a variety of 
characterization-based and simulation-based methodologies, which has 
in turn produced a range of effective RVE sizes, as shown in Table 4. The 
methodology of Balzani et al. [36] was modified in this study to apply 
the residual plastic strain to establish a RVE edge length. The novel 
aspects of the presented method are that the plastic strains measured 
through DIC are coupled to the global residual strain and that the 
required number of DBs for the RVE are determined. The reported RVE 
encompasses 446 grains and contain 18 DBs. The number of grains 
required in the presented RVE fall in the middle of Ti-7Al RVE in-
vestigations from the literature, which required between 200 grains and 
750 grains, as shown in Table 4. The number of grains within the RVE 
presented in this study (446 grains) is 10% and 15% lower than the 
mean (493 grains) and median (515 grains) number of grain presented 
in literature-based Ti-7Al RVEs [32,35,57,58], respectively. A subset of 
the RVEs from the Ti-7Al literature are presented in Table 4. The pre-
sented RVE required fewer grains than many of the past Ti-7Al RVE 
investigations, this could be partially due to image resolution. As image 
magnification is increased, greater degrees of strain heterogeneities 
become visible [34]. This added variability will increase the number of 
grains needed within the RVE. Ti-7Al is a model material for more 
complex α/β titanium alloys, such as Ti-6242S (Ti-6Al-2Sn-4Zr-2Mo- 
0.1S by wt%) and Ti-6242 (Ti-6Al-2Sn-4Zr-2Mo by wt%). RVEs which 
have been utilized to instantiate crystal plasticity finite element simu-
lations were selected from literature to compare with the current study 
[59–62], a subset of which is shown in Table 4. The number of grains 
within the RVE presented in this study (446 grains) is 9% and 5% higher 
than the mean (408 grains) and median (423 grains) number of grains 
presented in the Ti-6242S and Ti-6242 RVEs from literature [59–62], 
respectively. The number of grains required to capture the DB statistics 
and macroscopic deformation behavior is also in agreement with ste-
reological observations which found the number of grains required to 
capture the mean grain size of a material is 500 grains [63]. Although 
the number of grains is similar when comparing the presented RVE and 
literature based RVEs the DB features tracked in this study are not 
readily visible in the literature RVEs. This difference is due to the surface 
area disparities which can be represented as a number of grains per edge 
length of the RVE. Comparatively, the RVE presented in this study re-
quires, on average, between 1.6 and 2.5 times more grains per edge 
length, 18.7 grains per edge length, as compared to the Ti-6242(S) (11.9 
grains per edge length) and Ti-7Al (7.3 grains per edge length) literature 
values, respectively. Increasing the number of grains per edge length of 
future simulations may increase the likelihood of capturing these 
interconnected DBs. Overall, the presented RVE methodology requires 
that the number of grains per edge length be increased to capture the 
mesoscale DB features investigated in this study. The meso-scale RVE 
methodology or MPSS model described within this study is widely 
applicable and can be utilized with any feature of interest and the 
resulting in-plane strain information. 

The limitations of single camera DIC and optical image resolution are 
acknowledged as potential sources of uncertainty in the current study. 
More specifically, a single camera approach does not capture any out-of- 
plane displacement data. While every effort was made to keep the 
specimen surface planar, some deformation details could have been 
unmeasured due to this constraint. It should be noted that the crystal-
lographic slip events were not captured as discrete events as shown in 
many high-resolution DIC studies, instead they were homogenized due 
to the resolution limitations of optical microscopy. The presented RVE 
edge length was 80% of the AOI edge length in each specimen. Each AOI 
contained 690 grains of average size. Future studies should consider 
imaging larger AOI's, containing 1000+ grains of average size to ensure 
that sufficient area is available for analysis. Lastly, the size of the DBs 

Fig. 14. (a) The average macroscopic error, r̃, and (b) the overall mechanical 
error, r̃∅, are shown as a function of the RVE edge length. The number of DBs, 
which minimize r̃∅ are noted for each percolation strain. 
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described here were measured under quasi-static loading conditions at 
room temperature. It should be noted that previous work by Follansbee 
and Gray [64] demonstrated higher strain rates or temperatures increase 
the number of active deformation mechanisms, such as twinning and 
cross-slip, within the alpha phase of titanium alloys. This may cause the 
DBs and the corresponding RVE edge length to vary in size. 

5. Conclusions 

A series of multiaxial deformation experiments were conducted on a 
near-alpha titanium alloy, wherein DB formation was examined over the 
mesoscale. A three-step process of strain thresholding, data percolation, 
and skeletonization defined the location DBs, which spanned many 
grains. The DBs overall orientation as well as any local angular de-
viations were assessed for all loading conditions and percolation strains. 
The DB statistics were utilized to explore the number of DBs needed to 
minimize the overall mechanical error of a RVE and were compared with 
RVE values from literature. The following conclusions can be derived 
from this study:  

• The DBs which formed parallel to the plane of maximum shear stress, 
as determined by the Mohr's circle approach, were observed to be the 
longest and carried the largest degree of deformation. The spatial 
distribution of DBs is influenced by grain size, as they form in grains 
that are, on average, 1.6 times larger than the average grain size. The 
DBs did not prefer to form in grains with any specific crystallographic 
orientation.  

• In tandem with the DBs formed parallel to the plane of maximum 
shear stress, smaller DBs, in both length and degree of deformation, 
formed an interconnected network to maintain compatibility in the 
specimens. These inter-connected DBs were more susceptible to de-
viations from the plane of maximum shear stress and occurred near 
GBs. The largest strain accumulations within the DBs were observed 
to occur near GBs.  

• The mesoscale plastic strain sizing (MPSS) model utilized DB features 
and in-plane-plastic strain measurements to establish a RVE edge 
length. Both the macroscopic residual deformation and underlying 
DBs were used in tandem to describe a mesoscopic RVE edge length 
that could capture the overall deformation response as well as the 

Table 4 
List of previous RVE investigations of Ti-7Al, Ti-6242 and Ti-6242S. Ti-7Al studies are ordered from largest to smallest number 
of grains per edge length. The method for determination and notes from each experiment are listed. The current study is 
highlighted. 

Author Material Method for 
determination

Number of 
grains 

within RVE

Average 
grain 
size 
(μm)

Grains 
per edge 

length

Notes

Rotella, 
2021

Ti7Al See Sections 2.5 
and 3.4

446 86 18.7 Current study

Ghosh, 
2016 
[58]

Ti7Al 2D EBSD 
characterization 
match of grain size 
and misorientation 
distributions

515, 529 40, 70 7.5, 13.7 Error metric 
minimized below 2% 
for RVEs containing 
more than 480 grains

Sangid, 
2020 
[35]

Ti7Al Utilizing 3D HEDM 
measurements. 
Average or 
standard deviation 
of the sampled 
grains within 5% of 
the expected value.

200, 750 86 4.7, 7.3 The variability in the 
assessed quantities 
increases as a 
function of load. RVEs 
were evaluated at 
maximum load.

Ozturk, 
2019 
[32]

Ti7Al 2D EBSD 
characterization 
match of grain size 
and misorientation 
distributions

541 100 6.6 Micro-model used to 
evaluate regions of 
high stress in the 
macroscopic model.

Anahid, 
2013 
[59]

Ti-6242 2D EBSD 
characterization 
match of grain size 
and misorientation 
distributions

343 7.5, 15, 
30

11.3 Stress fields from 
macroscopic FE 
models, micro-model 
informs trends in 
crack initiation

Zhang, 
2020 
[60]

Ti-6242S 2D EBSD 
characterization 
match of grain size 
and misorientation 
distributions

145 10.21 8.5 94% α-phase, small 
micro-model used to 
inform eigen 
deformation-based 
reduced-order model.
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population of the DBs within the RVE. The overall mechanical error 
is minimized when the RVE edge length is 1610 μm, which encom-
passes an average of 446 grains and 18 DBs for all three percolation 
strains. As the RVE becomes smaller the mechanical response no 
longer matches the global response of the specimen, due to an 
exponential increase in the overall mechanical error. In order to 
capture well defined DB features within an RVE, this 2D analysis 
recommends 18.7 grains per RVE edge length which is significantly 
more than previous studies in the literature utilizing similar material, 
as referenced in Table 4. 
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