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The purpose of this work was to characterize the spatial distribution of residual deforma-
tion at the mesoscale (a few grains) and at the macroscale (hundreds of grains) in titanium
subjected to cyclic tensile loading. Using ex situ digital image correlation, we compared the
axial residual strain fields obtained at optical magnifications ranging from 3.2� to 50�. To
compare the results obtained at different optical magnifications, numerous images at
higher magnification had to be assembled to encompass the same field-of-view observed
at lower magnifications. The strain fields at the highest optical magnification revealed
deformation patterns that were not detectable at lower magnifications. These deformation
patterns appeared as inclined slip bands near grain boundaries and grain boundary triple
points, with the bands sometimes crossing into neighboring grain interiors. Measurements
made at optical magnifications greater than 10� captured an underlying deformation pat-
tern, however, considerably more detail within grains was obtained at 50� magnification.
The strain fields obtained at 10� and 50� magnifications were subsequently used to esti-
mate the length scale of a representative volume element (RVE) based on the standard
deviation of the average residual strain. The estimated RVE length scale was nearly three
times the average grain diameter if extracted from the 50� results. The estimate of the
RVE length scale was smaller at lower magnification which was due to a homogenizing
effect caused by the low measurement resolution. Thus, care must be taken when experi-
mentally obtaining RVE length scale estimates.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction and motivation

Grade 2 pure titanium ðaÞ has a hexagonal close-packed crystal structure. It is known that these low-symmetry crystal
structures do not have sufficient slip systems to accommodate an arbitrary deformation, and therefore the collective behav-
ior of grains, and grain–grain interactions become increasingly important. This can lead to heterogenous deformation which
may appear as networks of intersecting slip bands inclined to the loading direction. Although traditional continuum plastic-
ity calculations do not capture this phenomenon, more rigorous finite element calculations (with crystal plasticity formula-
tions) have been able to capture some aspects of the experimentally observed heterogeneous deformation, see Beaudoin
et al. (1998), Mika and Dawson (1999), Delaire et al. (2000), Barbe et al. (2001), Raabe et al. (2001), Clayton et al. (2002),
Crepin et al. (2007), and Zhao et al. (2008).

In some finite element studies, experimental measurements are used as input parameters and to verify and validate the
predicted mechanical behavior. In most previous works, verification and validation is only conducted at one length scale
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because of the difficulty in obtaining multiscale measurements. However, it is clear that deformations at one length scale
may manifest differently at larger length scales, especially for materials with inhomogeneous microstructures, see Cho
and Chasiotis (2007). One purpose of this work is to show how different optical resolutions influence the measured strain
field, and the corresponding characterization of the residual strain heterogeneity.

Based on the so-called homogenization technique used in traditional continuum plasticity models, deformation hetero-
geneities (for example, the strain resulting from motion of discrete dislocations) are averaged-out above the length scale of a
representative volume element (RVE). In recent years, the emergence of systematic experimental investigations and numer-
ical simulations have challenged traditional continuum plasticity models which suggest that in the absence of plastic insta-
bilities, homogeneous loads produce spatially homogeneous deformations. For example, Miguel et al. (2001a,b), Weiss et al.
(2001), Zaiser (2001), and Weiss and Marsan (2003) have reported that dislocation glide leading to plasticity is characterized
by intermittent ‘‘deformation bursts”. These deformation bursts, or strain heterogeneities, occur from collective motion of
large numbers of dislocations. Similarly, researchers have experimentally and numerically observed heterogeneous deforma-
tions due to grain–grain interactions which can lead to deformation patterning, see Tong (1997), Delaire et al. (2000), Barbe
et al. (2001), Raabe et al. (2001), Clayton et al. (2002), Sachtleber et al. (2002), Schroeter and McDowell (2003), Tatschl and
Kolednik (2003b), Zhang and Tong (2004), Crepin et al. (2007), and Zhao et al. (2008). An understanding of these deformation
heterogeneities has practical significance in applications. For example, Beaudoin et al. (1998) reported that heterogeneous
deformation can introduce undesirable effects such as surface roughening, and necking during metal forming operations.
Other practical significance arises in the miniaturization of devices where the overall response of the structure is strongly
influenced by deformation heterogeneity. For example, grain scale strain heterogeneities may cause loss of structural stabil-
ity in miniature devices whereas they may not have in bulk components.

Such strain heterogeneities occurring on different length scales imply that great care must be taken when applying
homogenization techniques. At the heart of homogenization techniques is the representative volume element (RVE).
Although many definitions of a RVE exist, and numerous experimental and numerical studies characterize RVEs based on
microstructure and/or elastic deformation, no experimental measurements exist on what constitutes a RVE for plastic defor-
mation. Furthermore, experimental determination of the RVE length scale is not generally possible unless internal three-
dimensional measurements are available. However, most studies in experimental mechanics, including the present one, in-
volve two-dimensional surface measurements. In this study, the two-dimensional strain measurements from digital image
correlation (DIC) will be used, and therefore the results will provide what can be thought of as a representative surface ele-
ment (RSE) rather than a RVE. There is no universal relation between a RSE and a RVE. In fact simulating three-dimensional
microstructures based on surface measurements is an active area of research as was recently shown by St-Pierre et al. (2008).
For lack of a better alternative, in the current work which is primarily focused on the multiscale assessment of heteroge-
neous deformations using DIC, we will simply assume that the third (i.e., thickness) direction will include a similar number
of grains in the RVE aggregate. In this work, multiscale surface strain field measurements will be used to determine a RSE,
and by extension, a RVE length scale. It is expected that if a deformation was completely homogeneous, the strain fields
would be identical at the microscale and the macroscale, and hence the RVE length scale would not depend on measurement
resolution. However, in this work the deformations were found to be heterogeneous, and the measurement resolution was
found to critically affect the calculation of the RVE length scale.

Digital image correlation (DIC) is highly suitable for multiscale experimental studies because it does not possess an inher-
ent length scale. In most previous work, the DIC technique has been used at a single length scale (usually macroscopic), and
has proved to be very useful in investigating strain heterogeneities as was shown by Efstathiou et al. (2008) and Efstathiou
and Sehitoglu (2008). However, extending DIC to smaller length scales requires careful sample preparation and a more
sophisticated experimental apparatus. Although the DIC algorithm has no inherent length scale, the camera and lens com-
bination define a length scale which bounds the measurement resolution. The measurement resolution is effectively the
number of displacement measurements per unit length; this is typically proportional to the optical resolution (pixels/unit
length). A multiscale assessment of the deformation field is important because, as it will be shown, low optical resolutions
tend to ‘‘smear-out” the details of the strain field measurements. This ‘‘smearing” is shown to affect the general character-
istics of the strain field as well as the RVE determination. A goal of the current multiscale investigation is to determine how
mesoscale and macroscale deformation fields are related, and how measurement resolutions influence sub-grain level strain
measurements. This work is unique because we utilize optical imaging to describe the strain distribution on a grain level for
large numbers of grains, and we report the experimental and analytical requirements for obtaining full-field measurements
which could be used for validating plasticity models.
2. Background

A number of recent experimental investigations have utilized either DIC, see Tong (1997), Raabe et al. (2001), Sachtleber
et al. (2002), Tatschl and Kolednik (2003b), Zhang and Tong (2004), and Zhao et al. (2008), or grid techniques, see Delaire
et al. (2000), Schroeter and McDowell (2003) and Crepin et al. (2007), to furnish full-field strain measurements at the grain
scale (see Table 1). Some advantages and disadvantages of both measurement techniques can be found in Schroeter and
McDowell (2003), but it is worth mentioning that DIC was selected for the current multiscale investigation because the ap-
plied speckle patterns inherently provided contrast features at multiple length scales. Many previous studies considered
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Table 1
A list of experimental parameters for previous investigations and the current investigation which obtained sub-grain or grain scale measurement resolution.
The table is sorted according to the metrology method. Note that the approximate number of grains is listed for the field-of-view (FOV).

Imaging technique Material Avg. grain size FOV studied Approx. No. of grains Ref.

DIC SEM Al 3.5 mm 8� 6 mm2 20 Zhao et al. (2008)
SEM Cu 50 lm 250� 200 lm2 16 Tatschl and Kolednik (2003b)
SEM Cu 100 lm 180� 130 lm2 1 Tatschl and Kolednik (2003a)
SEM Al 3.5 mm 15� 10 mm2 18 Raabe et al. (2001)
Optical Ti 30 lm 450� 300 lm2 150 Current
Optical Fe–Cr–C 10 lm 160� 140 l m2 14 El Bartali et al. (2008)
Optical Al–Mg 3 mm 4� 3 mm2 10 Zhang and Tong (2004)
Optical Al 3.5 mm 5� 5 mm2 9 Sachtleber et al. (2002)

Grid method SEM Zr 50 lm 500� 500 lm2 100 Crepin et al. (2007)
SEM Fe 2 mm 16� 4 mm2 27 Hoc et al. (2003)
SEM Fe 20 lm 175� 175 lm2 87 Hoc et al. (2003)
SEM Cu 70 lm 200� 400 lm2 20 Schroeter and McDowell (2003)
SEM Cu 1 cm 3:5� 1:75 cm2 9 Delaire et al. (2000)
SEM Fe–C 20 lm 175� 175 lm2 76 Hoc et al. (2000)
SEM Fe–C 20 lm 300� 225 lm2 114 Hoc and Rey (2000)
SEM Fe–C 30 lm 260� 130 lm2 76 Lineau et al. (1997)
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coarse grained polycrystals to obtain sub-grain measurement resolution. Also note these studies were conducted on mate-
rials exhibiting cubic symmetry crystal structures except for the research by Crepin et al. (2007). These previous investiga-
tions were successful at describing heterogeneous deformation phenomena at the grain scale for uniformly applied loads.
The general conclusions from these studies are summarized in the following.

Raabe et al. (2001) reported that the most important contributions to grain scale plastic heterogeneity originate from the
macroscopic strain profile, hardness of individual crystals, grain boundary effects, and grain interactions. More specifically,
in some regions of the sample, strain differences ranging from 2% to 15% occur inside grains, which seems to be promoted by
strain localization near grain boundaries and grain boundary triple points. In other regions, not influenced by grain bound-
aries, a cluster-type deformation process (relatively uniform deformation of regions containing multiple grains) was ob-
served. In subsequent work, Sachtleber et al. (2002) emphasized two types of grain deformation behavior; the first type
was noted for individual grains which deform homogeneously (proportionally and according to their orientation factors),
and the second type was the cluster-type deformation which had a fairly homogeneous strain over several grains. They also
pointed out that strain localization seemed to initiate at grain boundary triple points, and grain boundaries inclined 45� to
the applied loading direction.

A similar strain localization was observed by Delaire et al. (2000) who reported intragranular strain bands extending from
grain boundaries and grain boundary triple points. Tatschl and Kolednik (2003b) noted that the number of active slip sys-
tems were greater near grain boundary regions compared to grain interiors. Zhang and Tong (2004) also reported more dense
slip-plane traces near grain boundary triple points, and crossing of slip-plane traces from one grain into another. The strain
fields suggested that macroscopic shear zones in grain interiors extend continuously across grain boundaries. Similarly,
Schroeter and McDowell (2003) found microbands in narrow portions of grains, and the formation of macroscopic shear
bands across a scale encompassing several grains at larger deformations. Zhao et al. (2008) reported that grain shape and
microtexture significantly influence strain heterogeneity. Surface roughening profiles were found to be related to grain inter-
actions, and macroscopic strain heterogeneity. They noted that the absence of many grain boundaries to provide dislocation
barriers in their coarse grained sample was conducive to strain localization. Finally, more recently, in the study reported by
Crepin et al. (2007), strain heterogeneity was found to correlate with the morphology and crystallography of the microstruc-
ture. Strain localization was found to be concentrated in banded regions typically grain boundaries inclined ±45 to the ap-
plied loading. These regions, containing 5–10 grains, were found to have similar Schmid factors.

It is obvious, from the summary of experimental investigations presented above, that heterogeneous deformations result-
ing from microstructural aspects such as grain orientation, grain size, grain shape, grain boundaries, and grain–grain inter-
actions are present in plastically deforming polycrystals. Several finite element models have implemented experimental
measurements of grain size and shape, and grain orientations to predict measured strain fields, see Delaire et al. (2000),
Barbe et al. (2001), Raabe et al. (2001), Clayton et al. (2002), Crepin et al. (2007), and Zhao et al. (2008). A critical parameter
in these models is the length scale of a RVE (representative volume element).

The first definition of a RVE was given by Hill (1963, 1967). Hill used the term representative volume when referring to a
sample that (a) ‘‘is structurally entirely typical of the whole mixture on average”, and (b) ‘‘contains a sufficient number of
inclusions for the apparent overall moduli to be effectively independent of the surface values of traction and displacement,
so long as these values are macroscopically uniform”. Thus, experimental determinations of RVE length scales are typically
based on the morphological appearance (grain size and shape, phase constituents, etc.), see Heggli et al. (2005), or based on
elastic properties, see Liu (2005) and Cho and Chasiotis (2007). Numerical studies by Drugan and Willis (1996), Gusev (1997),
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and Ren and Zheng (2004) have determined various RVE length scales for elastically deforming materials. For example, Dru-
gan and Willis (1996) reported that the minimum RVE length scale was at most twice the reinforcement diameter for elastic
composites. Gusev (1997) numerically determined that the RVE length scale could be up to 24 times the average inclusion
size for elastically isotropic response of a polymer matrix with silica spheres. Ren and Zheng (2004) obtained a minimum
RVE length scale of approximately 20 times the crystal size for 500 kinds of cubic polycrystals. In the previously mentioned
studies, the RVE was restricted to definitions based on elastic properties. Determining the RVE length scale due to other
mechanisms of deformation such as twinning, grain boundary sliding, or plasticity appear limited in literature. For example,
one numerical study was found which discussed the effect of grain boundary sliding on the RVE length scale in columnar-
grained ice, see Elvin (1996). In another numerical study, Ostoja-Starzewski et al. (2007) showed that the RVE length scale
increases for different mechanical behaviors in the following order: linear elasticity, linear thermoelasticity, plasticity, and
nonlinear elasticity. Most recently, the RVE length scale of a plastically deforming aggregate was numerically determined as
approximately two times the grain size for cubic polycrystals with isotropic plastic response, see Ranganathan and Ostoja-
Starzewski (2008).

To our knowledge, no experimental investigation has reported a RVE length scale that considers damage or plastic het-
erogeneities even though many experimental studies report these deformation mechanisms (all references in Table 1).
Determining a RVE length scale for a plastically deforming polycrystal is obviously a difficult task since certain material
properties may evolve drastically with deformation. For example, some difficulties may arise from evolving degrees of geo-
metric hardening, dislocation hardening, phase transformations, twinning, and other interacting effects at different stages of
deformation. Part of the current work will be to illustrate some of the issues associated with determining the RVE length
scale for plastically deforming polycrystals. This work will address the following questions:

� What is the spatial distribution of the residual strain after uniaxial loading in pure titanium polycrystals?
� How is the microstructure related to the residual deformation fields?
� How can the strain field measurement be used to determine a RVE length scale?
� How does the measurement resolution affect the above?
� What measurement resolution is required for sub-grain, and inter grain strain field measurements?

3. Materials and methods

Commercially available Grade 2 pure Ti was electro-discharged machined from an annealed cold-rolled plate. Specimen
dimensions in the gauge section were 3 � 1 � 10 mm3. A subsequent recrystallization treatment was conducted at 800 �C for
24 h in a pressurized argon environment. The vessel was evacuated and purged with argon gas three times to remove reac-
tive gases which would heavily oxidize the specimen surface. To reveal grain boundaries, the sample was polished using 800
grit, and subsequently etched in Kroll’s reagent. Using optical microscopy, the average grain size was estimated as 30 lm. A
small region of the specimen surface was marked with Vickers indentations as reference points. This region was imaged
using an Olympus microscope (model BX51M optical) at 1.6� magnification and is shown in Fig. 1. Also shown in Fig. 1
are the approximate field-of-views (FOVs) at several other magnifications for which results will be presented. The approx-
imate dimensions of each FOV, and the corresponding optical resolution is listed in Table 2. The Vickers indentations shown
in Fig. 1 were used to uniquely identify the relative location of the FOV between different magnifications in order to accu-
rately compare the results between magnifications. Since the FOV decreases considerably from 3.2� to 50� magnification,
Fig. 2 is included to point out the particular region which was investigated at higher optical magnifications.
Fig. 1. A micrograph showing the relative size of several field-of-views. The loading axis is in the horizontal direction.
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Table 2
Approximate field-of-view dimensions and optical resolutions at different magnifications.

FOV Optical resolution
ðlm� lmÞ ðlm=pixelÞ

3.2� 3000 � 2260 1.359
10� 761 � 526 0.435
20� 352 � 264 0.218
25� 279 � 209 0.174
50� 140 � 104 0.087

Fig. 2. A micrograph obtained at 10�magnification showing the relative size of the 20� and 50� field-of-views. Note the arrow points to a particular grain
which will be used as a reference location for comparison of strain fields at different magnifications.
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In Fig. 2, the 10� (entire image), the 20�, and the 50� FOV is shown, and an arrow which points to a reference grain. This
reference grain is a unique feature that was visible in all FOVs above 10�, thus serving the same purpose as the Vickers
indentations at lower magnifications. Note that the grainy appearance is due to the speckle pattern applied to the surface
with flat black paint. The 25� FOV is left out for figure clarity. The dashed white box outlines the particular region where
measurements at 10�, 25�, and 50�will be compared. It is evident that 20�, 25�, and 50�magnifications do not have large
enough FOVs to represent the entire region with a single image. To overcome this limitation, a three axis motion control sys-
tem was used to translate the sample and obtain multiple overlapping images.

The motion control system consisted of three stepper motors, each attached to a slide which was controlled by Labview
software developed in-house. This system allowed the sample to be translated underneath the microscope lens with a res-
olution of 2 lm/step, thus enabling an array of images (for example, 3 columns by 4 rows at 50�; i.e., 12 images) to be ob-
tained in the region of the dashed white box in Fig. 2. Occasionally in the highest resolution experiments, image arrays with
up to 8 columns by 7 rows (i.e., 56 images in total) would be sampled. Each image overlapped its neighbor by approximately
30% to ensure the image correlation results were continuous over the region.

Uniaxial tensile testing was conducted at room temperature on a servohydraulic load frame. The specimen was loaded
with a constant cross-head displacement rate of 5 � 10�3 mm/s in three increments to an approximate nominal residual
strain of 0.6%, 0.8%, and 0.9% (measured from the cross-head displacement, see Fig. 3). The resulting strain field from each
loading increment is referred to as the total accumulated residual strain, and is simply the addition of each increment. More
specifically, after the first load cycle the total accumulated residual strain is 0.6%, after the second load cycle the total accu-
mulated residual strain is 0.6% + 0.8% = 1.4%, and after the third load cycle the total accumulated residual strain is
0.6% + 0.8% + 0.9% = 2.3%.

After each increment of deformation, the specimen was removed from the load frame and imaged using the microscope at
3.2�, 10�, 20�, 25�, and 50�magnification. All images were oriented with the horizontal direction aligned with the loading
axis, and were obtained with a IMI model 202FT digital camera (1600 � 1200 pixels2). These images were used to measure
the displacement fields by digital image correlation (DIC).

The DIC technique measures displacement fields by tracking features on the specimen surface with a random speckle pat-
tern, see Dally and Riley (2005). Paint based speckle patterns were applied to the surface of polished and etched specimens
using an Iwata Micron B airbrush. To perform DIC, the reference image is first divided into small square regions called sub-
sets. Each subset represented a square region with approximate dimensions listed in Table 3. Through a minimization algo-
rithm described in Dally and Riley (2005), the deformed image is scanned to determine the subset that best correlates with
Please cite this article in press as: Efstathiou, C., et al. Multiscale strain measurements of plastically deforming polycrystalline titanium:
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Fig. 3. The nominal stress–displacement curve obtained from the cross-head displacement. The black circular markers indicate when images were
acquired. Note that the reported residual strain measurements are listed for each individual load cycle.

Table 3
The linear dimension of the square subset, and the average strain, the maximum strain, and the minimum strain measured over the FOV (in percent).

Subset size ðlmÞ Subsets/Grain Avg. Max Min

3.2� 77 0.5 0.77 1.40 0.23
10� 18 1.9 0.81 1.80 0.03
20� 11 3.2 0.80 1.88 �0.05
25� 12 2.9 0.72 2.38 �0.45
50� 6 5.8 0.75 3.10 �0.75
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the original subset in the reference image. The resulting displacement field is then differentiated to obtain the strain field
according to a central-difference scheme (see below). Including higher order displacement gradients had an insignificant ef-
fect on the results.

Computer algorithms have been established to conduct these calculations and are often quoted of having sub-pixel accu-
racy (±0.02 pixels), see Dally and Riley (2005). The sub-pixel accuracy is obtained by interpolating the discrete intensity pat-
terns. Interpolating between pixels is also necessary because the speckles of the deforming object may deform to a general
location not coinciding with an exact pixel.

To provide a full-field description of displacements or strain, it is necessary to have many correlation points (i.e., the cen-
ter point of each subset) within the area-of-interest, and therefore the subsets are usually spaced every 10 pixels. Using a
central-difference scheme, implemented in the commercial software (see Vic-2d, 2008), the strain field was computed at
the center of each subset. The strain averaging scheme is based on strain averaging over a window. The window size is char-
acterized by a number of measurements for which 3 � 3 is a minimum value for the software employed. The imposed min-
imum value on the window size is due to the central-difference scheme implemented in the software. All of the results
reported are averaged with a window size of 3 � 3, and step sizes of 10 pixels. Thus, an estimate of the strain confidence
level can be calculated as �0:02

20 ¼ �0:1%, where ±0.02 is the sub-pixel accuracy and 20 pixels is the length over which the
differentiation is conducted.

Further details on the application of DIC can be found in Chu et al. (1985), and a general background on DIC is given in
Dally and Riley (2005). To conduct measurements in areas larger than a single image, the correlation procedure described
above is slightly modified, and this is discussed next.

Digital image correlation was performed on the image-pairs1 obtained at each magnification to compare the magnitude
and distribution of residual strain. Digital image correlation at 25� and 50� magnification was conducted by two different
methods to produce continuous strain fields over a FOV which was comparable to lower magnifications. The first method
was to correlate individual image-pairs, and then assemble the results to form a single continuous strain field representing
the entire region in the white dashed box outlined region in Fig. 2. The second method required first assembling individual
images to form several larger images that were used in the correlation. The results were then assembled to form a continuous
strain field representing the region outlined by the dashed white box in Fig. 2.

4. Multiscale deformation measurements

As previously mentioned, the sample was loaded in three cycles, and after each cycle the specimen was imaged. Fig. 4
shows the total accumulated residual strain distribution at the end of each loading increment as measured using DIC at
1 Image-pairs will be used in this work to refer to the reference and deformed image which are correlated to obtain the strain field.
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25�. The total accumulated residual strain refers to the effect of successive loading cycles as described earlier with reference
to Fig. 3. Since measurements are made after each unloading, the accumulated strain represents residual plastic strain per-
manently locked into the microstructure. It is possible, especially for the lower load level cycles and for the slip restricted hcp
material, that after unloading some grains may remain in a state of elastic straining, even at zero load, because of the local
constraint provided by its neighboring grains of differing texture which had undergone plastic straining. This type of
‘‘locked-in” elastic strains would also be included in the DIC measurement, and for this reason we have employed the term
‘‘accumulated residual strain” rather than ‘‘accumulated plastic strain” in this work. In Fig. 4, the first column represents the
residual strain after the first loading increment, the second column represents the total accumulated residual strain of the
first plus the second load increment, and the third column represents the total accumulated residual strain of the first plus
the second and the third load increment. Each strain field in the first column is the result of a correlation, and they represent
a different area along the sample width. Note that these images could be assembled together (top to bottom) to form a single
continuous strain field as described in the previous section, but they were not assembled to make this point clear. These re-
sults indicate that the plastic deformation initially appears somewhat uniform after the first load increment, and becomes
nonuniform after the second. Note that the first increment is shown with a color bar up to 1% strain. If this figure were plot-
ted on a common scale for all three loadings, the first loading would appear as one solid color, and therefore the conclusion
would be that it is completely homogeneous. By using this color scale it is clear that the strain field possess some smaller
scale heterogeneity even after the first load increment. The strain fields corresponding to the second load increment appear
to show strain heterogeneities in patterns that are inclined approximately ±45� to the loading direction. At the completion of
the third load increment, the strain field appears to have developed regions with significantly larger strains, and conse-
quently at this length scale it appears spatially somewhat more homogeneous again. Note, however, that the deformation
pattern after the third load increment has a significant numerical strain heterogeneity which ranges from approximately
0–4%.

Since the measurements in Fig. 4 were obtained solely at one length scale, it is not clear how the local strain heterogeneity
(strain magnitude, and the distribution) depends on microstructure or how it may depend on measurement resolution. To
assess the influence of length scale, and consequently measurement resolution, we will concentrate on the second loading
increment, and investigate how the apparent strain heterogeneities change with magnification.

Before presenting the strain field measurements for the second loading increment, a summary of the average, the max-
imum, and the minimum strain measured over the investigated region along with subset sizes are listed in Table 3 for all
optical magnifications. Then the results of individual correlations are presented to establish certainty in the deformation
field measurements across several length scales. Lastly a comparison of results at three optical magnifications will be pre-
sented over the sample region identified by the dashed white box in Fig. 2.

The average strain measurements agree with the nominally applied plastic strain of 0.8% after the second load increment
at all optical magnifications listed in Table 3. The average strain is calculated as the mean of all the measurements (more
than 12,000 measurement points) within the strain field. The maximum and minimum strains are approximate magnitudes
determined from the histogram shown in Fig. 5 by using a cut-off frequency of 25. The difference between the maximum and
minimum residual strain suggests the degree of strain heterogeneity increases with increased optical magnification. This is
also apparent by the broadening of the histograms with increasing optical magnification. The mean, the maximum and the
minimum strain values do not consider spurious measurements due to poor correlation. Poor correlations are easily identi-
fied because they are isolated and form in pairs. They appear as large strain magnitudes neighboring small strain magni-
tudes. As mentioned above, it is possible to have some grains that are appropriately (mis)oriented to remain residually
elastically strained upon unloading because of the plastically deformed surrounding grains. In the recrystallized Ti used here,
we believe that such grains are probably few. In addition, it is possible for some grains to have experienced residual com-
pressive strains, as evidenced by the small frequency of locally negative strains in the nominally tensile stress field. Evidence
of compressive axial residual strains after tensile deformation has been previously experimentally measured at the surface of
specimens, see Macherauch (1966) and Macherauch and Wolfstieg (1977), and most recently even within the bulk, see Lien-
ert et al. (submitted for publication).

Fig. 6 shows the sample surface before loading at 3.2� magnification with a red box indicating the imaged area, and the
approximate DIC subset size shown as a yellow filled square. The axial strain field is shown after an applied plastic strain of
0.8%. The strain field at 3.2�magnification appears nonuniform which is apparent by the green and blue regions. The strain
heterogeneities are larger than individual grains, and no sub-grain information can be inferred since the subset size is
approximately twice the average grain size (see Table 3). Note, however, that no obvious deformation pattern exists.

Fig. 7 shows the surface and the resulting residual strain field at 10�magnification. An underlying deformation pattern is
pronounced at this optical magnification. The pattern appears as bands of high strain inclined approximately ±45� to the
loading axis. Note that unlike the 3.2� measurments, the subset size is smaller than the average grain size at this optical
magnification (see Table 3). We also point out the reference grain which was identified in Fig. 2 with the white arrow. Note
that the corresponding arrow in the strain field points to the corner of a square deformation pattern which is inclined
approximately 45� to the loading axis. The square deformation pattern appears as a nominally green boarder with a purple
center. This small square deformation pattern, and the reference grain will provide a reference point to directly compare the
strain field measured at higher optical magnifications.

At 20� optical magnification, the overall deformation pattern appears even more detailed (shown in Fig. 8) than the strain
field obtained at 10� magnification. Again, note the arrow pointing to the reference grain, and the square deformation pat-
Please cite this article in press as: Efstathiou, C., et al. Multiscale strain measurements of plastically deforming polycrystalline titanium:
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Fig. 4. Axial strain fields at three locations along the specimen width obtained after cycle 1 (0.6%), cycle 2 (1.4%), and cycle 3 (2.3%). The strain fields
represent the total accumulated residual strain after each cycle. The scale bar is 100 lm long.
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tern. At 50� optical magnification two images were assembled prior to correlation, and the results are shown in Fig. 9. Also
shown in Fig. 9 is the strain field with white lines overlayed to suggest the location of grain boundaries. Consistent with the
results at 10� and 20�, the square deformation pattern is present with approximately 1.5% strain along the edges and
nearly 0% in the center. However, the strain field at 50� magnification is resolved with considerably more detailed. For
example, the corner of the square deformation pattern, which the arrow points to, appears to have a center region with
approximately 0% strain – this detail was not observable at 10� or 20� optical magnifications. Additionally, note that defor-
mation patterns appear along grain boundaries, grain boundary triple points, and only occasionally extend into neighboring
grain interiors.

In order to assess the influence of the optical magnification, the strain fields must be measured over the same sample area
or field-of-view (FOV). As previously mentioned, and as is shown in Table 2, the FOV is considerably smaller at high mag-
nification, and therefore comparing results over the same FOV requires assembling images prior to correlation, or assembling
results of individual correlations. In Fig. 10, a comparison of the strain field measurements at 10�, 25�, and 50� optical mag-
nifications is presented for the region encompassed by the dashed white box in Fig. 2. Each strain field represents the same
FOV, but they are made up of 1 image at 10�, 4 at 25�, and 12 at 50�magnification. Also shown, in the rightmost image of
Fig. 5. A strain histogram showing the frequency of a strain magnitude at each optical magnification.
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Fig. 6. The sample surface and the axial strain field at 3.2�magnification. Note that the red box outlines the region that the strain field represents, and the
approximate subset size is shown as a yellow filled square. (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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Fig. 10, is the sample surface with an arrow pointing to the reference grain, and the subset size for the 10� and 50� mag-
nification. The 10� and 50� subset sizes appear over the micron bar, and they show that they are smaller than the average
grain size, but note that the 50� subset size is considerably smaller (almost a spec) compared to the grain size. At 10�mag-
nification, three green bands nearly 50 lm wide are visible, and inclined approximately 45� to the loading direction. With
increased optical magnification, these bands become narrower, and considerably more detail emerges between them.

The work presented in this section contributes to the development of multiscale experimental techniques which is re-
quired for investigating deformation heterogeneity in polycrystalline materials. We show that by using this unique exper-
imental setup, high optical magnification can be used with automated image capture to maintain a large field-of-view.
We showed that if the subset size was several times smaller (two or more) than the average grain size, strain heterogeneities
within grains can be ascertained. In the current work, the average grain size was estimated as 30 lm, and at 50� magnifi-
cation the subset size was 6 lm with a subset spacing of 0:87 lm. This enabled approximately 28 � 28 = 784 measurements
within the area of an average grain.2 With sub-grain measurement resolution (50� results) the strain fields showed that the
deformation appears primarily along grain boundaries and grain boundary triple points. These deformation heterogeneities col-
lectively form the macroscale deformation patterns which resemble intersecting bands inclined approximately ±45� to the load-
ing direction.

5. Representative volume element

Conceptually, the magnification can be increased until discrete lattice defects such as dislocations are observable. This
would generate the most accurate and detailed description of the strain field. However, it is experimentally impractical
to assemble strain fields at the nanometer length scale to construct strain fields with millimeter FOVs (field-of-views). In-
stead it is commonly assumed (in crystal plasticity) that such lattice defects are averaged or homogenized. The length scale
at which homogenization is implemented raises the question which motivates this work; what is the length scale of a rep-
resentative volume element (RVE) under plastic deformation conditions?

In this work, the determination of the length scale of a RVE is based on residual strain, and the RVE length scale is esti-
mated by calculating the standard deviation (SD) of the average strain at various length scales for the same strain field. The
length scales are defined by the size of a square box which encompasses regions in the strain field. Note that although the
RVE refers to a ‘‘volume”, it is common to describe the RVE as ‘‘length scale” or a ‘‘size” that is simply the length of one of it’s
dimensions in space. In this work it will prove useful to reserve ‘‘length scale” for the RVE, and ‘‘size” for the length of the
square box that is used to determine the RVE. Fig. 11 is included to show how the length scale of a RVE is estimated based on
the above description.

In Fig. 11, an example of three differently sized white boxes are superimposed over the same 50� strain field. The first
step was to determine the average strain within each box for a given box size. These averages will be referred to as box-aver-
ages. For example, 6 box-averages are calculated for the left most strain field, whereas 154 are calculated for the right most
strain field. A simple algorithm was implemented to do this for box sizes ranging as large as the entire width of the strain
field to as small as a DIC subset size. Then the standard deviation (SD) of these box-averages was calculated for a given box
2 The number of measurements within the area of an average grain is estimated by subtracting the subset size from the average grain size (6 lm from
30 lm), and then dividing 26 lm by the step size of 0:87 lm. This equals approximately 28 measurements along one dimension; this is then multiplied by 28
for the other direction to obtain 784.
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Fig. 7. The sample surface and the axial strain field at 10� magnification. Note the approximate DIC subset size shown as a yellow filled square. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The sample surface and the axial strain field at 20� magnification. Note the approximate DIC subset size shown as a yellow filled square. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The sample surface and the axial strain field at 50� magnification, and the approximate DIC subset size shown as a yellow filled square. The
rightmost strain field is included to suggest the location of grain boundaries. Also note that although two images were assembled together at the horizontal
median junction before the correlation, but the strain field is continuous. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
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Fig. 11. Example of three box sizes superimposed over the same strain field to estimate the length scale of a RVE. First, box-averages are calculated for a
given box size, then the standard deviation was calculated for the various boxes of a given size. The length scale of a RVE is estimated by identifying the box
size at which the standard deviation increases dramatically with increasing box size.

Fig. 10. The axial strain field obtained at 10�, 25�, and 50� magnification. Also shown is the sample surface with the 10� and 50� subset size shown
above the micron bar. Note that the color bar is in percent strain.
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size. The length scale of the RVE was then determined by identifying the box size at which the SD increases dramatically with
increasing box size.

The results of this analysis are presented in Fig. 12 for the 10� and the 50� strain field. In Fig. 12, the SD is small at large
box sizes, whereas the SD is large at small box sizes. To determine the length scale of a RVE, a line is fit to the tail end of the
data where the standard deviation of average strain is small, and then the RVE length scale is determined by the box size at
which the SD departs from this line. The corresponding RVE length scale is approximately 95 lm for the 50� strain field, and
approximately 70 lm for the 10� strain field. The difference between the estimates of RVE length scale originates from the
different measurement resolution. By visually inspecting the strain fields presented in Fig. 12, it is obvious that the
‘‘smeared” 10� strain field has a smaller SD for a given box size.

Taking approximately 100 lm to be the RVE length scale, a qualitative confirmation of this length scale may be obtained
by overlaying the box size on the 50� strain field (see Fig. 13). Additionally, by inspecting the micrograph in Fig. 13, each box
contains approximately 3 � 3 number of grains, and when extrapolated into three dimensions, it can be determined that
each RVE contains approximately 27–40 grains in three dimensions (depending on the assumption of the grain shape).
The length scale of the RVE is approximately 3.3 times larger than the average grain diameter. This estimate is similar to
a numerical prediction which was approximately 2 for plastically deforming cubic polycrystals with a random texture,
see Ranganathan and Ostoja-Starzewski (2008). Qualitatively, it is expected that the length scale of a RVE for hexagonal crys-
tals would be larger since the number of slip systems are fewer than in cubic crystals. Furthermore, it is also expected that
Please cite this article in press as: Efstathiou, C., et al. Multiscale strain measurements of plastically deforming polycrystalline titanium:
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Fig. 12. Measurements of the standard deviation of the box-average strains for the 10� and the 50� results. The solid line is drawn to indicate the box size
where the standard deviation departs from linearity. See Fig. 11 and the text for an explanation on how the standard deviation of the box-averages are
calculated.

Fig. 13. The RVE length scale overlayed on the axial strain field, and on the micrograph. Note that the average strain in each box qualitatively appears
similar. Recall that this strain field was the results of 12 image correlations assembled together.
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the length scale of a RVE would be larger if the aggregate did not have a random texture. At any rate, the estimates imply that
the average residual strain measured in sample regions smaller than approximately 100 lm� 100 lm should not be consid-
ered a RVE for the current material subjected to uniaxial plastic loading. It is worth mentioning that the entire FOV (one im-
age which is 140 lm� 104 lm) at 50� magnification can be considered a RVE. It is also interesting to note that the global
average strain measured by the cross-head displacement is approximately equal to average over the 50� FOV (as shown in
Table 3), therefore this length scale is also considered a RVE based on other conventional descriptions.

The estimated RVE length scale in this work is based on the SD of box-averages of the axial residual strain compo-
nent. This criterion is necessary, but it may not be sufficient to fully characterize the RVE. This becomes clear by con-
ceptually comparing two different strain fields; one with vertical strain bands only, and one with horizontal strain bands
only. Although these are two spatially different strain fields, the analysis based on the above method would result in a
similar RVE length scale. Therefore, one may argue that the SD of the box-averages is a necessary condition, but it is not
a sufficient condition. It is possible to include other statistical measures within each box-average to provide a more
stringent criterion. For example, the standard deviation or the skewness within each box could provide additional
restrictions to ensure that certain deformation heterogeneities are captured in the RVE, but this is beyond the scope
of the present effort.

The primary goal of estimating the length scale of a RVE using the simple box-average technique was to show how it
would differ for strain field measurements obtained with medium and high optical resolution (10� and 50�). It was shown
that if a RVE is estimated based on the results obtained with medium optical resolution, the estimated RVE length scale will
effectively be smaller due to a ‘‘smearing” of the strain fields. The implications are significant for models using homogeni-
zation techniques which utilize macroscale strain field measurements for input or verification and validation.
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6. Concluding remarks

Full-field strain measurements of a particular sample area were compared at multiple length scales in pure titanium with
an average grain size of 30 lm. It was determined that low optical magnifications (below 10�) did not capture the true resid-
ual strain distribution well enough to observe microscale strain heterogeneities. Optical magnifications that enabled DIC
subsets sizes half as large as the average grain size revealed deformation patterning resembling the intersection of meso-
scopic slip bands. These bands appeared to correspond with grain boundaries inclined ±45� to the loading direction, and
the bands sometimes extended into neighboring grain interiors. We showed that strain heterogeneities within grains could
be ascertained at 50� optical magnification, where the subset size was five times smaller than the average grain size. Such
optical resolution permitted approximately 28 � 28 = 784 measurements within the area of an average grain.

At small applied nominal deformations, the strain fields appear fairly uniform. With increased deformation (approxi-
mately 1.4% total accumulated nominal strain), the strain fields measured with 50� magnification showed relatively large
strain heterogeneities formed within grains. Strain heterogeneities appear along the periphery of grains with strains as large
as twice the nominal strain. This strain heterogeneity persists up to 2.4% total accumulated residual strain in pure titanium
under uniaxial tensile loading.

Using a simple criterion based on the standard deviation of the average local strain (box-averages), a RVE length scale of
approximately 100 lm was determined from the residual axial strain field. This length scale turns out to be approximately
three times the average grain diameter. Using only the standard deviation of the average axial residual strain, an estimate of
the RVE length scale was shown to be under-predicted when low magnification strain fields were used.
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