
Acta Materialia 214 (2021) 117021 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Representative volume elements for plasticity and creep measured 

from high-resolution microscale strain fields 

R.B. Vieira 

a , H. Sehitoglu 

b , J. Lambros a , b , ∗

a Aerospace Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, United States 
b Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, United States 

a r t i c l e i n f o 

Article history: 

Received 5 January 2021 

Revised 30 April 2021 

Accepted 22 May 2021 

Available online 27 May 2021 

Keywords: 

Representative volume element 

Creep 

Plasticity 

Deformation inhomogeneities 

a b s t r a c t 

Homogenization techniques have been widely used in upscaling microscale numerical results to predict 

the macroscopic response of materials. Often homogenization is based on the concept of a representa- 

tive volume element (RVE) and thus, measuring the RVE size and understanding what factors influence 

it are key elements in successful material modeling. Here, the size of the RVE for an austenitic stain- 

less steel alloy is experimentally determined under, both separately and combined, plasticity and creep 

loading conditions with varying parameters (namely stress, temperature, and creep hold time). We use a 

high-resolution optical digital image correlation (DIC) methodology capable of discerning residual strain 

inhomogeneities at the microstructural level. Furthermore, by combining the strain results from DIC with 

surface microstructural information from electron backscatter diffraction (EBSD), the localized strains near 

grain boundaries can be isolated allowing for quantitative observations related to the deformation mech- 

anisms responsible for strain accumulation. Finally, by comparing the results for RVE size and localized 

normal to shear strain ratios for different combinations of loading parameters, the relationship between 

grain-boundary sliding and the resulting heterogeneity of the strain field is explored. Cases where grain- 

boundary sliding was the dominant deformation mechanism (i.e., at elevated temperature) had consid- 

erably smaller RVE sizes (from 4 to 6 times the average grain size) when compared to samples where 

sliding was not as prevalent (around 10 times the average grain size). 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Through both experimental and numerical efforts, highly inho- 

ogeneous deformation has been widely observed to occur at the 

icroscale of polycrystalline metals. Such heterogeneity can ulti- 

ately be attributed to the underlying mechanisms of deforma- 

ion that govern the interactions between anisotropic grains. Ex- 

erimental studies regarding micro and mesoscale strain inhomo- 

eneities in titanium [1] , copper [2] and aluminum [3] have shown 

he development of plastic heterogeneity at the grain level. Many 

uch experimental studies have been used to validate correspond- 

ng numerical models such as crystal plasticity simulations. How- 

ver, in order to reduce computational requirements and to con- 

ect to the macroscale, such simulations often take advantage of 

omogenization techniques that allow the use of local constitutive 

esponse of the material to extrapolate the macroscopic response 

4] . A central concept of many such techniques is the representa- 

ive volume element (RVE), described by Hill [5] as being “entirely 
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ypical of the whole mixture on average” and containing “a suffi- 

ient number of inclusions for the apparent overall moduli to be 

ffectively independent of the surface values of traction and dis- 

lacement, so long as these values are macroscopically uniform.”. 

An extensive series of studies regarding the determination of 

VE length scales have been published in the literature, with a 

ide range of results. A majority of these studies were conducted 

hrough numerical approaches that usually determine the RVE size 

hrough homogenization techniques, where the result obtained 

rom a simulation has to converge to the macroscopic result for 

 large enough simulation box [6–9] . Experimental studies, such 

s the one conducted by Efstathiou et al. [1] , are far fewer. Ef- 

tathiou et al. [1] experimentally determined the RVE size of a 

lastically loaded titanium alloy to be ~30 times the average grain 

ize. Ravindran et al. [10] present an overview of RVE sizes ob- 

ained for different polycrystalline materials. They also proposed 

heir own method of experimentally measuring RVE sizes, finding 

hat, for a plastically loaded carbon steel, the RVE size was 8.85 

imes the average grain size. More recently, Stinville et al. [ 11 , 12 ]

xperimentally measured RVE sizes of a nickel superalloy for plas- 

ic strain localization (~9 times the average grain size) and fatigue 

https://doi.org/10.1016/j.actamat.2021.117021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117021&domain=pdf
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rack initiation (~34 times the average grain size), pointing to the 

ossibility that the size of the RVE depends on the investigated 

roperty, as well as on the loading parameters. The possibility of 

roperty-dependent RVE sizes has also been investigated in recent 

tudies by Bagri et al. [13] , where they found differences in the 

icrostructure-based RVE size and property-based RVE size, point- 

ng that different properties could result in different RVE sizes. 

ang et al. [14] , predicted RVE sizes for viscoplastic properties of 

CC Cu to be consistently larger than those for elastic properties, 

hus concluding that loading parameters such as stress play a role 

n the RVE size. Therefore, RVE sizes can be property-dependent as 

ell as load-dependent. 

The concept of the RVE has also been used in studies with 

he goal of uncovering the underlying mechanisms of deformation. 

ithens et al. [15] used crystal plasticity simulations to help in- 

erpret the various slip traces observed in the dense Digital Image 

orrelation (DIC) data as variations in slip and twin activity within 

ach grain of a magnesium alloy. Motaman et al. [16] investigated 

he connections between process-induced microstructural proper- 

ies and the macroscopic response of an additively manufactured 

etal, through the combination of experimental observations of 

he grain structure and a full-field method for computational poly- 

rystal homogenization combined with physics-based crystal plas- 

icity modelling. Raabe et al. [3] also investigated the effects of 

rain-scale plastic heterogeneity on experimental and simulation 

ata of the macro and micromechanical response of a polycrys- 

alline aluminum sample. 

In the present work, the relationship between the heteroge- 

eous micromechanical strain accumulation of a polycrystalline 

ustenitic stainless steel and the creep and plasticity loading con- 

itions to which it is subjected, known to control underlying defor- 

ation mechanisms, is investigated. Pelleg [17] presents a compre- 

ensive review of such mechanisms responsible for creep and gen- 

ral inelastic deformation. To this end, experimentally determined 

VE sizes are used as a quantitative mesoscale measure of the de- 

ree of inhomogeneity and are posteriorly compared with observa- 

ions on the localized grain-boundary response for varying loading 

ondition (maximum stress, temperature and hold times), which 

an be related to the underlying deformation mechanisms, such as 

rain-boundary sliding (a well-documented creep mechanism, as 

iscussed by Bell and Langdon [18] ). The RVE sizes are measured 

hrough the use of a high-resolution optical DIC technique that al- 

ows for measurements of residual strains at the grain scale. The 

pecific goals of the analysis are to: 

1) Study the relationship between RVE sizes and loading condi- 

tions namely, plasticity and creep, both individually and com- 

bined; 

2) Observe if and how RVE sizes are affected by changes in loading 

temperature; 

3) Explore possible relationships between RVE sizes and the un- 

derlying deformation mechanisms. 

. Experimental methods 

.1. Material and sample preparation 

Austenitic stainless steel 709, an alloy being considered as a 

andidate for applications in sodium fast reactors [19] , is the ma- 

erial investigated throughout this work. The macroscopic behavior 

f alloy 709 is similar to the well-known 316 stainless steel, but 

t presents improved properties in some high-temperature appli- 

ations. Both macro and microscopic investigations of tensile [20–

2] , fatigue, and creep [ 23 , 24 ] properties of alloy 709 are available

n the literature. For the proposed experimental investigations of 

he relationships between the microscale strain accumulation (at 
2 
he grain scale) and the mesoscale response of the material (as 

easured by the RVE size), dog-bone samples ( Fig. 1 (a)) were ma- 

hined from the as-received material and loaded under plasticity 

nd creep conditions in various combinations and at different tem- 

eratures. Fig. 1 also shows an example of the DIC speckle pattern 

or both in situ images ((b) and (d)) and ex situ high-magnification 

mages ((c) and (e)), before and after deformation, respectively, de- 

cribed in detail in the next section. 

.2. Grain-scale strain measurement 

The grain-scale strain measurements presented in this work 

ere obtained using an adapted version of the technique devel- 

ped by Carroll et al. [25] . The widely used technique of digital 

mage correlation (DIC) can be applied to obtain full-field displace- 

ent (and strain) measurements on a surface. The correlation of 

ndeformed and deformed images of a surface covered by a ran- 

om speckle pattern allows for displacement field measurements 

ith no inherent limitations on spatial resolution [26] . Taking ad- 

antage of such capability, DIC can be used across multiple length 

cales, as long as images of sufficient resolution can be obtained. 

he main difference from the technique described in [25] was the 

ntroduction of an intermediate step in the procedure used to align 

he microstructure obtained from electron backscatter diffraction 

EBSD) scans with the strain data obtained from DIC, as described 

elow. The speckle pattern application followed a similar proce- 

ure, by depositing 10 μm SiC particles on the surface using com- 

ressed air, to obtain the speckle patterns shown in Fig. 1 (b–e). 

With the aim of studying the grain-scale behavior of alloy 709 

ith an average grain size between 25 and 30 μm, high-resolution 

mages of the surface were taken under an optical microscope. 

n objective lens with 40x magnification (Olympus SLCPlanFl 40x) 

as used for all the experimental results shown in the next sec- 

ions, resulting in ~0.09 μm/pixel resolution images. The obvi- 

us downside of this approach is the reduced field of view size 

190 ×190 μm FOV using a 20 0 0 ×20 0 0 pixel camera). To account

or this, grids of 6 by 6 images (with a 50% overlap) were taken 

overing the entire region of interest. Before correlation, these im- 

ges were stitched together using the built-in algorithm in Fiji Im- 

geJ [27] , with the significant overlap between the images help- 

ng to minimize any stitching distortions. All results shown here 

ere obtained from correlations with subset size of 61 pixels (~5.5 

m) and a step size of 10 pixels (~0.9 μm), allowing for an av- 

rage of about 5 subsets along the width of an average grain 

25-30 μm). The average grain size was obtained from electron 

ackscatter diffraction (EBSD) results, using the built-in line inter- 

ept algorithm from the MTEX open source toolbox. The selection 

f DIC parameters was done by selecting the smallest subset size 

or which correlation was successful in the entire region of inter- 

st (i.e., without gaps in the resulting displacement fields), while 

he correlation point step size was fixed at 10 pixels. Although an 

n-depth sensitivity analysis such as the one presented by Rajan 

t al. [28] will in general improve correlation results, it is proba- 

ly less useful in our case because of the high average strain levels 

eached in all of tested cases (plastic deformation was present in 

ll experiments), for which the relative errors from DIC are not as 

ignificant. However for probing smaller strain levels than those in 

his work, the results could be improved using the methodology 

resented in [28] . 

The correlation between the undeformed (reference) and de- 

ormed images was done using the commercially available DIC 

oftware Vic2D (from Correlated Solutions). The strain fields were 

btained by differentiating the displacement fields resulting from 

he correlation using a central difference approach, as described 
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Fig. 1. (a) Dog-bone sample dimensions in mm ; (b, d) DIC speckle pattern before and after deformation as seen from in situ imaging (0.75 μm/pixel); (c, e) DIC speckle 

pattern before and after deformation as seen from ex situ imaging (0.09 μm/pixel). 
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ε xx ( x, y ) = 

U ( x + step ) −U ( x −step ) 
2 ·step 

ε yy ( x, y ) = 

V ( y + step ) −V ( y −step ) 
2 ·step 

ε xy ( x, y ) = 

1 
2 

·
(

U ( y + step ) −U ( y −step ) 
2 ·step 

+ 

V ( x + step ) −V ( x −step ) 
2 ·step 

) , (1) 

here U and V are the horizontal and vertical displacement com- 

onents along x and y , the horizontal and vertical coordinates, and 

tep is the step size (10 pixels). A central difference scheme was 

sed so as to minimize the smoothing performed during differen- 

iation so that highly detailed strain fields capable of better captur- 

ng local strain gradients could be obtained–though possibly also 

ontaining noisier data. However, the strain noise floor associated 

ith the selected DIC parameters was measured to be below 10 −4 , 

esulting in an acceptable signal-to-noise ratio for all the studied 

lasticity and creep experiments. In the event that the measured 

train signal is comparable to the noise floor, such as for example 

n the work of Koohbor et al. [29] where the signal-to-noise ra- 

io of strains measured during tensile testing of woven composites 

as of the order of magnitude of the applied strains, additional 

train smoothing techniques may be necessary to reduce the noise 

evels. 

In order to investigate the influence of microstructural parame- 

ers on strain-accumulation, EBSD scans of the surface were taken 

rior to testing. EBSD is a widely used technique that produces 

rystal orientation maps of a sample’s surface [30] . The EBSD scans 

hown throughout this work were obtained with a distance be- 

ween measurement points of 1 μm, using a JEOL 70 0 0F SEM. The 

urface of the samples was prepared for EBSD through polishing 

sing silicon carbide paper down to 1200 grit, followed by dia- 

ond suspensions down to 0.5 μm and a final step inside a vi- 

ratory polisher with a commercial colloidal silica solution for 3 

ours. 

Combining these two datasets (from DIC and EBSD) requires an 

lignment procedure that was performed through the use of fidu- 

ial Vickers markers placed at the edges of the region of interest. 
3 
lthough the markers were visible in both the DIC and EBSD im- 

ges, some distortions are present in the EBSD scan results. To ac- 

ount for these distortions a set of alignment optical images were 

aken at the same magnification as the DIC images before apply- 

ng the DIC pattern, but after etching with a 36% weight of solute 

 weight of solution of HCl in water, for 15 minutes at 100 °C. This

ntermediate alignment step uses the strength of each technique to 

nhance the final positioning of the strains within the microstruc- 

ure, with optical microscopy being more precise in the positioning 

f the grains within the DIC reference frame and EBSD being more 

eliable in capturing all the existing grain boundaries. 

Fig. 2 shows a representative set of images used to align the 

icroscale strains to the microstructure. Fig. 2 (a) shows an EBSD 

ap, colored by the first Euler angle. Fig. 2 (b) shows the grain 

oundaries extracted from the EBSD results by considering differ- 

nces in average crystal orientation > 7 °. Fig. 2 (c) shows the opti-

al image (stitched grid of images) taken of the etched surface. The 

lignment between Fig. 2 (b) and (c) is done by selecting prominent 

rain-boundary features visible in both images (e.g., triple points) 

nd fitting a projective transformation to these points. For this type 

f transformation, all straight lines remain straight, but parallelism 

s not conserved. Fig. 2 (d) shows the reference image (stitched grid 

f images) for DIC, which establishes the coordinate system where 

he results of the correlation are computed. Finally, the alignment 

etween Fig. 2 (c) and (d) is done by selecting the corners of the 

ducial markers seen on both images and fitting an affine trans- 

ormation (for which both straightness and parallelism are con- 

erved) to those points. These two transformations can then be 

sed consecutively to align the EBSD results into the DIC reference 

rame. The average error on the positioning of the grain boundaries 

as estimated to be at most half the thickness of the etched grain 

oundaries, i.e., at around 5 pixels or 0.45 μm, which is consider- 

bly smaller than both the average grain size (25-30 μm) and the 

IC spatial resolution (subset sizes around 5.5 μm). In the align- 

ent process used in [24] no image comparable to Fig. 2 (c) was 
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Fig. 2. (a) Resulting map from EBSD, colored by the first Euler angle (b) grain 

boundaries obtained from the EBSD results; (c) optical image of the etched surface; 

and (d) DIC reference image with the reference frame drawn. 

Fig. 3. Loading frame setting. (A)–infrared thermometer; (B)–induction heater; (C)–

in situ DIC camera and lens; (D)–cooled grips; (E)–induction heater coil around 

sample (as shown in schematic). 
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aken and a comparison was made directly between Fig. 2 (b) and 

d). The new step of the introduction of the optical data in Fig. 2 (c)

as done here to improve the accuracy of aligning the DIC and 

BSD datasets since we are interested in identifying strain features 

ery near grain boundaries. 

.3. Creep and plasticity loading 

All experiments discussed in the following sections were con- 

ucted using an Instron servo-hydraulic machine. The photograph 

n Fig. 3 shows the equipment used for high-temperature creep 

nd plasticity experiments. An infrared thermometer (A) was used 

o measure the temperature of the region of interest of the sam- 

le without contacting the surface; an induction heater (B), along 

ith the input temperature from the thermometer, was used to 

eat the sample and control the temperature during experimen- 

ation; a CCD camera (C) was used to image the sample’s surface 

n real time and the resulting images along with DIC were used 

o measure macroscale in situ strains during the stress controlled 
4 
xperiments; a set of cooled grips (D) (with specifically designed 

oading fixtures) and an induction heater coil (E), as shown in the 

ccompanying schematic, was used to keep the temperature inside 

he region of interest within a ±1 °C range. 

Samples were tested under different loading histories in order 

o explore the behavior of alloy 709 under the following three pro- 

osed types of deformation: plasticity when the sample was sub- 

ected to a stress above macroscopic yield at the test tempera- 

ure, without being subjected to any amount of hold time before 

nloading; elastic creep for a loading step in which the sample 

as loaded below yield at the test temperature, being subjected 

o some extent of hold time at maximum stress; and the combi- 

ation of plasticity and creep, where a sample was loaded above 

ield at the test temperature and subsequently subjected to some 

old time at maximum stress in what we will refer to henceforth 

s plastic creep . Fig. 4 shows schematic stress vs. strain curves dis- 

laying the characteristics of the three different types of deforma- 

ion investigated. 

The particular loading parameters involving these three types of 

eformation for a number of specific cases investigated are listed 

n Table 1 . By varying the maximum stress and the temperature 

uring loading, each sample was subjected to a different deforma- 

ion type, as listed in the table. The maximum stresses were taken 

t 25% above or below the macroscopic yield stress for a given 

emperature depending on whether plastic deformation was de- 

ired or not. The yield stress at room temperature was 315 MPa, 

hile at 300 °C it was 285 MPa, 200 MPa at 500 °C and 110 MPa at

00 °C. 

. DIC results and representative volume element 

easurements 

.1. Residual strain fields 

After loading, each sample enumerated in Table 1 was removed 

rom the loading frame and placed under the microscope to have a 

et of deformed images taken. The result from the subsequent DIC 

orrelation is a set of residual surface strain fields, as for exam- 

le shown in Fig. 5 (b) for sample 1. Fig. 5 (a) shows a schematic of

he stress-strain curve of the loading to which sample 1 was sub- 

ected, at room temperature, with a maximum stress ~25% above 

ield (400 MPa) and with no hold time leading to plastic defor- 

ation. Fig. 5 (b) shows the residual axial strain ( εyy ) field after 

oading. 

From Fig. 5 (b) we see that at this length scale, strains accu- 

ulate at preferential locations, resulting in a highly inhomoge- 

eous residual strain field. Furthermore, the residual strain levels 

t specific points reach values much higher than the macroscopic 

train, with the maximum local strain measured being at around 

% (0.08), while the macroscopic strain is just above 3% (0.0309). 

lso, as has been observed before [31] , grain boundaries appear 

o present “hot-spots” for strain accumulation. Finally, the appear- 

nce of deformation bands at a 45 ° angle from the loading direc- 

ion was observed, similar to what has been reported by previous 

uthors for plastically deformed austenitic stainless steels [ 32 , 33 ]. 

ig. 6 shows the equivalent results for sample 3, which was sub- 

ected to loading at 300 °C, with a maximum stress ~25% below 

ield (215MPa) held for 60 minutes, i.e. it underwent elastic creep. 

From these results it is clear that the strains accumulated dur- 

ng 1 hour of elastic creep at 300 °C (maximum stress 25% below 

ield) were much lower than the strains accumulated after plastic 

oading at room temperature (25% above yield). Again, the result- 

ng strain field was highly inhomogeneous, although to a lesser ex- 

ent than before, at least visually. Fig. 7 shows the corresponding 

esults obtained from sample 8, which was loaded at 500 °C, with 

aximum stress ~25% above yield (250MPa) held for 60 minutes, 
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Fig. 4. Schematic stress-strain curves of the three types of deformation investigated; (a) elastic creep; (b) plasticity and (c) plastic creep. 

Fig. 5. (a) Schematic stress strain curve for sample 1; (b) residual axial strain field ( εyy ) obtained after loading. 

Table 1 

Loading parameters used for each sample. 

Sample Temperature( °C) Max stress(MPa) Hold time(min) Deformation type 

1 23 400 

(~25% above yield) 

0 Plasticity 

2 23 400 

(~25% above yield) 

60 Plastic Creep 

3 300 215 

(~25% below yield) 

60 Elastic Creep 

4 300 350 

(~25% above yield) 

0 Plasticity 

5 300 350 

(~25% above yield) 

60 Plastic Creep 

6 500 150 

(~25% below yield) 

60 Elastic Creep 

7 500 250 

(~25% above yield) 

0 Plasticity 

8 500 250 

(~25% above yield) 

60 Plastic Creep 

9 800 80 

(~25% below yield) 

60 Elastic Creep 
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.e. underwent plastic creep. Again, the resulting residual strain 

eld is highly inhomogeneous, but it is hard to compare the de- 

rees of inhomogeneity of each sample as well as the locations 

here strains tend to accumulate. The underlying factors that de- 

ermine the position of these preferential spots for strain accumu- 

ation must be related to the microstructural parameters, but also 

ight be related to the deformation mechanisms responsible for 

training. Then, the hypothesis explored in the next sections is that 

he degree of inhomogeneity is controlled by the underlying defor- 

ation mechanisms, which in turn are a function of loading pa- 

ameters, such as temperature and maximum stress. 
t

5 
.2. Representative volume element (RVE) measurement 

In order to quantify the inhomogeneity of the strain fields, the 

oncept of the representative volume element is introduced. The 

VE can be understood as the smallest material element that is ca- 

able of reflecting an average “property” of the given bulk material. 

he “property” can be a microstructural feature (e.g., grain size); it 

an be a mechanical property (e.g., yield strength, modulus) or it 

an be a material response (e.g., strains resulting from stress) [13] . 

he novel methodology used here to experimentally measure RVE 

izes for strain inhomogeneity is detailed in [34] . A brief explana- 

ion of this methodology, which emphasizes the statistical nature 
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Fig. 6. (a) Schematic stress strain curve for sample 3; (b) residual axial strain field ( εyy ) obtained after loading. 

Fig. 7. Schematic stress strain curve for sample 8; (b) residual axial strain field ( εyy ) obtained after loading. 

Fig. 8. (a) Residual axial strain field overlaid by a few randomly selected boxes of size 164 by 164 pixels; (b) histograms for the average strains of 10,0 0 0 randomly selected 

boxes of size 10 by 10, 164 by 164 (80% fall within ±5% margin) and 289 by 289 pixels (80% fall within ±1% margin). 

o  

c

s

t

v  
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r
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p

s
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m

l

f an RVE, is given here and is illustrated in Fig. 8 . The approach

onsists of selecting randomly positioned boxes from within the 

train field, as illustrated in Fig. 8 (a), and plotting histograms of 

he average strain from all boxes. This procedure is repeated for 

arying box sizes, all the way from a 1 by 1 pixel box to a box

he size of the entire strain field. Fig. 8 (b) shows examples of the

esulting histograms obtained for boxes of sizes 10 by 10, 164 by 
6 
64 and 289 by 289 μm, for 10,0 0 0 boxes. There is a clear trend

resented by these images: The boxes of side length of 10 μm re- 

ult in a histogram with a very wide range of average strains, the 

istogram obtained from the boxes of side length 164 μm have 

he average strain from 80% of the 10,0 0 0 boxes fall within a ±5%

argin from the global average strain, while for the boxes of side 

ength 289 μm the average strain from 80% of the 10,0 0 0 boxes 
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Fig. 9. Bar plot of the resulting RVE sizes for each sample. 
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all within a ±1% margin from the global average strain. That is, 

he larger the box size, the more the box averages converge to the 

lobal average residual strain value (0.02 as measured from in situ 

IC after unloading). 

This methodology allows for a statistical measure of the size of 

n RVE. For all the RVE sizes reported here, the criterion used was 

hat 80% of the boxes had to fall within a ±5% margin from the 

lobal average, which is the same as saying that 80% of the time 

hat box size will satisfy the condition of converging to the global 

verage strain (considering a ±5% margin). These margins could 

e more (or less) restrictive, and the resulting RVE size would be 

arger (or smaller), thus maintaining the statistical character of the 

VE [35] . In the analysis that follows the margins used for all sam- 

les are the same, allowing for a relative comparison between the 

statistically computed) RVE in each case. Fig. 9 shows a bar plot 

f the resulting RVE sizes for all of the tested cases, colored by 

he deformation type. For simplicity, the RVE sizes are reported as 

 single number, which should be understood as the length of the 

ide of the box that satisfies the convergence criteria described ear- 

ier. The left vertical axis shows the RVE sizes in μm, while the 

ight vertical axis shows the RVE sizes as a multiple of the average 

rain size (~27 μm). 

All the measured RVE sizes fall within a range from ~4 to ~10 

imes the average grain diameter along its side. It is clear that 

he obtained RVE size for elastic creep is considerably smaller than 

hat of plasticity and plastic creep . With the exception of the re- 

ult obtained for 800 °C, the results agree with the literature with 

egards to the size of measured RVEs (6 to 15 times the average 

rain size) [ 11 , 36 ]. Similar differences between plastic and elas- 

ic response RVEs as those observed here have also been reported 

14] . It is likely that this difference can be attributed to the un- 

erlying mechanisms of strain accumulation. Evidence pointing to 

he relation of RVE with underlying mechanisms can be seen in 

he difference observed in the development of deformation bands 

t a 45 ° angle from the loading direction, with sample 1 having 

ore prominent bands than sample 3, for example. The formation 

f such strain bands is intrinsically connected to the underlying de- 

ormation mechanisms and will necessarily have an effect on the 

VE size. Finally, the fact that RVE sizes for plasticity and plastic 

reep are very similar leads to the conclusion that plasticity dom- 

nates the material behavior (at least under these loading condi- 

ions) introducing a higher level of inhomogeneities that overshad- 

ws the creep response. 

In order to investigate a potential shift in RVE size affected by 

oading conditions, driven by underlying deformation mechanisms 

hanges, the next section recognizes grain boundaries as the pri- 
7 
ary locations of higher strain concentration (leading to inhomo- 

eneity) and concentrates at the local strains at regions near grain 

oundaries, specifically aiming to investigate the relative amounts 

f normal to shear strains near the boundary regions. 

. Localized strain accumulation at grain boundaries 

When studying strain accumulation at the microscale, the con- 

ept of dividing a grain into two regions, mantle (the part of the 

rain near the boundaries) and core (the grain interior) is useful. 

he separation of grains into these two sections is motivated by 

he assumption that the mechanical response of points far enough 

rom grain boundaries shouldn’t be influenced by local effects at 

he boundaries, while points closer to a boundary should have a 

esponse governed mainly by their interaction with the boundary 

 31 , 37 ]. Following this reasoning, to better identify strain accumu- 

ation in the mantle regions, strain components in a local coor- 

inate system of the neighboring grain boundaries may be more 

seful than the axial strains ( εyy ) in the global coordinates. Con- 

equently a coordinate transformation from global (sample) coor- 

inates ( x, y ) to local (grain-boundary) coordinates (normal, n , and 

angential, t ) is performed based on the EBSD-obtained boundary 

ositions. With this frame rotation it is possible to directly infer 

hat happens at a boundary during loading, specifically the local 

ormal and shear strains can be understood as neighboring grains 

eing pushed together or attempting to slide against each other. 

he mantle size (region within which the coordinates are trans- 

ormed) was estimated at 6-7 μm, or around 20% of the average 

rain size, following the approach of Abuzaid et al. in [31] . 

The strain coordinate transformation methodology is illustrated 

n Fig. 10 . From the EBSD data set of grain boundaries shown 

n Fig. 10 (a) we selected the closest boundary point (Closest pt. 

n Fig. 10 (b)) to the mantle point of interest (Interrogated pt. in 

ig. 10 (b)). Subsequently, a set of up to 50 boundary points before 

nd after the Closest pt., shown in red in Fig. 10 (b), are used to fit a

ine approximating and smoothing the grain boundary section cor- 

esponding to the Interrogated pt., which will be taken as the local 

oundary slope in the vicinity of the point of interest. The reason 

hat we fit a line to a small subset of the boundary near each point,

ffectively locally smoothing the boundary, is that the noisy local 

ariation of the EBSD-obtained boundaries would produce abrupt 

hanges in local boundary normal that would lead to an extremely 

nrealistic noise being introduced in the rotated local strain fields. 

inally, the angle α (grain-boundary inclination angle) between the 

tted line and the horizontal ( x axis) is taken as the rotation angle 

nd used in the coordinate transformation. Using this local angle 

, which will change as we move along each boundary, we can ro- 

ate the DIC-measured strain field from the global ( x, y ) coordinate 

ystem to a local ( n, t ) coordinates, using: 

ε tt ε tn 

ε tn ε nn 

]
= 

[
cos ( α) sin ( −α) 
sin ( α) cos ( α) 

] [
ε xx ε xy 

ε xy ε yy 

][
cos ( α) sin ( −α) 
sin ( α) cos ( α) 

]T 

, 

(2) 

here the local εnn strain will now represent a normal strain 

cross each boundary, the local εtt is the tangential strain along the 

oundary and the local εtn shear strain will represent two grains 

ttempting to slide against each other, as illustrated schematically 

n Fig. 10 (c). This procedure is repeated for every mantle point 

resent in the DIC data, i.e., all the areas denoted by black in 

ig. 10 (d). 

Fig. 11 shows strain fields before and after the coordinate trans- 

ormation. Fig. 11 (a) and (b) show the εyy and εxy components of 

esidual strains for the entire region of interest; Fig. 11 (c) shows 

ontours only within the mantle regions of the same sample of 

he εnn (normal to the boundary) component of residual strain (the 
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Fig. 10. (a) Grain boundaries obtained from EBSD; (b) how the angle α is obtained for a specific region of a specific GB; (c) schematic of the coordinate systems ( x,y ) and 

( n,t ); (d) the separation of mantle (in black) and core (in white). 

Fig. 11. (a) εyy component of residual strains; (b) εxy component of residual strains; (c) mantle-only εnn component of residual strains; (d) mantle-only εtn component of 

residual strains. 
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ore is whited out); Fig. 11 (d) shows the mantle-only contours of 

tn (shearing the boundary) component of residual strain (again 

he core is whited out). In order to understand the advantage of 

sing this coordinate system, Fig. 12 shows the magnified view of 

he boundary marked by the square in Fig. 11 (a). From the local 

oordinate strains, shown in Fig. 12 (c) and (d), it is clear that this

pecific boundary has relatively high residual shear strains and rel- 

tively low residual normal strains. This indicates that the two ad- 
8 
acent grains are being sheared against each other, instead of being 

ushed together or pulled apart. This observation is not as clear 

hen observing the global coordinate strains shown in Fig. 12 (a) 

nd (b). 

A similar observation can be made about the local behavior at 

he mantle of each grain boundary. Collectively, and since we have 

 very large volume of local data from the high-resolution ex situ 

IC measurements, by looking at all mantles of all grain bound- 
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Fig. 12. Magnified view of the boundary marked with a square in Fig. 11 (a). 
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ries contained within the region of interest, a conclusion can be 

rawn about the dominant deformation around grain boundaries 

nder the different conditions. Fig. 13 shows normalized plots of 

he absolute value of the ratios between normal and shear residual 

trains ( | ε nn : ε tn | / max(| ε nn : ε tn |) ) at every investigated mantle

oint vs. the corresponding grain-boundary inclination angle ( α), 

or 3 different elastic creep loaded samples at three different tem- 

eratures (30 0 °C, 50 0 °C and 80 0 °C). The roughly 50,0 0 0 plotted

train ratio points in each case are colored by the misorientation 

ngle (defined as the difference between the crystallographic ori- 

ntations of the two adjacent grains) of the corresponding bound- 

ry which can be obtained from the EBSD measurements. These re- 

ults show that there is a relationship between the grain-boundary 

nclination angle and the normal to shear strain ratio. Vertical 

nd horizontal boundaries ( α = 0, π /2, π…) possess higher ratios 

i.e., relatively high local normal strains) while slanted boundaries 

resent lower ratios (relatively high local shear strains). This local- 

zation effect at horizontal and vertical boundary inclination angles 

ecomes more pronounced as temperature increases, as seen by 

he sharper and narrower peaks in Fig. 13 (c). Unlike what has been 

eported in some cases previously [ 31 , 38 ], there is no clear ob-

erved correlation between misorientation angle and the local ra- 

io of normal to shear strain: this material contains predominantly 

win boundaries which have a misorientation angle of 60 ° and ap- 

ear as dark red in Fig. 13 . As seen from Fig. 13 , these bound-

ries corresponding to red points show all levels of strain ratio. 

inally, and perhaps most relevant to relating measured local man- 

le strains to underlying deformation mechanisms, as temperature 

ncreases there is a trend indicating that the strains at the mantles 

ecome more dominated by shear (i.e., lower overall ratios). 

To obtain a quantitative assessment, the average strain ratio at 

antle regions for each case was calculated. Fig. 14 shows a bar 

lot of the average normal to shear strain ratios at the mantle 
9 
egions for all samples. Here, we see that elastic creep loading 

resents a much lower average strain ratio than the plastic creep 

nd plasticity cases, regardless of temperature levels. The results 

or plasticity and plastic creep were very similar, again indicating 

hat plasticity dominates over creep at the load and temperature 

evels studied here (~25% above yield strengths for 23 °C, 300 °C 

nd 500 °C) . Both these observations are consistent with the dis- 

ussion from the RVE sizes accompanying Fig. 9 . In fact, the two 

ar plots, Fig. 9 illustrating RVE sizes and Fig. 14 illustrating local 

train ratio, are very similar in terms of the interrelations of the 

hree different deformation types. In all cases, samples that had 

arger RVE sizes also presented higher ratios of normal to shear 

trains at the mantles. This observation also leads to the hypothe- 

is that the size of the RVE (a measure of residual axial strain inho- 

ogeneity) could be used as a proxy for detecting local mechanism 

ransitions. At the macroscale, strong evidence that also points in 

his direction comes from the result for sample 9, which presents 

he lowest RVE size (lower degree of inhomogeneity) as well as the 

owest average strain ratios (mantles dominated by shear). This re- 

ult is corroborated by observations from Alomari et al. [39] who 

bserved a change in creep mechanism for alloy 709 at around 

50-700 °C (from dislocation climb dominated to grain boundary 

liding dominated), by fitting power-law creep curves to experi- 

ental data at varying temperatures, and following Ashby [40] to 

redict the change of creep mechanism from a change in the stress 

xponent. In parallel, a fundamental interpretation of the behavior 

t the microscale can also provide an indication as to why preva- 

ent grain boundary sliding might decrease the RVE size. With in- 

reased dominance of grain boundary sliding, the strains tend to 

ccumulate mainly at the grain boundaries, and because the grain 

tructure of the material is fairly uniform (with a large majority 

f boundaries being twin boundaries, a fairly uniform grain size 

istribution, and no preferential direction or texture to grain ori- 
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Fig. 13. (a) The ratio of normal to shear strains at mantle points vs the GB inclination angle ( α), colored by the misorientation angle on the closest boundary and normalized 

by the maximum ratio, for sample 3 ( elastic creep at 300 °C); (b) sample 6 ( elastic creep at 500 °C); (c) sample 9 ( elastic creep at 800 °C). 

Fig. 14. Average strain ratios obtained for all samples. 
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ntations), strains will form almost uniformly at grain boundaries 

aking each grain, or a smaller collection of grains, exhibit a rep- 
10 
esentative average response, thus resulting in a lower RVE size. In 

ontrast, when grain boundary sliding is not the dominant mecha- 

ism or at least is less prevalent, the development of strains within 

he core regions of the grains becomes more significant, with slip 

ands that begin in one grain crossing multiple boundaries into 

ther grains. With more deformation mechanisms now active, the 

ormation of grain clusters might become more relevant, as was 

bserved by Rotella and Sangid [41] , for example. Formation of 

rain clusters would be one of the phenomena that makes the RVE 

ize for plasticity larger than creep, although of course these mi- 

rostructural conjectures cannot be proven from the results of this 

aper alone and would necessitate further study. 

. Conclusions 

The experimental study presented here, which involved high- 

esolution local strain measurement data combined with data anal- 

sis methods that borrowed concepts from numerical simulations, 

ought to investigate the influence of loading parameters on the 

egree of strain inhomogeneities present at the microscale. High- 

esolution DIC residual strain results and EBSD-obtained grain 

tructure data were employed to measure the RVE sizes of samples 

oaded under a range of different loading parameters (maximum 

tress, temperature and hold time). These RVE measurements were 
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ade for three different deformation regimes namely elastic creep, 

lastic creep and plasticity. Further analysis of the strains at regions 

ear grain boundaries (mantle points), using a relevant transfor- 

ation of coordinates, allowed for the comparison between the 

easured RVE sizes and the nature of strain accumulation (mea- 

ured by the local normal to shear strain ratio), which can be re- 

ated to underlying deformation mechanisms, known to vary with 

oading conditions (especially temperature changes). A summary of 

he conclusions drawn from this study follows: 

1) RVE sizes obtained for elastic creep were considerably lower 

than those obtained for plasticity and plastic creep ; 

2) Elastic creep RVE sizes were found to be within the range of 

4-6 times the average grain size, in contrast with plastic RVE 

sizes in the range of 8-10; 

3) Normal to shear strain ratios near grain boundaries (mantle 

regions) were calculated and showed a dependence on tem- 

perature, as expected since creep deformation mechanisms are 

known to be a function of temperature; 

4) The average strain ratio for elastic creep was found to be much 

lower than that of plasticity and plastic creep , indicating that 

elastic creep presents more predominant grain boundary slid- 

ing, while plasticity seems to dominate the response whenever 

it is present; 

5) The comparison between the RVE size and strain ratio results 

lead to the conclusion that the degree of inhomogeneity may be 

used as a proxy for determining deformation mechanism tran- 

sitions. This is corroborated by the specific results for elastic 

creep at higher temperature (800 °C), in agreement with liter- 

ature findings on the creep mechanisms of the studied alloy. 
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