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Abstract

Conven�onally, the parameters of elasto-plas�c 

material models are calibrated using experiments that 

develop homogeneous strain/stress fields, while the 

model is then used in applica�ons where the 

responses are heterogeneous in nature depending on 

the structural geometry and/or nature of loading. This 

entails that the local response predicted by a 

considered model should also be validated with 

experiments that develop heterogeneous and 

mul�axial strain/stress fields. In the present work, the 

adequacy of the widely used von Mises elasto-plas�c 

model for a 6000 series Aluminium alloy is explored 

under this general idea. The model parameters are first 

calibrated from uniaxial tension test using digital 

image correla�on (DIC). The predictability of the 

considered model is then evaluated for a uniaxially 

pulled plate with a center hole that develops a 

heterogeneous strain field. Finite Element Method 

simula�on is performed to numerically predict the 

strain distribu�on, which is then compared with the 

strain field measured using Digital Image Correla�on 

(DIC).

Keywords: J₂ Plas�city, Digital image correla�on (DIC), 

Calibra�on and Valida�on, Aluminum alloy.

Introduc�on

Aluminium alloys have been used for making main 

airframe due to their desirable specific proper�es. 

These are their low density, cost and ease of 

fabrica�on. Drawbacks of Aluminium alloys include 

rela�vely low modulus of elas�city when compared to 

other metals, suscep�bility to corrosion and low 

elevated-temperature capability (Campbell, 2006). 

While pure Aluminium has extremely low strength, it 

can be significantly improved by mixing with other 

elements to form its alloys (Rana et al.,2012; Medrano-

Prieto et al., 2016; Zhang at al., 2016). Mul�stage 

ageing treatments are also used to further improve the 

proper�es of the alloy systems (Polmear at al., 2004). 

These high strength and lightweight Aluminium alloys 

are thus extensively used, especially in the aerospace 

and automo�ve industry, for structural applica�ons 

considering weight saving along with low cost. In 

aerospace industry, structural components such as in 

the CC-130 Hercules transport aircra� and the 

Canadian Air Force CP-140 Aurora mari�me patrol 

aircra� widely uses Aluminium alloy (Chlistovsky et al., 

2007).

Proper material selec�on is one of the important 

aspect of engineering design. However, detailed 

characteriza�on and accurate model of deforma�on 

behavior of a material should also be available to make 

a judicious choice.  These applies to Aluminium alloys 

as well. With the advent of novel characteriza�on 

methods and analysis techniques, improvements in 

the models describing the deforma�on behavior of 

these alloys are con�nuously being made. For 

example, ar�ficial neural network approach has been 

applied in Al-Khedher et al. (Al-Khedher et al., 2006), 

to accurately model the behavior of age hardened 

Aluminium alloys. Such models can be extremely 

useful to predict structural behavior of aerospace 

structures with geometrical imperfec�ons and enable 

more rigorous design op�miza�on with stricter 

constraints. 

In the realm of material models for Aluminium and 

other metallic alloys, development of appropriate 

cons�tu�ve rela�ons capturing their elasto-plas�c 

behavior have received significant a�en�on in the past 

and is also an area of con�nual research. A detailed 

review on such cons�tu�ve theories of plas�city for 

metallic alloys can be found in Chaboche (Chaboche., 

2008). While a vast number of anisotropic and 

asymmetric models describing the elasto-plas�c 

behavior of metallic systems have evolved over the 

years, the J  plas�city theory remains the most 2

commonly used and has been implemented in several 

finite element codes. As discussed by several authors 

(Fredriksson et al., 2009; Ihsan., 1998; Moreira et al., 

2007; Argyris et al., 1984), it is assumed in the J  2

plas�city theory that material yielding and flow stress 

are driven by the second invariant of the deviatoric 

stress tensor only. The model has been found to 

predict the elasto-plas�c response of various metals 

and alloys in the low- medium plas�c rang with 

sufficiently good correla�on with experimental 

outcomes. However, the model is deficient in 

capturing the experimentally observed behavior for in 

the full domain of elasto-plas�city (Taylor et al., 1932; 

Spitzig et al., 1975).

Parameteriza�on and valida�on of J  elasto-plas�c 2

model require experimental evalua�on of proper�es 

such as Young's modulus, Poisson's ra�o and elasto-

plas�c profile of a material. The most common method 

for finding the material proper�es is strain gage based 

extensometer but is limited by the applicable strain 

range. Several researchers have proposed the 2D-

Digital image correla�on (DIC) for elasto-plas�c 

property evalua�on with the advantage that it can be 

used for the en�re range of applied strain accurately. 

Furthermore, the method than can be used for 

obtaining the in-plane displacements and strains at a 

local level (Su�on et al., 2009).  DIC is a full-field non-

contact op�cal method that obtains displacement and 

strain fields from acquired images. The calcula�ons are 

based on random speckles decorated on the specimen 

surface and translate during specimen deforma�on. 

The basic principle of DIC is the tracking of the same 

image points by comparing the grey level pixel values 

located in the two digital images of the test specimen 
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surface recorded before (reference) and a�er 

deforma�on (current). The tracking is done by search  

for extremum correla�on in a deformed and 

undeformed state. Test specimen surface must be  

covered with a random speckle pa�ern, which 

deforms together with the specimen surface as a  

carrier of deforma�on informa�on. DIC was first  

developed by a group of researchers at the University 

of South Carolina Pan et al., 2009; Bruck in the 1980s (

et al., 1989; Su�on et al., 1983). The method has been 

applied successfully to calculate the full field 

displacement and strain fields for homogeneous and 

inhomogeneous deforma�on Pan et al., 2007). (

Experimental Procedure

Specimen material and geometry

The standard specimens of 6063-T6 aluminum alloy 

(chemical composi�on of 6063T6 aluminum alloy is 

summarized in Table 1) were designed and machined 

according to ASTM standard - single E8/E8M 13a from  

extruded bar having cross sec�on of 76.20 × 16 mm, as 

shown in figure 1. In the figure, G is the gauge length, 

W is the width of the gauge sec�on, T is the thickness 

of the specimen, R is the radius of the fillet between 

gauge sec�on and the grip sec�on, B and C are the 

lengths and widths of the grip sec�on, respec�vely,  L 

is the overall (total) length, and D is diameter of hole. 

Dimensions (in mm) of different specimens used in the 

experimental program are presented in table 2. Two 

kinds of specimens were used; one with and the other 

without a central hole. Specimen were properly 

polished in the gage sec�on and hatched in the grip 

sec�on prior to tes�ng in order to enhance the 

reliability of the test data.

Table1: Chemical compositions of 6063T6 Aluminum alloy.

Component Si Fe Zn Mg Sn Ti V Pb Ni Cr Al

Wt (%) 0.469 0.178 0.035 0.656 0.069 0.025 0.013 0.080 0.086 0.008  98.369

Figure 1

Geometry of a typical dog-bone shaped specimen (ASTM standard E8/E8M-13a).

Table 2: Geometric Parameters of both the specimens.

Parameter (mm): G W T R B C L D            

Specimen without Hole: 57 12.68 3.92 6.76 39 20 147 N.A.

Specimen with Hole: 57 12.68 3.92 6.76 39 20 147 2.25

Speckle pa�ern

In DIC the specimen surface must be decorated with 

random grey intensity distribu�on known as speckle 

pa�ern. These speckle pa�ern may be naturally 

present or have to be ar�ficially created (Pan et al., 

2009; Dong et al., 2017). The speckle pa�ern should 

have largely varying gray scale intensity gradients, 

non-periodic and non-repe��ve pa�ern without 

direc�onality, to ensure accurate DIC measurements. 

Size of speckle granules of 3–5 pixels or greater are 

recommended to avoid aliasing effect. These speckle 

pa�erns are carrier of deforma�on informa�on and 

deform together with the specimen surface. So, it is 

necessary to create sufficiently strong speckle pa�ern 

with good interface strength. Speckle pa�ern layer 

must also be sufficiently to disallow a thickness effect 

on its deforma�on (Reu., 2014; Reu., 2015; Reu., 2015; 

Reu., 2014)

The process of making ar�ficial speckle pa�erns starts 

with applying a very thin and flat layer using white 

aerosol paint. Once surface get dry, spraying black 

paint to produce fine dots on pre painted surface from 

appropriate distance to get op�mal size of speckle 

granules. Images of speckle pa�erns as shown in

figure 2.

Figure 2: Speckled Specimen, (a) Dog-bone shaped specimen

without central hole, (b) Dog-bone shaped specimen with central hole. 

Tensile Tes�ng

Tensile tests were conducted using 15 kN capacity 

screw driven INSTRON Universal Tes�ng Machine 

(UTM) equipped with a DIC setup consis�ng of a 

camera and led lamps as shown in figure 3. The tensile 

tes�ng was performed at a displacement rate of 0.5 

mm/min. The digital camera records the 2D projec�on 

of specimen's surface. Hence, the op�cal axis of the 

digital camera was kept perpendicular to the 

specimen's surface. Post processing of the captured 

images was done using VIC-2D so�ware. Speckled 

specimens tested on this setup and a�er fracture are 

shown in figure 4.
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Figure 3: Experimental Setup: UTM Equipped with Camera and lamps for DIC

Figure 4: Broken Dog-bone Shaped Specimens: (a) without and (b) with central hole.

DIC for Strain Measurement

DIC technique consists of three steps, namely (a) 

crea�ng random speckles to produce grey intensity 

imaging features on specimen surface; (b) capturing 

the digital image of the undeformed specimen and at 

different stages of deforma�on during tes�ng; and (c) 

post processing of captured images using appropriate 

DIC algorithm to calculate full-field displacement and 

its gradients. In order to perform DIC post-processing, 

an area for analysis called region of interest (ROI) is 

marked and it is sub divided into evenly spaced virtual 

grids a�er recording of the images. Displacements and 

its gradients are calculated at each point of these 

virtual grids.  The marked black square, shown in figure 

5a, encloses a group of pixels and is called a subset. 

Subsets are iden�fied to track the same point, usually 

their center points, from the images of the specimen 

before and a�er deforma�on image. The tracking 

points before and a�er deforma�on, labelled as

                  and                      are shown in figure 5b.

Figure 5: Basic principle of subset based DIC method. (a) post-processing parameters,

(b) correlation of subset from reference image to deformed image.

(b)(a)

To ensure uniqueness condi�on of image features, it is 

recommended not to consider single pixel as 

calcula�on point because there could be the 

possibility of more than one pixel having same 

intensity value in selected region of interest (ROI), 

hence a group of (2M+1) ×(2M+1) pixels is considering 

as subset of square shape as shown in figure 5b. The 

Square shape of subset changes in the deformed 

image due to deforma�on in test specimen. The point      

                              near the center of subset point                         in 

undeformed subset can be mapped to the point              

                            in deformed subset having center point    

                       as shown in figure 5b. The displacement 

mapping func�on is defined by: 

where    and    are the shape func�on. Second order 

shape func�on are applicable for very large strains. 

There are also accurate to capture deforma�on shapes 

such as rigid body rota�on, pure shear, uniaxial and 

biaxial tension etc. of the subset. The shape func�on 

chosen here is

where and are the

and direc�onal displacement components of the 

reference subset centre, respec�vely.

are the first order and are

second order displacement gradients of the reference 

subset.
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The tracking of subset is evaluated using appropriate 

correla�on func�ons which can be either cross-

correla�on (CC) or sum of squared difference (SSD). 

More recent correla�on criterion such as Zero-

Normalized Sum of Squared Difference (ZNSSD) (Pan et 

al., 2009; Pan et al., 2007) are now available.

Zero-Normalized Sum of Squared Difference 

(ZNSSD): 

To evaluate the similarity condition between the 

undeformed and deformed subset a correlation 

criterion should be considered. For finding the 

deformation of subset the correlation criterion should 

be find its extremum value. Zero-Normalized Sum of 

Squared Difference (ZNSSD) is one of the correlation 

criteria and can be written in the form: 

where                         are the undeformed and 

deformed grey intensity func�on respec�vely,                         

                        are the undeformed and deformed mean grey 

intensity func�on respec�vely are defined as 

and

and             are the undeformed and deformed 

standard devia�on grey intensity func�on respec�vely 

given by

and

Subsequently, the strain field can be computed after 

smoothing and differentiating the displacement field 

(Pan et al., 2007; Pan et al., 2009). Once the 

displacement gradients are obtained, the Lagrangian 

strain can be evaluated following:

Accuracy of DIC results depends on many factors. 

These can be related to:

(I) Speckle pa�ern like size, shape, density, contrast 

and illumina�on. 

(ii) Digital camera features such as resolu�on, 

dynamic range, noise, type of lens and frame 

rate.

(iii) Post-processing features such as interpola�on, 

correla�on criterion, shape func�on, subset size 

and subset overlap etc. 

For accurate results these parameters need to be 

op�mized for the respec�ve applica�on (Acciaioli et 

al., 2008).

Calibra�on of DIC System 

As the specimen size is large enough to use any contact 

type strain measurement techniques, a mechanical 

extensometer was used in this work to measure the 

global strain from uniaxial tensile tes�ng. These global 

strains were used for calibra�on of DIC system using 

dog-bone specimen under tensile loading. The 

crosshead displacement of UTM is usually larger than 

extensometer data due to excess compliance of the 

test system. Thus, the measured crosshead 

displacement was compliance corrected before 

comparing with the extensometer and DIC results. The 

load displacement curves using the compliance 

corrected crosshead displacement, extensometer and 

DIC data are compared in figure 6. 

Figure 6: Comparison of load displacement curves between crosshead, DIC system, 

mechanical extensometer and compliance corrected crosshead displacement.

Numerical simula�on

Parameteriza�on and valida�on of J  plas�city model 2

requires material proper�es like Young's modulus, 

Poisson's ra�o and hardening curve. To define material 

behavior in numerical simula�on, basic material 

proper�es required are obtained from stress–strain 

rela�ons which are generally obtained from the 

uniaxial tensile test of a dog-bone specimen. True 

stress-strain data is obtained from the corresponding 

engineering stress-strain data and is shown in figure 7. 

The parametriza�on is an itera�ve process and the 

following parameters were obtained a�er several 

itera�ons:

Young's modulus of 68.824 GPa, Poisson's ra�o of 0.33, 

yield strength of 142 MPa, and a hardening profile as 

shown in figure 8. 

Figure 7: Calculation of True stress-strain from Engineering stress-strain data.
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where                         are the undeformed and 

deformed grey intensity func�on respec�vely,                         
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Figure 8: Elasto-Plastic Hardening Curve (input as material model parameter).

For model parametrization, elasto-plastic Finite 

Element Method (FEM) analysis of specimen without 

hole was performed using a commercial package 

(ABAQUS, C., 2017). C3D8R 8-node trilinear elements, 

reduced integration and hourglass control were used. 

3D model of full specimen geometry was utilized to 

minimize the effect of approximation on strain 

localization. The simulated geometry and boundary 

conditions were similar to the experimental tensile 

tests and are shown in figure 9(a). The simulated full 

field strain field is shown in figure 9(b). 

Figure 9: Boundary conditions and (b) simulated strain field for Dog-bone shaped 

specimen without central hole. 

The comparison of stress-strain curves between 

simulation and experiments after calibration are 

shown in figure 10. The stress from simulation in figure 

10 are calculated from the sum of reactive forces on 

the nodes in the grip divided by the gauge original 

area, while the strain is calculated from the average 

displacements of the nodes on the top and bottom 

edges of the gauge section. From figure 10, an 

excellent agreement can be seen starting from elastic 

regime to yielding followed by strain hardening and 

initial softening due to neck formation. A mismatch 

can be observed only near to the final failure of the 

specimen. The iteratively obtained strain hardening 

curve shown in figure 8 clearly demonstrates the 

presence of a very short stage II and a relatively 

dominant stage III hardening. This behavior is 

observable in most of the Alumimium alloys. The 

accuracy of our simulated response can be attributed 

to the precision of this strain hardening curve. The 

strain softening observed in the engineering stress 

strain curves is due to the necking phenomenon.

Figure 10: Comparison of stress vs strain response between 

experiments and simulations for the plate without central hole.

Results and discussion

Val idat ion of  the J2  plast ic i ty  model  for  a 

heterogeneous scenario was performed using the 

dogbone specimen with a central hole shown in figure 

11. In this problem, every point on the plate acts as a 

virtual extensometer in the DIC technique and 

experiences a locally multiaxial stress field, particularly 

near the hole, though the globally applied load is 

uniaxial. Hence, the comparison of the simulated field 

with the full-field solution of DIC can also be 

considered to be a validation of the model under 

locally multiaxial states. The calibrated constitutive 

model was used and simulated with similar geometry 

and boundary conditions as of experiments. The 

simulated strain field at stress level of 106.94 MPa is 

shown in figure 11. 
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Figure 11: Boundary conditions and simulated strain field for Dog-bone shaped 

specimen with central hole.

Global load-displacement and stress-strain behavior are presented in figures 12 and 13 to show the fidelity of J  2

plasticity model. The load-displacement results are matching well till maximum strength of material as can be seen 

from figure 12. 

Figure 12: Comparison of load vs displacement response between experiments 

and Simulations for the plate with central hole.

Figure 13: Comparison of stress vs strain response between experiments and 

Simulations for the plate with central hole.

The heterogeneous strain field in the plate with a hole 

under uniaxial tension is compared between DIC and 

FEM simulations to validate the accuracy of the model. 

This comparison is done at a macroscopic stress level 

of 106.94 Mpa. Furthermore, the strain values along a 

horizontal line passing through the center of hole was 

considered for comparison. These comparisons are 

shown in figure 14. From both the contour and line 

comparisons it was seen that the J  elasto-plastic model 2

can capture the multiaxial response with reasonable 

accuracy.

Figure 14: Comparison of Variation of local strain between experiments and Simulations for dog-

bone shaped tensile specimen with central along horizontal line (at Stress Level of 106.94 MPa).
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Conclusion

A combined DIC and FEM simulation-based study was 

performed in this work to explore the accuracy of the J  2

plasticity model when applied to heterogeneous and 

multiaxial scenario. The parameters of the model such 

as Young's modulus, Poisson's ratio and elastoplastic 

hardening profile of material were calibrated using 

experimental tests that developed homogeneous 

strain/stress fields. The calibration strategy involved 

an iterative procedure of simulation and comparison 

with experimental data till a reasonable match was 

obtained. 

FEM simulations and DIC has been used to evaluate 

the fidelity of the isotropic von Mises elasto-plastic 

model for 6063T6 aluminum al loy for both 

homogeneous, heterogeneous and multiaxial 

scenario. The comparison of global and full field 

response between FEM simulations and experiments 

show that the model reasonably captures the 

multiaxial constitutive behaviour of the material prior 

to necking. Appropriate damage model needs to be 

included to model the response of the material till 

failure.
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Abstract

Vibra�on energy harvester consists of a structural 

member such as a beam, plate or a combina�on of 

different members wherein the structural members 

are bonded with one or more patches or layers of 

piezo-electric transducers. This structural member 

bonded with piezo-electric patches can convert the 

base vibra�on into electrical energy. This technique is 

becoming popular in recent �mes. The harvested 

energy depends on the type and magnitude of base 

excita�on and the harvester's configura�on. This 

paper presents the development of numerical 

simula�on and experimental procedure to quan�fy 

the harvested energy from a can�lever energy 

harvester. The effect of increase in the base 

accelera�ons with different load resistances is 

inves�gated. The experimental results agreed well 

with the simula�ons. The results demonstrate that the 

harvested energy reaches maximum when the base 

excita�on matches the natural frequency of the 

harvester and increases with increase in base 

accelera�ons from 1g to 10g for three different loads. 

Keywords: Can�lever energy harvester, harmonic 

excita�ons, numerical simula�ons, experiments, base 

accelera�on, power output.


