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Abstract

The influence of nanofiller on the tensile and surface charge properties of Al/Epoxy nanocomposite

materials is investigatedwith respect to their structural composition. The formation of conductive

network nearing the percolation limit with the addition of nanofiller has strongly influenced the

mechanical and electrical characteristics of nanocomposites. The digital image correlation technique

is employed to acquire the strain variation at the distinct locations on the tensile specimen. The load-

displacement, as well as shape deformation, were analysed for the various nanofilled composites. The

improved tensile characteristics were achieved up to certainwt%offiller addition, beyondwhich the

load and time required for thematerial fracture were reduced drastically. Likewise, the addition of

filler up to 5 wt%has shown the improved charge decay characteristics viz. quicker charge decay and

enhancement in shallow energy states under the appliedDC voltage. The direct analogy inmechanical

and electrical characteristics was formulated in terms of structural composition (defects, additives and

filler) of respectivematerials.

1. Introduction

Nanostructuration provides the high aspect ratio and specific surface area to improve the thermal,mechanical

and electrical properties of nanocompositematerial [1, 2]. They have the advantage of low cost, lightweight, ease

of processing, increasedmodulus and strength, thermal stability, erosion resistance, good electrical insulation

characteristics and high breakdown strength over the polymermatrix [3–5]. Lower addition offiller to the base

polymermatrix result in uneven dispersion, in contrast, higher concentration leads to agglomerations which

deteriorate the load-bearing capability of the overallmaterial [6]. It is an utmost concern for the researchers to

identify the optimised filler concentrationwhich ensures the efficient filler dispersion in the polymermatrix for

enhancing the overall properties of thematerial.

Themechanical-electrical analogies proved that certainmechanical problemswould be solved easily in the

electrical domain. For example, the piezoelectric effect which links the crystal resonator havingmass, spring and

damper elements to the equivalent electrical systemswith a capacitor, inductor and resistor respectively in the

direct analogy. The desired properties viz. the resonant frequencywhich is a function of electrical components is

modelled by adjusting the structural properties of the crystal in themechanical domain [7]. However,

understanding the correlation between electromechanical properties is an open subject for the researchers

worldwide.

Earlier studies revealed that the improvement in tensile behaviour of epoxy nanocompositematerialsmerely

depends on the efficientfiller dispersion and the interfacial adhesion betweenfiller and thematrix [8–10]. The

polymer nanocompositematerials with conductive fillersfind their applications include embedded capacitance

material (ECM), high energy density capacitors, and electromagnetic interference (EMI) shieldingmaterial in

electronic circuits [5]. Also, thesemetallic filled nanocompositematerials exhibit excellent dielectric

characteristics below the percolation threshold characteristics viz. high breakdown strength, better space charge
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behaviour [11, 12]. Aluminiumfilled nanocompositematerials have shown a better thermal stability, heat

dissipation and thermal conductivity over the basematerial [13, 14]. Anithambigai et al have investigated the

thermal characteristics of an LED employingmetal aluminium filled polymer nanocomposites as a thermal

interfacematerial for an improved heat dissipation properties [15]. Bello et alhave investigated the influence of

the addition of nano andmicro aluminium fillers on the tensile behaviour and shown that the nanofilled

materials have exhibited improved tensile strength overmicro composites [16]. Since the inherent defects in the

material initiate the fractures undermechanical loading, it is essential to understand the variation in the strain at

distinct locations on the specimen specifically at the fracture points, rather just examining the cumulative strain

experienced by the specimen [17, 18]. On the other hand, the surface of thematerial ismostly exposed to the

stresses during the power apparatus operation. The localised surface traps resulting from thematerial

composition defines themagnitude of charge transport through thematerial. Under the normal operating

condition, the inherent defective states in the insulatingmaterial accumulate the chargewithin the bulk volume

initiated from the surface trap sites, causing the local electric field enhancement, leading to internal damage

locally and over a period of time, a catastrophic failure can occur [19–21]. Therefore, it is essential to design the

materials which are capable ofmitigating the enhancement in the electric field during the power apparatus

operation by the least charge accumulation and instantaneous charge decay upon removal of the field conditions

[22, 23]. The analysis of such studywith epoxy nanocomposites reinforcedwith conducting filler is scarce in the

literature.

Having known these differences, the present study is carried out to investigate the correlation between strain

variation and surface charge decay characteristics of different epoxy nanocomposite (with nano aluminium as

filler)materials and discuss the correlation in respect to the structural properties (filler, additives and defects) of

the nanocompositematerial.Methodical experimental studies were carried out to understand the following

important aspects, such as (a) investigating the tensile behaviour, as well as, the strain variation at distinct

locations on the specimen using digital image correlation (DIC) technique, well-knownmethod for studying

full-field displacement and surface strain variation for different nanocompositematerials, and (b) inspecting the

surface charge decay characteristics of epoxy nano aluminium composites viz. potential decay and trap

distribution properties under theDC voltage for positive and negative polarity.

2. Experimental studies

2.1. Selection offiller size and optimisedweight fraction

In the present study, Al nanoparticles with an average particle size of 40 nmwere chosen. The percolation

threshold is the upper limit on the addition of nanoparticles to the polymermatrix, upon exceedingwhich

causes the drastic increment in the electrical conductivity of the compositematerial.

Considering the spherical nanoparticle with diameter, d is dispersed in a cubical lattice of polymermatrix as

shown infigure 1, the inter filler distance, D between the twoneighboring nanoparticles as a function offiller

concentration (wt%) is calculated through the following equation (1) [24],
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Figure 1.Pictorial representation of spherical nanoparticle in a cubic lattice.
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where ρn and ρm are specific gravities of Al nanofiller and the polymermatrix (ρm=1.17 and ρn=2.7),
respectively. Intuitively, increased addition of nanoparticles in a polymermatrix reduces the interfiller distance.

The interfiller distance calculated from equation (1) at differentfiller concentrations is tabulated in table 1.

It is clear from table 1 that the lowerfiller concentration result inmaximum inter filler distance, indicating

the uneven dispersion of nanoparticles. On the other hand, higher filler concentration results in the lower

interparticle distance implying the overlapping of nanoparticles and hence the formation of the conductive

network.Whereas the uniformdispersion is possible provided the interfiller distance, D is equal to the diameter

of the nanoparticle, d. From table 1 it can be noticed that the diameter of nanoparticle (40 nm) and interfiller

distance (39.8 nm) are almost equal at thefiller concentration of 14 wt% [24–26]. In general, nanoparticle

agglomerations and non-uniformity infillermatrix dispersion impose an upper limit on the practical

percolation value. Hence, the actual threshold limit is lower than the theoretically calculated value. For the

experimental studies, compositematerials having aluminiumnanofiller loadings with 0, 1, 5 and 10 wt%,

respectively are prepared in the present study.

2.2.Materials andmethod of sample preparation

Thematerials used in the preparation process are, the Bisphenol-A epoxy resin (CY205) as a base polymer

matrix, Tri-ethylene tetra-amine (TETA) hardener as a curing agent and self-passivated spherical aluminium

nanoparticles of 99.9%purity with an average particle size of 40 nm (supplied byHongwu International Group

Ltd,HongKong) as afillermaterial. The nanocompositematerials were fabricated by adding different weight

percentage of nanofillers to the base epoxymatrix, adopting the following preparation procedure. At the initial

stage, the required quantity of nano aluminiumpowderwas heated at 110 °C, for 3 h to remove the traces of

moisture in it. Next, the heated nanofiller wasmixedwith ethanol and sonicated for 1 h. Subsequently, the

nanoparticle dispersed ethanol wasmixedwith epoxy resin by shearmixing process for 6 h. At the later stage, the

high frequency sonication process (at 20 kHz)was carried out, for two h, bymaintaining the sample temperature

at 40 °C in icefilledwater bath. At thefinal stage, prior to the addition of hardener for curing, themixture was

kept in an oven for allowing the excess ethanol to evaporate from themixture. At the sixth stage, the required

quantity of hardener was added to the nanoparticle dispersed epoxymixture andmixed thoroughly till uniform

dispersionwas achieved. On degassing, themixturewas poured into amould in required dimensions for various

tests.

2.3.Mechanical characterisation

To investigate thefiller effect to resist breakage under applied stress, the prepared samples are conventionally

testedwith universal TestingMachine of 20 kN loading capacity with a displacement rate of 2 mmmin−1 at the

room temperature. In this study, tensile specimenswere prepared according toASTMD-638 (Type IV) standard

procedure in the dumbbell shapewith the dimensions 115×6×3 mmand 25 mmgauge length. For the

correctness and reliability of results, tests were carried out on 4 samples with the same concentration and

averaged.

Digital image correlation is an efficient image-based technique for shape, field displacement and

deformationmeasurements at distinct locations over the surface of the specimen under test [27, 28]. The typical

experimental setup illustrating the schematic ofDICmethod is shown infigure 2. The following steps are

implemented successively to obtain the desired displacements and strain information: specimen and

experimental preparation, recording the images and post-image processing.

Speckle pattern on the surface of the specimen act as a carrier of deformation during the tensile loading. The

artificial speckle pattern is performed on the specimen surface since the surface texture of prepared

nanocomposites are not providing ample intensity variations. The specimen is speckledwith black dots using a

permanentmarker pen onwhite paint over the sample surface. Tomap the in-plane deformation during tensile

loading, utmost care was takenwhile performing speckle pattern on the sample surface, viz. (a) showing non-

repetitive/ randompattern, (b)marked pattern adhere tightly to the specimen surface and (c) providing high-

Table 1.Variation in interfiller distance as a function offiller concentration.

wt% D (nm) wt% D (nm) wt% D (nm) wt% D (nm)

1 157.4 7 62.0 13 42.0 19 31.3

2 116.4 8 57.4 14 39.8 20 30.0

3 96.3 9 53.4 15 37.8 21 28.7

4 83.6 10 50.0 16 36.0 22 27.6

5 74.5 11 47.0 17 34.4 23 26.5

6 67.6 12 44.4 18 32.8 24 25.6
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intensity levels for better capturing throughCCDcamera. Under the tensile loading, the displacement in the

speckle pattern is recorded continuously by aGrasshopper CCDcamera (with Sony ICX625 2/3′ sensor) of 5.0

MPwith amaximum resolution of 2448×2048 pixels placed at 50 cm in front of the universal testingmachine.

The lens usedwith the camera is of Canon has afixed focal length of 50 mm. LED light sourcewas utilized to

brighten the speckle pattern on the sample surface while capturing the images during the loading. The captured

images are acquired through theGrasshopper GRAS-50S5 IEEE-1394b graphical user interface and

subsequently recorded in the computer. TheVIC-2D software provided byCorrelated Solutions, Inc. was

employed to post-process and analyses the acquired digital images and perform the correlation-basedmatching

algorithm. The optimized subset, step size and strainfilter of 29, 5 and 21 respectively 5 are usedwhile

performing theDIC analysis. For uniform speckle pattern and unvaried experimental conditions for a given

specimen, the localized virtual strain gauge is determined bymultiplying step size and strain filter. Thus, it

provides in-plane full-field displacements and strains by comparing the digital images of the specimen surface in

the reference and deformed states respectively.

2.4. Surface potentialmeasurements underDC voltage:

The experimental setup as shown in figure 3 is employed to investigate the surface potential decay characteristics

for the nanocomposites, for the positive and negative polarity of the applied voltage. The experimental setup

used in carrying out the surface potentialmeasurements is a widely adopted non-contactmethod of charging the

test specimen, having the provision to test the insulatingmaterials for different voltage profiles [12, 19, 29] and at

different temperature ranges [30].

Figure 2.Typical optical image acquisition system for theDICmethod.

Figure 3.Experimental setup for surface potential decay studies.
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The needle plane configuration is used for charging the specimen. The specimen is placed in between the top

needle electrode (tip radius of 0.3 mm) and the bottom ground plane electrode (sliding aluminium sheet). The

high voltage amplifier generates the required voltage, with its input from the function generator. The

configuration is used to inject the charges over the specimenwhich is located at position 1 for 3 min 3 mm space

ismaintained between the sample surface and the tip of high voltage electrode, throughout the experiment. After

3 min of charging, the sample is immediately brought under position 2where the potential remain on the

surface of the sample ismeasured under isothermal conditions through an electrostatic voltmeter (Trekmodel

341B) and subsequently data is recorded continuously in theDSO. In the present study, the surface potential

decaymeasurements are conducted for positive and negative polarities of 10 kVDCvoltage.

3. Results and discussion

3.1.Mechanical characterisation

Figure 4 shows the variation in tensile stress versus strain for pure epoxy andAl-epoxy composites with different

filler loadings from1 to 10 wt%. It is observed from figure 4 that an instant drop in the stress-strain curves, as

soon as thematerial underwent themaximum load (ultimate tensile strength, Su)point indicate the inherent

brittle nature of composites. Also, the reduction in the strain at fracture point of samples and improving the

stiffness of nanocomposites are observed over the pure epoxymaterial. As presented in table 2, it can be seen that

Young’smodulus which represents the stiffness ofmaterial, found higher for the nanocomposites withfiller

concentration andmaximum for thematerial with 5 wt%. Likewise, the load required to cause fracture and the

maximum stress undergone by thematerial (Su) are low for the nanocompositematerials in comparisonwith the

pure epoxy. Shape, filler dispersion and interfacial adhesion to the epoxymatrix are the crucial deciding factors

for themechanical characterization. Asfiller percentage is increased, particles get aggregated easily due to high

specific surface area and stronger VanDerWaals forces between adjacent particles [8]. Further, filler packing

density and non-uniformdispersion at higher filler concentrations create voids andweaken the bonding

betweenfiller andmatrix which results in ineffective load transfer betweenmatrix and filler, thereby fractures

easily at lower loads [31]. Though the shapewas same in all the samples, strong interfacial adhesionwith the

addition of nanofiller till 5 wt%manifesting that an efficient load transfer betweenmatrix andfiller, and hence

improving Young’smodulus of the nanocompositematerials. On the other hand, inefficient filler dispersion

resulted from increased nanofiller concentration leads to the formation of agglomerations which further

deteriorates the load-bearing capability of nanocompositematerials above 5 wt%.

Figure 4.Tensile stress-strain curves for pure andAlfilled epoxy composites with different filler loadings.

Table 2.Variation of Tensile properties of Al/Epoxy nanocomposites.

wt%

Load atmaximum

tensile stress (N)

Youngsmod-

ulus, E (MPa)

Ultimate tensile

strength, Su

(MPa)

0 1660 731.0 64.0

1 1053 748.3 55.7

5 1146 786.7 52.8

10 817 729.1 33.3
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The cumulative strain distribution in the specimenwith respect to time during the testing is shown in

figure 5 for the nanocompositematerials. It can be noticed from figure 5 that the strain experienced by the

nanocompositematerials is reducedwith the addition offiller. Also, the time taken for the breakage under

uniform load conditions is reduced and it is sluggish till the addition offiller up to 5 wt%,whereas it is very less

for the specimen above 5 wt% to initiate the breakage. The possible reason could be the reduction in interfiller

distance between adjacent nanoparticles in the polymermatrix result in the agglomerations which further

weakens the bonding between filler andmatrix and therefore result in an ineffective load transfer between

matrix andfiller.

TheDIC analysis was carried out onAl/Epoxy polymer nanocompositematerials to understand the

influence offiller on themechanical (tensile) behaviour. Unlike the conventional tensile testing, DICmeasures

the strain deformation at distinct locations over the surface of the specimen and provides the strain contours

when the specimen is subjected to the tensile load [27, 32]. Figures 6(a)–(d) shows the variation in strain

contours of the Al/Epoxy nanocompositematerials at different instances during the tensile test for the different

nanofiller concentrations. The duration of the experimentation time is same for the tensile testing performed

through conventional andDICmethod. The stress (inMPa)measured at a particular instant during the

conventional testing ismatchedwithDIC image taken at the same instantwhile performing the post image

processing, and it is represented in the vicinity of the image as sown infigure 6. The speckle pattern present in the

reference image (at t=1 s) is continuously comparedwith the deformed images (t>1 s) and therefore the
correlation between the corresponding images yields the plot contour of the strains in a particular specimen. It

can be observed from figures 6(a)–(d) that the deformation field is concentrated slowly near the failure region

over a period of time during the testing. Also, the strain field presented in the fourth row offigures 6(a)–(d)

shows the failure of the sample at different locations under the tensile loadingwhich can be attributed to the

existence of high-stress concentration areas. The red colour in the legend of the strain contour diagram

corresponds tomaximum strain values while the purple colour corresponds to theminimum. The strain

analysis generally quantifies the amount of deformation experienced by the test specimenwhich further

classifies ductility or brittleness upon the application of tensile load.

It is well known that the strain experienced by the specimen at distinct locations is different and therefore the

strain along the elongation (εyy)direction is analyzed by choosing the various locations on the surface of the

sample. The positions on the specimen are selected so that themaximum,minimumandmedium strain regions

are covered. The procedure for selecting the distinct locations and their corresponding strain along the

y-direction as a function of time for different nanocompositematerials is shown in (i) and (ii) offigures 7(a)–(d)

respectively. The time indicated in the strain contour diagram corresponds to the instant at whichDIC analysis is

being carried out, which essentially represents the image acquired from the third row offigure 6. Location 3

corresponds to themaximum strain regionwhere thematerial breakage is inevitable. It is observed that the

elongation in tensile direction (εyy) is increased linearly with respect to time regardless of the filler and location

of interest. For a givenmaterial, it can be noticed that the εyy is higher at themaximum strain region (Location 3

in the deformed image) then followed by themedium strain region (Location 2) and theminimum strain region

(Location 1).

Further, the variation in the elongation in tensile direction atmaximum strain region (Location 3) obtained

fromDIC analysis is plotted infigure 8 to understand the distribution of strain in nanocompositematerials and

its dependence on the addition of nanofiller. A clear variation in the strain distribution resulted fromDIC

technique can be observed from figure 8with respect to time for all the nanocompositematerials in contrast to

the similar analysis carried outwith the conventional testing represented infigure 5. In addition, the strain

Figure 5.Variation in the tensile strain as a function of time in Al/Epoxy nanocomposites.
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experienced by the nanocomposites as well as the time taken for the breakage under uniform load conditions is

reduced slightly till 5 wt%,whereas the rapid reduction in time taken for the breakage of the specimen is

observed for the sample with 10 wt%nanofiller inclusion. The addition of nanoparticles yields the reduction in

interfiller distance between adjacent nanoparticles in the polymermatrix, further result in the agglomerations

whichweaken the bonding between filler andmatrix at higher concentrations and therefore result in an

ineffective load transfer betweenmatrix and filler. The similar variation is observedwith the conventional tensile

testing shown infigure 5, which indicates that theDICmethod can detect the full-field shape, deformation,

displacement and contour of strainmeasurements in the sample subjected undermechanical loading.

The elastic object experiences the deformation under the application of force on it. From amechanical point

of view, it is evident from the strain analysis for the Al/Epoxy nanocompositematerials that the addition of

nanofiller reduces the time and load required to cause failure. The anticipated reason could be the addition of

nanoparticles implies the reduction in inter filler distance between adjacent nanoparticles in the polymermatrix

that results in the agglomerations which further weakens the bonding betweenfiller andmatrix at higher

concentrations and therefore result in an ineffective load transfer betweenmatrix and filler.

In the quest offinding correlation in the electrical domain, the effect on surface charge variation under the

applied uniform voltage with the addition of nanoparticles to the polymermatrix is analyzed further. It has been

shown that the aluminiumnano particle-filled compositematerials below the percolation thresholdwould

essentially exhibit the dielectric characteristics [5, 25].

3.2. Surface potential decay studies

The localized states arising prominently from the structural and intentional impurities act as charge carrier

traps, which strongly influence the charge transport characteristics in thematerial. For the present experimental

electrode configuration and specimen thickness, the applied electric field is not high enough for the charge

carriers to transport through the volume of thematerial. Thermal agitation due to collision of charges allows the

injected charge carriers to accumulate on the surface trap sites during the corona charge injection. Thus, the

accumulated charge at the surface states of the specimen is expected to decay by recombiningwith the ions of

opposite sign in the surrounding ambience, rather transporting through the bulk, under the absence of applied

Figure 6.Variation in strain contours and themagnitude of stress (inMPa) of theAl/Epoxy nanocompositematerials at different
instances during the tensile testingwith the filler concentration (a) 0 wt%, (b) 1 wt%, (c) 5 wt% and (d) 10 wt%.
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voltage. Thus, the decay in surface potentialmeasured through electrostatic voltmeter is directly related to decay

of surface charge under the present experimental conditions.

The variation in the potential decay characteristics from the trapping sites on the surface of the different

nanocompositematerials is plotted in figure 9 for the applied positive and negativeDC voltage profiles. It is

observed that the surface potential is decreasing exponentially regardless of the filler concentration and the

applied polarity. The exponential decay in surface potential on the removal of charge injection from corona

electrode is quantifiedmathematically as,

= l-U t U e 20
t( ) ( )

whereU0 is the initial potential andλ is the decay rate constant. Studies have shown that initial fast potential

decay is attributed to detraping of charges from shallow traps, and subsequent slower potential decay is ascribed

to detraping fromdeep traps [19]. Though the variation inmagnitude of accumulated surface potential is

insignificant for a given polarity, a significant variation can be noticed in the decay rate of the nanocomposite

materials. The decay rate of the different nanocompositematerials under+DCand –DC is shown in table 3.

Figure 7. Strain analysis with the (i) selection of distinct locations on the surface of specimen and (ii) variation in strain as a function of
time at the selected locations for the nanocomposites with (a) 0 wt%, (b) 1 wt%, (c) 5 wt% and (d) 10 wt%nanofiller.
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Further, the density of trapped charge carriersN(E) in a specimen at different energy levels (E) is analysed to

acquire a better perspective of how strongly the injected charge carriers trapped in the localized surface states

exist in the nanocompositematerial [33]. The density of trapped charges (N(E)) at different energy levels (E)

within the bulk of thematerial with the variation of trap depth (ΔE) [34, 35] is expressed by the following

equation:

e e
=N E

4

eL kT
t
dU

dt
3

0 r

2
( ) ( )

and the trap depth,

D = - =E E E kT ln vt 4c d ( ) ( )

where ‘L’ (inm) is the thickness ofmaterial, ‘k’ (in J/K) is the Boltzmann constant, T (inK) is the thermodynamic

temperature, Ec is the bottomof the transport state, and ‘Ed’ is the demarcation energy level which separates the

emptied and occupied states and v is the attempt to escape frequency, in order of 1012 s−1. Trap depth is the

Figure 8.Variation in the elongation in y-direction at themaximum strain region for various Al/Epoxy nanocompositematerials.

Figure 9. Surface potential decay plot for+DCand –DC input voltage.

Table 3.Trap parameters of Al/Epoxy nanocomposites underDC voltage.

Polarity
Positive polarity Negative polarity

wt%

Decay rate

(s−1)

Trap cen-

tre (eV)

Decay rate

(s−1)

Trap cen-

tre (eV)

0 0.0028 0.8664 0.0036 0.8550

1 0.0054 0.8492 0.0046 0.8532

5 0.0076 0.8402 0.0079 0.8392

10 0.0021 0.8730 0.0040 0.8567
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amount of energy required for a charge carrier to get liberated from the localized trap site [20]. The trap depth at

maximumenergy density is treated as a trap centre [36]. Variation in trap centre for positive and negative

polarities of the appliedDCvoltage profiles as a function offiller concentration is shown infigures 10(a) and (b).

It is observed that the trap distribution covers the range from0.7 eV to 0.9 eV. Variation of trap centres with

respect to the addition offiller and polarity of applied voltage profiles is shown in table 3. It is evident that the

trap centre is reduced (left shift) for the nanocompositematerials slightly from0 to 5 wt%offiller addition,

beyondwhich the increment in the trap centre is noticed.

Addition of nanofiller to the epoxymatrix leads to the reduction in the inter-filler distance, contributing to

the improvement in the carriermobility for thematerials up to 5 wt%.Considering themulti-coremodel, the

charge carriers get detrapped from the shallow trap region (the loosely bounded layer) since it is low in density

and occupies a large amount of free volume [24].Whereas, further reduction in interfiller distance nearing the

percolation threshold enhances the clusters of nanoparticles in the polymermatrix, leading to themigration of

charge carriers at shallower traps to the deep trap states (through the second layer), for the nanocomposite

material above 5 wt%. A considerable amount of energy is required for these charge carriers trapped in a cluster

of localized states to get liberated and therefore the trap energy is increased for 10 wt%material. Thus, the

reduction in trap centre is fundamentally related to faster decay characteristics of thematerial (up to 5 wt%),

whereas, the increment in trap centre corresponds to the reduced decay rate of thematerial (10 wt%). The left

shift in the trap centre is intuitively thought as the reduction in trap centre and it can be correlatedwith the

increment in the decay rate of potential decay curves.

3.3. The electromechanical characteristics

The electromechanical behaviour is investigated in the present study for the epoxy nanocompositematerials

fabricatedwith the incorporation of varying concentration of Al nanoparticles. The strain distribution analysis

usingDIC technique for the samples subjected to uniformmechanical loading conditions at the high stress

concentrated regions result in the strain experienced by the nanocomposites as well as the time taken for the

breakage under uniform load conditions is reduced invariantly till 5 wt%,whereas, the rapid reduction in strain

and the time taken for the breakage of the specimen is observed for the sample with addition of 10 wt%

nanofillers. Addition of nanoparticles causes the reduction in interfiller distance between adjacent nanoparticles

in the polymermatrix, leading to the agglomerations which furtherweakens the bonding between filler and

matrix at higher concentrations and therefore result in an ineffective load transfer betweenmatrix and filler.

Likewise, in a quest to investigate the equivalent electrical behaviour under uniform electrical loadings, the

surface potential characteristics were analysed in contrast to the variation in surface strain analysis carried out

throughDIC technique under themechanical loading. Availability of shallow energy states till optimum

concentration (5 wt%) of nanoparticles allows the charge carriers to detrap quickly.Whereas, the excessive

addition of nanofiller diminishes the available inter filler distance, thereby the enhanced deep trap states result in

the increased charge accumulation.

Interestingly, the resemblance in surface potential characteristics is devisedwith the surface strain variation

under tensile loading as follows. The insignificant variation in the surface strain, as well as the time required for

the breakage under the tensile loading up to 5 wt%of thematerial, is correlated to the increased surface potential

decay rate as well as the reduced trap depth in the electrical domain. Thus, the optimized surface strain

distribution resulted from the efficient load transfer between thematrix and filler fromDIC analysis

corresponds to the existence of shallow energy states in providing faster surface potential decay characteristics.

Figure 10.Trap Energy distribution for (a)+DCand (b) –DC input voltage profile.
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On the other hand, the drastic reduction in surface strain, as well as the load (or time) required for the specimen

to failure above 5 wt%, resulted from the existence of weak links due to agglomerations inmechanical domain is

correlated to the reduction in the decay rate as well as increment in trap energy states resulted from the

formation of clusters of nanoparticles in the polymermatrix nearing the percolation threshold. Though the

correlation betweenDIC and surface potential decay behaviour is found in the present study, further

investigation is needed to validate this consistency for differentfillermaterial at various filler concentrations

subjected to differentmechanical and electrical loadings. Even though this correlation technique is at its infancy,

viable predictions on electrical behaviour viz. threshold electric field, trap characteristics etc, can bemade for

othermaterials, if this consistency is validated.

4. Conclusions

Themechanical-electrical characteristics of Al/Epoxy nanocomposites were investigatedwith varying addition

of Al nanoparticles. The performance of nano aluminium filler added epoxy nanocomposites was studied for the

variation in surface strain and surface charge accumulation undermechanical and electrical stresses,

respectively. TheDIC techniquewas used to study the surface strain variation, while the needle plane

configurationwas employed to investigate the surface potential characteristics, to obtain the similarity in the

surface properties in the electromechanical domain for different epoxy nano aluminium composites. The

important conclusions drawn based on the present study are the following:

• The improvement in the load atmaximum tensile stress and stiffness was noticed up to 5 wt%nanofiller

addition, beyondwhich the depreciationwas observed due to themicrocracking initiated from the increased

filler concentration.

• The variation in the surface strain and field displacement at different locations on the specimen loadedwith

different nanofiller concentrations were analysed through theDIC technique. It is clear from the results that

theDICmethod can detect the full-field shape, deformation, displacement and contour of strain

measurements in the sample subjected tomechanical loading.

• The exponential decay in surface potential is observed irrespective of themagnitude and polarity of the

applied voltage as well as with thefiller content. Trap energy distribution covers in 0.7 eV to 0.9 eV for epoxy

nano aluminium composites. A left shift in the trap depth is related to the increased decay rate.

• The optimized strain distribution resulted from the efficient stress transfer between thematrix and filler from

DIC analysis corresponds to the existence of shallow energy states in providing the faster surface decay

characteristics.

• The inefficient load transfer above 5 wt%measured throughDIC is correlatedwith the reduction in the decay

rate aswell as an increment in trap energy states resulted from the formation of clusters of nanoparticles in the

polymermatrix nearing the percolation threshold.
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