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Abstract
The applications of electrically flexible conductive polymer composites are rapidly growing over the time due to their

widespread use in fabrication of health monitoring devices, sensors, and flexible displays fabrication, etc. Various tech-

niques have been explored to develop electrically conductive polymer composites. In the recent past, fused deposition

modeling (FDM) process has been gained tremendous attention to fabricate electrically conductive parts considering rigid

polymers along with conductive filler particles. This allows to avail all advantages and benefits of additive manufacturing

in the fabrication of complex electrically conductive parts. However, FDM process faces challenges of filament buckling

while fabricating flexible parts. Hence, there is need to develop an economically viable and simplified process to fabricate

the flexible electrically conductive polymer composite objects. In the present study, fabrication of flexible electrically

conductive polymer composite objects has been attempted by developing a novel CNC assisted fused layer modeling

process. The developed process uses the material in pellet form instead of a filament, which eliminates the issues of

filament buckling and allows flexible object fabrication. The ethylene vinyl acetate (EVA) and graphite (Gr) particles have

been used as the polymer matrix and conductive filler material respectively. Solvent and melt blending techniques have

been employed to develop EVA/Gr composites. Three-dimensional flexible electrically conductive objects have been

fabricated successfully. The experimental result shows the remarkable improvements in electrical conductivity of EVA

polymer by incorporation of graphite particles. The outcome of the presented approach may help to fabricate flexible

electrically conductive complex structures for soft robotics and electronics applications.

Keywords Elastomers � Ethylene vinyl acetate � Graphite � Additive manufacturing � Fused deposition modeling �
Pellets � Flexible electrically conductive composites � Flexible conductive polymers

1 Introduction

The applications of flexible and electrically conductive

polymer composites have increased over the time in vari-

ous fields such as in health monitoring, displays, pressure

sensors, and flexible circuit fabrication, etc. [1, 2]. Over the

time, the flexible electrically conductive polymer com-

posites have been developed by adding conductive fillers

such as carbon fiber, carbon nanotubes, aluminium, copper,

graphite, and graphene in the polymer matrix [3–5].

Researchers have used various material processing meth-

ods to prepare the conductive polymer composites, which

includes melt processing, magnetic stirring, and template

methods [6, 7]. These methods are cost effective when

simple objects are required but are not suitable for fabri-

cation of complex objects in a short time.

Technical Editor: Márcio Bacci da Silva.

& Narendra Kumar

nyiiitj@gmail.com

Prashant Kumar Jain

pkjain@iiitdmj.ac.in

Puneet Tandon

ptandon@iiitdmj.ac.in

Pulak M. Pandey

pmpandey@mech.iitd.ac.in

1 CAD/CAM Lab, Mechanical Engineering Discipline, PDPM

Indian Institute of Information Technology, Design and

Manufacturing Jabalpur, Dumna Airport Road,

Jabalpur 482 005, India

2 Mechanical Engineering Department, Indian Institute of

Technology Delhi, Delhi, India

123

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:175
https://doi.org/10.1007/s40430-018-1116-6(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-018-1116-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-018-1116-6&amp;domain=pdf
https://doi.org/10.1007/s40430-018-1116-6


Additive manufacturing (AM) has emerged as an

advanced technology, which can fabricate complex three-

dimensional parts directly from its geometric model [8].

Various AM processes have been developed during the last

two decades and now commercially available. Among them,

extrusion-based AM processes have shown potential for

economic viable solutions due to their cost effectiveness and

simple design. The objects made by these processes have

shown their worth in various applications such as aerospace,

automobile, biomedical, electronics, defense, and food

industries. These processes fall into the category of solid-

based AM processes where rigid polymer materials are used

to fabricate 3D objects [9]. Filament or pellet form materials

can be processed, depending upon the design and structure of

the system. A small heating element is generally used as a

power source for heating material inside the liquefier head or

extruder barrel. Then, the heated material in viscous form is

deposited on the build platform in layer-by-layer fashion

through a small nozzle. During deposition, all layers are

fused together and forms a 3D object [10].

Rigid acrylonitrile butadiene styrene (ABS), nylon, and

polylactic acid (PLA) and composites are the most exam-

ined materials for these processes [11]. Many researchers

have explored the polymer composites for improving

mechanical, electrical, and thermal properties. Masood

et al. experimentally investigated the thermal properties of

the developed composite materials of iron particles in the

nylon matrix for fused deposition modeling (FDM) process

[12]. Results showed that thermal conductivity of the

developed composite was sensitive to the filler amount.

Torrado et al. fabricated the polymer composites with

various filler materials and examined their effects on the

part strength [13]. It was found that the highest ultimate

tensile strength of parts was increased when printing was

done with 5 wt% TiO2-reinforced ABS material. Nikzad

et al. have studied the effect of iron/ABS and copper/ABS

composites on the part strength and found better results

when compared with the virgin ABS material [14]. Boparai

et al. investigated the effect of aluminium and aluminium

oxide in a nylon 6 polymer matrix for fused deposition

modeling process [15]. Remarkable improvements have

been observed in thermal and wear properties at the cost of

mechanical properties. Wei et al. demonstrated graphene-

based composite material for 3D printing and obtained

results were correlated with the thermal properties [16]. In

another study, Rymansaib et al. made the composites by

reinforcing carbon nanofibers (CNFs) and graphite flake

microparticles in the polystyrene (HIPS) polymer matrix

[17]. Results showed the significant improvement in the

electrical conductivity of reinforced composite parts.

Gnanasekaran et al. printed the electrical conductive

structures using CNT and graphene-based polybutylene

terephthalate (PBT) materials [18]. They analyzed the

electrical conductivity, printability, and mechanical prop-

erties of the developed nanocomposites specimens. PBT/

CNT showed the better performance than PBT/graphene-

made specimens. Leigh et al. developed the conductive

composite material for printing of electronic sensors using

FDM process [19]. Polycaprolactone (PCL) and carbon

black (CB) were chosen as the polymer matrix and filler,

respectively. Kwok et al. explored the suitability of

polypropylene (PP) and carbon black (CB) materials for

making conductive composite filament [20]. The results

showed that composites containing more than 25 wt% CB

were suitable for printing of conductive parts.

Aforementioned research investigations indicate that

researchers have explored the various filler and polymer

materials to make composite parts through extrusion-based

AM processes. In most of the investigations, relative rigid

polymers were used as the matrix material such as ABS,

nylon, PLA, etc. Sometimes, flexible objects with specific

properties are desirable over the rigid objects in several

end-use applications such as wearable sensors, piezo-re-

sistors, etc. It shows that there is a scope for the develop-

ment of new materials in which more materials including

flexible as well as rigid polymers need to be explored.

Therefore, the current study aims to develop a flexible

electrically conductive polymer composite material for the

use in additive manufacturing.

In the current study, graphite (Gr)-filled ethylene vinyl

acetate (EVA) polymer composites have been developed to

fill the gap between rigid and flexible composites. To the

authors’ best knowledge, the flexible conductive graphite

filled EVA composites through extrusion-based AM pro-

cess have not been reported yet. A customized extrusion-

based CNC-assisted AM process has been developed for

fabricating 3D objects using developed composites. The

methodology of the current study is shown in schematic

diagram in Fig. 1. Highly flexible nature of EVA and its

easy processability make it more preferable over the other

elastomers. That is why EVA was chosen in the present

study as the polymer matrix. Graphite was selected as the

filler material due to its excellent electrical properties.

2 Experimental

2.1 Materials

To develop the flexible electrically conductive composites,

an elastomer ethylene vinyl acetate (EVA) has been chosen

as polymer matrix, while the conductive graphite has been

selected as the filler material. EVA is a copolymer of

ethylene and vinyl acetate and the percentage of vinyl

acetate varies from 0 to 40%. Pellet form EVA with 19%

content of vinyl acetate has been used in the current study.
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On the other hand, fine powder of graphite has been used

having average particle size of 300 mesh.

2.2 Processing

2.2.1 Preparation of EVA/Graphite composites

The EVA/graphite composite was prepared by taking dif-

ferent wt% of graphite material in EVA polymer matrix as

presented in Table 1. The weight percentage of graphite

was varied from 20 to 50% in the present study.

The solvent and melt blending processes were utilized to

prepare the flexible electrically conductive EVA/Gr com-

posites. These two processes were used for ensuring the

homogeneous dispersion of graphite material in EVA

matrix. First, the viscous solution of EVA was prepared

using the cyclohexane solvent, and then the appropriate

amount of graphite was added. The obtained solution was

then stirred at 60 �C for 12 h before pouring on a glass

plate in the form of a thick sheet. Then, the dried sheet of

EVA/Gr composites was kept in the furnace at 82 �C for

1 h for ensuring the solvent removal. After that, the sol-

vent-free composite sheet was cut into small pieces. These

pieces were then extruded in the form of a filament. Then,

obtained filament was pelletized and extruded again to

prepare the test specimens as shown in Fig. 2.

2.2.2 Newly developed fused layer modeling (FLM) process
and parameter setting

An extrusion-based CNC-assisted fused layer modeling

(FLM) process has been developed to conduct the study.

The developed FLM has different material processing

Fig. 1 Schematic representation of proposed work

Table 1 EVA and graphite proportions considered in the study

S. no. EVA (wt%) Graphite (wt%)

1. 80 20

2. 70 30

3. 60 40

4. 50 50
Fig. 2 Extruded EVA/Gr composite filament and pellets
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technique as compared to commercial fused-deposition

modeling (FDM) process. Instead of the filament, a

developed process using the material in pellet form. Pellet

feeding was preferred over the filament because when the

flexible filament has processed through commercial FDM,

buckling of filament occurs between liquefier head and

rollers as shown in Fig. 3.

Due to this reason, printing of flexible parts becomes

difficult on commercial FDM. Therefore, in the current

study, the material is processed in the form of pellets using

developed FLM process. The developed FLM process

consists of various key elements, which includes CNC

milling machine, screw, barrel, band heater, nozzle, hop-

per, and supporting frame as shown in Fig. 4. A screw

rotates in a counterclockwise direction inside the stationary

barrel to process the pellets.

Screw speed and barrel temperature are the critical

process parameters for successful printing of specimens on

FLM. A 40 W heater is used to melt the EVA/Gr com-

posite. More details about the experimental set up can be

found in the literature [21]. To decide the input process

parameter settings for EVA material, preliminary experi-

ments were conducted by considering the different levels

of process parameters, namely screw speed, barrel tem-

perature, deposition speed. Based on these experiments, it

was found that at screw speed 60 rpm, barrel temperature

130 �C, deposition speed 900 mm/min provide good road

bonding with controlled dimensions and desired flow rate

for EVA. The rheological behavior (melt flow and swelling

behavior) of the EVA changed after adding graphite in

different proportions. The required value of deposition

speed and road width depend on the melt flow rate and

swelling behavior of the material being used, for printing.

Therefore, based on the obtained results for melt flow and

swelling, these two parameters were determined for each

composition of EVA/Gr to ensure the proper printing of

composite specimens. Other parameters were kept constant

as no. of shells at 1, raster angle at ± 45�, road gap at

0 mm and build orientation at xy-plane for each material

composition. The deposition speed and road width used for

printing specimens with each material composition are

presented in Table 2.

2.2.3 Preparation of EVA/graphite specimens by FLM

Specimens with different sizes and shapes have been pre-

pared for performing mechanical and electrical tests. For

tensile testing, dumbbell-shaped specimens with 3.18 mm

width, 25.4 mm clip distance, and 3 mm thickness have

been fabricated. A cuboid-shaped specimen has been

Fig. 3 Buckling occurs with the

feeding of the highly flexible

filament

Fig. 4 Developed FLM process. a Schematic representation. b Actual
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considered for hardness and compression testing with

dimensions of 25 mm 9 25 mm 9 10 mm. Disc shape

specimens with 25 mm diameter and 3 mm thickness have

been fabricated to determine the electrical properties of the

developed composites.

2.3 Material characterization

2.3.1 Morphological analysis of developed composites

Fourier transform infrared spectroscopy (FTIR) analysis is

performed to identify the change in the molecular structure

using a ‘Versatile FTIR Laboratory Spectrometer

MB3000’. Pellets of developed composites are used as

samples, and FTIR spectra have been collected from the

desired regions. All samples have been scanned over

600–4000 cm-1 at a resolution of 8 cm-1.

The dispersion and morphology of the developed EVA/

Gr composite are studied using scanning electron micro-

scope (SEM). Developed composite pellets have been

taken as specimens for SEM observation. All SEM images

have been taken using an accelerating voltage of 5 kV.

Further, X-ray diffraction (XRD) has been carried out on

a Bruker AXS D8 advance electronic instrument using a

step length of 0.020� at 40 kV and 40 mA to see the

presence of graphite in the EVA matrix.

2.3.2 Rheology tests

Melt flow rates (MFR) of EVA and EVA/Gr composites

was measured by extruding material using melt flow

apparatus at 190 �C with a 2.16 kg weight as shown in

Fig. 5.

The material was extruded for 10 s. As per ASTM

standard, MFR of any material can be measured using the

following expression:

MFR ¼ W=T � 600 ð1Þ

whereW/T is the weight of extruded material per sec. Thus,

a measurement unit of MFR is g/10 min. MFR results have

been compared to analyze the change in flow rate of pure

EVA and EVA/Gr composites. Further, the developed

composites have been extruded through the extruder of

FLM before printing specimens to analyze the effect of

filler addition on the extruded diameter.

2.4 Sample characterization

The electrical conductivity of the developed composite

specimens has been determined by a four-probe method

(Keithley 2400, Keithley Instruments Inc., USA). The

volume resistance of the specimens has been measured first

and then converted into the volumetric electrical conduc-

tivity using equation.

r ¼ L

RA
ð2Þ

where r is the electrical conductivity, L is the distance

between the two measuring probes (cm), R is the measured

resistance (X), and A is the effective area of the measuring

electrode (cm2). Disc-shaped specimens have been printed

with a diameter of 25 mm and thickness of 2 mm.

The mechanical properties such as tensile strength,

elongation, and hardness of the FLM-processed EVA/Gr

composites have been evaluated using a universal tensile

testing machine (Tinius Olsen). Tests have been performed

at a cross-speed of 20 mm/min as per the ASTM-638

standard. The dumbbell-shaped specimens with 3.18 mm

width, 25.4 mm clip distance and 3 mm thickness, have

been elongated until fracture. Three test specimens have

been examined for each developed composite. On the other

hand, hardness (shore D) of the developed composite

specimens have been measured using a digital durometer.

The indenter of the durometer has penetrated into the

specimens, and the corresponding values of hardness are

recorded.

Fig. 5 Schematic diagram of melt flow indexer

Table 2 Used deposition speed

and road width for printing

specimens with each material

composition

S. no. Parameters EVA/Gr (wt%/wt)

100/0 80/20 70/30 60/40 50/50

1. Material deposition speed (mm/min) 900 780 500 360 295

2. Road width (mm) 1.42 1.05 0.95 0.9 0.83
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3 Results and discussion

3.1 Characterization of EVA/graphite composite
material

The quality of electrically conductive polymer composites

depends on the preparation technique. The filler particles

should be well dispersed in the polymer matrix to prepare a

proper composite material. Different preparation tech-

niques are available to mix polymer and filler particles. In

this study, graphite-filled EVA was obtained by combining

solution and melt-mixing techniques. After dispersing

graphite in EVA solution by magnetic stirring, the obtained

composite material was deposited on a flat surface. Later

on, it was extruded from the extruder head of FLM to

ensure the proper dispersion of the graphite.

Scanning electron microscopy (SEM) images for all

compositions of the developed composite surfaces were

magnified to see the dispersion of graphite particles. SEM

images depict the dispersion of graphite particles present in

the EVA matrix with the variation of wt%. It can be seen

that graphite particles are present in the developed com-

posites but in a scattered way below 30 wt% of graphite

content in EVA as shown in Fig. 6a–c. It means that there is

no possible network formed between the graphite particles.

As the graphite content is increased beyond this limit, the

particles agglomerate and form conductive network due to

the filler–filler interaction, which can be seen in Fig. 6d, e.

Further, X-ray diffraction (XRD) spectra of the pure

EVA copolymer and graphite is recorded to show the

presence and dispersion of filler particles in the polymer

matrix as shown in Fig. 7. Graphite has a pronounced peak

at 2h = 26.92� which is attributed to the diffraction of the

crystalline phase of graphite, while the EVA shows

diffraction peak at 2h = 21.94�. Two peaks in the XRD

spectra of developed composites show the presence of

graphite and dispersion in the EVA matrix. The first peak is

attributed to the EVA, while the second peak is generated

due to the presence of graphite.

Chemical structural changes of the developed composite

were depicted using Fourier transform infrared spec-

troscopy (FTIR) technique. Figure 8 shows the recorded

FTIR spectra for EVA, graphite (Gr), and EVA/Gr com-

posites. The spectrum of graphite does not show any

noticeable peaks while EVA spectrum shows the various

peaks at different regions. Generally, EVA spectra show

the typical bands of VA at 1734, 1234, 1018, and

607 cm-1, and ethylene at 2915, 2846, 1460, 1367, and

720 cm-1 [22–24]. The obtained peaks in EVA spectra are

in good agreement with the literature values.

The peak (C=O) around 1736 cm-1 belongs to the

carbonyl group and has great importance. It can be seen

that the intensity of this peak decreases after the addition of

graphite in EVA matrix. In addition, one fact can be noted

that EVA/Gr composite spectrum have all the characteristic

peaks for pure graphite and pure EVA. No new peaks are

Fig. 6 SEM images of EVA/Gr (wt%/wt) a 100/0, b 80/20, c 70/30, d 60/40 and e 50/50
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observed which indicate the lack of interaction or reaction

between EVA and graphite, which supports the obtained

XRD results. In addition, it can be noticed that there is no

observed shifting in characteristic peak which confirms the

above statement.

After morphological analysis, rheological behavior of

the developed composite has been observed. Melt flow rate

(MFR) and swelling behavior of the developed composite

have been measured to determine the proper road gap,

layer thickness and the material deposition speed for dif-

ferent categories of developed EVA/Gr composite. As

compared to EVA, the MFR of EVA/Gr composite

decreases with the increment in the filler contents. It shows

that deposition speed is varied for each category of the

composite, the effect of MFR results can be seen in Fig. 9

where the deposition speed used in the study has been

decreased as the filler contents increased in the EVA

matrix. A similar trend has been observed in the swelling

behavior of the developed composite. Swelling is

decreased as the filler contents increased. It suggests that

the value of deposition speed and road gap will be reduced,

Fig. 7 XRD spectra of developed EVA/Gr composites

Fig. 8 FTIR spectra for the different combinations of EVA/Gr

composites
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as the part printing will be done with highly Gr-filled

composites.

Usually, the high amount of filler loading in composites

hinders the melt flow rate because it increases the filler–

filler interaction. The evidence is obtained in captured

SEM images of the developed composites having 20, 30,

40 and 50% amount of graphite loading. On the other hand,

swelling of the polymers depends on the elastic recovery of

the polymer melt. Filler loading in the polymer matrix

affects the elastic recovery, and it decreases with increas-

ing amount of filler loading due to filler particle interaction

in the reported literature. The evidence can be seen in the

obtained results, where the diameter of extruded EVA/Gr

composites decreases gradually with increasing of filler

loading (wt%).

3.2 Flexible electrically conductive parts through
developed FLM

Developed FLM is an extrusion-based process that

involves the partial melting of pellets in the form of roads

to create three-dimensional parts by depositing material in

a layer-by-layer fashion. After each layer is deposited,

FLM extruder head goes up by a one layer thickness, a new

layer of material is deposited on the top of previously

deposited layer, and the process is repeated until the whole

part is fabricated. During the FLM processing, the graphite

particles were dispersed finely in the EVA matrix due to

rotating screw inside the barrel. The evidence can be seen

in SEM images. Figure 10 shows the specimens fabricated

using EVA and EVA/Gr composites. These fabricated

specimens were used for electrical and mechanical testing.

The top and side surfaces of the specimens were examined

by capturing microscopic images. It can be seen that

multiple roads or layers are uniformly placed as per the

given road width. The interface bonding between adjacent

layers or roads was good enough to merge them.

The flexibility of the printed specimens is shown in

Fig. 11. The fabricated tensile specimen is manually bent

in different directions to demonstrate the flexibility aspects

of the investigated composite specimen.

3.3 Sample characterization

The electrical conductivities of EVA and EVA/Gr combi-

nations have been determined using four-probe method.

Figure 12 shows the obtained results for electrical

conductivities.

It can be seen that electrical conductivity of graphite-

filled EVA is increased as compared to pure EVA material.

There is little increase in the electrical conductivity of

FLM-processed EVA/Gr composites with the graphite

contents of 20 and 30 wt%. However, a sudden jump in the

electrical conductivity has been observed when Gr content

is further increased up to 40 and 50 wt%. It implies that

graphite particles make the connected networks at high

wt% due to their better dispersion in EVA matrix during

the mixing process. The evidence can be seen in the SEM

images. The minimum and maximum electrical conduc-

tivities are 4.2 9 10-7 and 2.3 9 10-4 S cm-1 for EVA

and EVA/GR50 composite, respectively, which is 539

times for EVA/Gr50 composites as compared to EVA.

To predict the electrical conductivity of any polymer

composites, classical percolation theory is widely used.

According to this theory, the polymer composite can

achieve electrical conductivity when the volume/weight

fraction of filler material is above the specified value. This

particular value of volume/weight fraction is known as

percolation threshold. The schematic representation of

electrical percolation threshold for EVA/Gr composites is

shown in Fig. 13. It can be anticipated that at low graphite

concentration, the electrical conductivity of the EVA/Gr

composites is comparable to the neat EVA material. The

start of electrical conductivity can be seen when the gra-

phite particles come closer to one another and form the

connecting networks at percolated threshold point. The

reported literature shows percolation threshold value for

graphite around 30 wt% (16 vol%) [25]. The obtained

results of the current study are in good agreement with the

reported results.

It can be observed that electrical conductivity of

developed EVA/graphite composite is approximately close

to the electrical conductivity of neat EVA below 30 wt%

fraction. Above 30 wt%, the electrical conductivity of

developed EVA/graphite composites starts shifting toward

the higher side due to the formation of conductive networks

of graphite particles. This is the reason for obtaining high

Fig. 9 Recorded extruded diameter and MFI values of EVA and

EVA/Gr composites
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electrical conductivity value of developed composites at 50

wt% loading.

On the one hand, the addition of graphite in EVA matrix

improves the electrical properties by maintaining proper

flexibility (refer Fig. 11). However, on the other hand, the

addition of graphite content in EVA matrix adversely

affects the tensile properties of samples. The dependencies

of tensile strength and elongation at the break on the wt%

of filler content are shown in Fig. 14a. The results clearly

show the significant drop in tensile strength and elongation

at break of the specimens after addition of graphite content

in EVA matrix. Similar results have been found in the

literature for other composite materials [5, 26, 27]. The

obtained results can be attributed to the lack of interaction

between the graphite and EVA materials. As discussed,

XRD and FTIR result also confirm this lack of interaction.

Due to this, voids were created between graphite particles

and EVA matrix in the developed composites, which

resulted in the decrease in tensile properties as shown in

Fig. 14b–d. Moreover, the variation in delay time (time

Fig. 10 Fabricated specimens

using EVA and EVA/Gr40

composite, a microscopic image

showing the bonding between

roads

Fig. 11 a Fabricated specimen

and b–d demonstrating

flexibility in the fabricated

specimen

Fig. 12 Electrical conductivity of FLM-processed Gr-filled EVA

composites. Inset: log plot of electrical conductivity for Gr-filled

EVA composites
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difference for material deposition between any two adja-

cent points on successive roads in a layer) during fabrica-

tion of specimens through FLM can be another reason

behind degrading tensile properties. The delay in material

deposition occurred due to the printing of specimens for

each compositions at different deposition speeds. When the

delay is more, polymer diffusion across the roads will be

less due to large temperature difference, as a result, weak

road bonding will be observed and vice versa [28]. Due to

this, most degradation in the tensile properties was

observed with the specimens printed with minimum

deposition speed i.e., EVA/Gr (50/50).

After analyzing the tensile properties, compression

testing has been performed on the fabricated specimens.

The testing is performed up to 40% deformation of the

original specimen height. The obtained results are shown in

Fig. 15. In comparison to EVA specimen, an increase of

172.5% was reported in the fabricated EVA/graphite (50/

50) composite specimens. The obtained results can be

attributed to the presence of graphite particles in the EVA

matrix. Graphite is a stronger candidate than EVA which

bears the compressive load conveyed by the EVA matrix

and increases the load-bearing ability of the composite

specimens. Tested specimens showed the spring back

effect after the load removal. This behavior shows the

flexible nature of the fabricated specimens.

Further, the effect of graphite content on the hardness of

EVA matrix has been analyzed. The hardness of developed

EVA/Gr composites was measured using the digital

durometer (shore D) and compared with the hardness of

EVA material. Figure 16 shows the hardness results

obtained for EVA and EVA/Gr composites. Based on the

Fig. 13 Schematic

representation electrical

percolation threshold for EVA/

Gr composites

Fig. 14 a Variation of tensile

properties with the increase of

graphite content and SEM

images of the fracture surfaces

of EVA/Gr composites b 70/30,

c 60/40 and d 50/50

175 Page 10 of 13 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:175

123



results, the addition of graphite increases the hardness of

EVA. It is self-explanatory that hardness of graphite is

much higher than the hardness of EVA. In addition, it has

been reported in the literature that improvement in the

hardness does not depend only on the hardness of filler

particles, but the good dispersion of fillers can also influ-

ence the hardness. Therefore, the obtained result can be

attributed to the proper dispersion and formation of inter-

connecting network structures of graphite particles within

EVA matrix. The hardness value for pure EVA is 17 (shore

D), and it is increased up to 30 (shore D) with the addition

of 50 wt% of graphite.

3.4 Nozzle wear

The continuous extrusion and deposition of graphite-filled

EVA may lead to wear in nozzle opening. Therefore, the

nozzle diameter was examined before and after the printing

of specimens to see the effect of filler particles on nozzle

diameter and geometry. Microscopic images were taken

after proper cleaning of the nozzle. Figure 17 shows the

nozzle surface after printing with EVA/Gr composites of

80/20 and 60/40. Upon continued deposition, the copper

nozzle quality was abraded on the front surface as well as

on the inside of the nozzle. It occurs because the nozzle

touches the fabricated object during the deposition.

Obtained results show that abrasion of the nozzle is not

affected by the electrical and mechanical properties, only

small loss in printing resolution is observed. This issue can

be overcome in future work in which nozzle made with

hard materials may be used for printing composite

materials.

4 Conclusions

In this work, an approach to fabricate flexible electrically

conductive parts using EVA and graphite was presented. A

customized extrusion-based FLM system was developed to

Fig. 15 a The variation of

compressive strength with the

increase of graphite content,

b compressive strength vs.

deformation (%) for neat EVA

and EVA/graphite (60/40)

Fig. 16 Obtained hardness results Fig. 17 Microscopic images showing the nozzle-opening surface

after the printing with EVA/Gr composites and corresponding printed

surface a 80/20 and b 60/40
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carry out the current study. The electrical conductivity,

morphology, printability, rheological and mechanical

properties were evaluated to investigate future possibilities

of developed EVA/Gr composites. The electrical conduc-

tivity of FLM-processed EVA/Gr composites filled with

50 wt% graphite achieves 2.3 9 10-4 S cm-1 which is

539 times of the electrical conductivity of neat EVA. The

obtained improvement in electrical conductivity implies

the formation of conductive networks at higher wt% of

graphite. The tensile properties of the EVA showed the

strong dependence on the addition of graphite particles.

Tensile strength and elongation at break were decreased by

73 and 88.60%, respectively, as compared to the properties

of unfilled EVA. The addition of graphite created the voids

in the EVA matrix and worked as defects, which reduces

the tensile properties of the specimens prepared by EVA/

Gr composites. Moreover, the variation in delay time

during fabrication of specimens through FLM was another

reason behind degrading tensile properties. However, the

compressive properties and hardness of the developed

composite showed the opposite trend and increased with

the addition of graphite particles. This trend is attributed to

the strongness of graphite particles as compared to EVA,

due to which, the composite specimens showed the

increase in load-bearing capacity. The current study is an

initial step towards the development of flexible composites,

which helps in finding suitable wt% of graphite to make

EVA material conductive with a desired flexibility. Most

importantly, the developed composite remain print-

able through developed FLM process even after adding

graphite up to 50 wt%. Overall, the study demonstrated

that FLM is a viable process and can be used to fabricate

flexible electrically conductive parts.
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