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Abstract: Graphene is a two-dimensional material made entirely of carbon atoms and it is only a single atom 
thick. Graphene reinforced in acrylonitrile-butadiene-styrene (ABS) is a conductive material with extraordinary 
properties that has been in-house developed for various FDM applications. Its thermal and electrical properties have 
been investigated which are unparalleled to the conventional ABS polymer. In this paper, the process capability 
indices (Cp & Cpk) have been interpreted.

Keywords: ABS, Thermal conductivity, electrical conductivity, FDM, process capability.

preparation of a Gr-based polymer composite by 
direct exfoliation of graphite in organic solvents 
with addition of naphthalene. Naphthalene serves 
as a molecular wedge to intercalate into the edge of 
graphite, which plays a key role during sonication 
(see Figure 1a) and significantly improves the 
production yield of Gr (See Figure 1b, c).

figure 1: extraction of Gr. (a) sonication of graphite; 
(b) formation of Gr layer; (c) extracted Gr

The Gr dispersions synthesized by present 
method can be effectively employed in forming 
conducting plastic polymers by chemical dissolution 
of Gr (by following chemical mixing and by 
mechanical blending). For chemical mixing Gr was 
dispersed in ABS by dissolving in acetone solution. 
The composite slurry was dried in hot air oven at 
70°C for 1.5 hr. The resulting lump of composite 
material was crushed mechanically and fed to 
TSE. The commercially available Thermo Scientific 
HAAKE Mini CTW (Make: Germany) was used for 

introDuction1. 

Carbon allotropes for the past thirty-one years have 
been on the forefront of nanoengineering, such as 
carbon nanotubes, fullerenes and graphene [1-5]. 
Graphene has been a focus of research since its 
discovery in 2004, with its exceptional electrical, 
mechanical and thermal properties it has opened 
a new era into the development of 2D materials 
[4, 6]. It has been utilized in biosensors for detecting 
environmental hazards such as bisphenol A or 
4-aminophenol [7, 8]. Other areas of research 
that utilize graphene include battery electrodes, 
nontoxic carbon quantum dots, catalytic material, 
EMI shielding and supercapacitors [9–13]. Very 
few reports of in-house development of an ABS–Gr 
feedstock filament (from low cost graphite material) 
for FDM [14–18] have appeared. The development 
of feedstock filament using nanoplatelets of Gr and 
ABS in various proportions with an aim to improving 
electrical and thermal properties of filament wire has 
previously been reported. Commercially available Gr 
platelets are quite expensive for batch production 
activities. Polymer composites (PCs) have attracted 
attention due to the possibility of improving the 
properties of primary matrices with the addition 
of small amounts of appropriate filler. The present 
study reveals an effective and efficient method for 
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feedstock filament preparation. The screw rotation 
speed of 200 RPMs with a load of 10 kg at 180ºC 
was regulated in order to obtain a final diameter of 
the extruded filament of 1.75 ± 0.10 mm. In case of 
mechanical blending the Gr and ABS were directly 
fed into the hopper of TSE. Finally the polymer 
composite filament has been prepared and fed to 
FDM for fabrication of functional prototypes which 
are then tested for electrical and thermal properties 
[16]. Further, the process capability indices (Cp & 
Cpk) have been evaluated to ensure that the process 
is performing in its specified purpose using Process 
capability wizard software. Cp is the capability that 
the process could achieve if the process was perfectly 
centred between the specification limits while Cpk is 
the capability that the process is achieving whether 
or not the mean is centered between the specification 
limits. The two statistics have a lot in common. The 
smaller the standard deviation, the greater both 
statistics are. In fact, under the right conditions, 
Cp and Cpk have exactly the same value. When 
the values of Cp and Cpk are similar, the mean is 
close to the middle of the specification limits. When 
Cp is greater than Cpk, the mean is nearer to one 
specification limit or the other.

exPerimentation2. 

The commercially available ABS was procured from 
local market (Batra Polymers, Ludhiana, India) 
having melt flow index (MFI) of 2.9g/10min as per 
ASTM D 1238-73 standard. The graphite powder 
(thermal conductivity: 2–90 W/m K) was supplied 
by Bharat Graphite Pvt. Ltd. (Ludhiana, India). 
NMP and acetone acted as dissolute was supplied by 
Saiteja Chemicals, Hyderabad, India. The acetone 
acts as a polar aprotic organic solvent that can 
generally solvate a wide variety of polymers. This 
solvent can make a dilute ABS solution that can 
use the intermolecular forces to bond the plastic 
polymer to Gr. In order to prepare conductivity 
polymer, the Gr was added to the ABS matrix.3D 
printed specimens were prepared on Accucraft i250 
FDM printer (Make: Divide By Zero, India) with the 
extruded filaments. Figure 2 shows disc prepared as 
functional prototypes.

For printing of  functional prototypes, 
commercially available Slic3r software was used. 
The fixed parameters were honeycomb pattern, 
nozzle diameter 0.4 mm, layer height 0.4 mm, nozzle 
temperature 230°C; bed temperature 55°C. Based 

upon the settings of FDM, L8, O.A has been selected. 
Table 1 shows control log of experiment.

figure 2: Preparation of functional prototype on fDm

table 1 
control log of experiment

Blending process Proportion
(by weight)

Infill density 
(Percentage)

Chemical 75:25 50

Chemical 75:25 100

Chemical 90:10 50

Chemical 90:10 100

Mechanical 75:25 50

Mechanical 75:25 100

Mechanical 90:10 50

Mechanical 90:10 100

Based upon Table 1, electrical and thermal 
conductivity has been measured. The experiment 
was repeated three times in order to reduce the 
experimentation error.

thermal conductivity measurement

Figure 3 shows the lab apparatus used to measure 
thermal conductivity by Lee’s disc method. It consists 
of two metallic discs and deep hollow cylinder (steam 
chamber). The disc has inlet and outlet tubes to 
insert thermometers to measure the temperature 
difference across samples. The sample is placed 
within the discs; the upper disc is connected to the 
hot chamber for steam inlet. When steam is passed 
through the cylindrical vessel, a steady state is 
reached. At the steady state, heat conducted through 
the sample is equal to heat radiated from the Lee’s 
disc. The chamber was set at 70°C for an hour.

The thermal conductivity (k) of the sample was 
calculated using Eq. (1).
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figure 3: lee’s disc apparatus for measurement of 
thermal conductivity

where, k is Thermal conductivity of the sample, 
A is Cross sectional area, T2 - T1 is Temperature 
difference across samples, x is Thickness of the 
sample, m is Mass of the disc, c is Specific heat 
capacity of disc.

electrical conductivity test

In order to calculate electrical conductivity, Ohm’s 
law was used. The relation between the voltage, 
current and resistance forms the basis of Ohm’s Law 
and is demonstrated as follows.

Current (I) = 
Voltage (V)

Resistance (R)
,  in Amperes (A)

In order to evaluate electrical conductivity, the 
schematic is shown in Figure 4.

figure 4: schematic for calculation of electrical 
conductivity

The Resistivity (r) of the sample was calculated 
as:

 r = 
RA

l

where, R is Resistance, l is length of the sample, A 
is cross sectional area of sample while, the reverse 
of resistivity is called conductivity.

Electrical conductivity, s = 
1
r

 in S-m

result anD Discussions3. 

Based upon Table 1, Table 2 shows signal to noise 
ratio (SN) analysis for electrical conductivity.

table 2 
electrical conductivity of tested sample with 

sn ratios

Blending 
process

Proportion 
(by weight)

Infill 
density (%)

Electrical 
cond. (S-m) SN ratio

Chemical 75:25 50 4.82 13.6609

Chemical 75:25 100 7.29 17.2546

Chemical 90:10 50 3.50 10.8814

Chemical 90:10 100 5.07 14.1002

Mechanical 75:25 50 4.30 12.6694

Mechanical 75:25 100 4.85 13.7148

Mechanical 90:10 50 2.60 8.2995

Mechanical 90:10 100 3.63 11.1981

table 3 
anova for sn ratios of electrical conductivity

Source DF Seq SS Adj SS Adj MS F P %

Process 1 12.538 12.538 12.538 24.64 0.008 25.29

Proportion 1 20.546 20.546 20.5459 40.37 0.003 41.44

Density 1 14.463 14.463 14.4629 28.42 0.006 29.17

Residual 
Error

4 2.036 2.036 0.5089 4.10

Total 7 49.582

figure 5: main effects for sn ratios of electrical 
conductivity

The obtained results for electrical conductivity 
were calculated for ‘larger is better’ case by using 
Minitab 17 software. Figure 5 shows the main 
effect plot for SN ratio for electrical conductivity. 
As observed from Figure 5, the best setting of input 
parameters for electrical conductivity is chemical 
dissolute sample with proportion 75:25 and in-fill 
density of 100 %.

The results are but obvious as because chemically 
blended, high proportion of Gr with high in-fill density 
must have high electrical conductivity. Further 
based upon Table 2, Table 3 and 4 respectively 
shows percentage contribution of input parameters 
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based upon analysis of variance (ANOVA) and their 
rankings.

Residual error was obtained as 4.10% with 
maximum contribution of Proportion i.e. 41.44% 
predicts the model for electrical conductivity of 
chemically dissolute sample with proportion 75:25 
and in-fill density of 100 % value has high accuracy. 
The results are at 95% confidence level.

table 4 
ranking of input Process Parameters for 

electrical conductivity

Level Process Proportion Density

1 13.97 14.32 11.38

2 11.47 11.12 14.07

Delta 2.50 3.21 2.69

Rank 3 1 2

The optimum calculated electrical conductivity 
using taguchi’s formula is 7.05 S-m while the 
observed value at these setting is 7.29S-m.

Similarly based upon Table1, Table 5, Figure 6 
shows analysis of thermal conductivity.

table 5 
thermal conductivity of tested sample with sn ratios

Blending 
process

Proportion 
(by weight)

Infill 
density (%)

Thermal
cond. (W/mK) SN ratio

Chemical 75:25 50 8.85 18.9389

Chemical 75:25 100 17.60 24.9103

Chemical 90:10 50 6.36 16.0691

Chemical 90:10 100 12.43 21.8894

Mechanical 75:25 50 2.40 7.6042

Mechanical 75:25 100 4.65 13.3491

Mechanical 90:10 50 2.41 7.6403

Mechanical 90:10 100 3.99 12.0195

figure 5: main effects graph for sn ratios of thermal 
conductivity

Further based upon Table 5, Table 6 and 7 
respectively shows percentage contribution of 
input parameters based upon analysis of variance 
(ANOVA) and their rankings.

table 6 
anova for sn ratios of thermal conductivity

Source DF Seq SS AdjSS F P %

Process 1 212.12 212.12 245.14 0.000 75.20

Proportion 1 6.451 6.451 7.46 0.052 2.28

Density 1 60.037 60.037 69.38 0.001 21.28

Residual Error 4 3.461 3.461 1.22

Total 7 282.074

table 7 
ranking of input Process Parameters for 

thermal conductivity

Level Process Proportion Density

1 20.45 16.20 12.56

2 10.15 14.40 18.04

Delta 10.30 1.80 5.48

Rank 1 3 2

The calculated optimized value using taguchi’s 
formula, for thermal conductivity is 16.01 W/mK 
and observed value is 17.60 W/mK.

Process capability analysis for electrical 
conductivity

Dimensional analysis of Electrical conductivity by 
using “Process capability wizard” As shown in Table 
6, total 6 measurements were taken and processed 
by using “Process capability wizard software” (Ver. 
2.2.0.0) (Made by; Symphony Technologies). After 
detailed analysis the value of Cp and Cpk was 
calculated. As observed in Table 6, the value of Cp 
and Cpk was greater than 1, which was suitable for 
the working in the industry purpose from process 
capability point of view.

table 6 
Process capability indices for electrical conductivity

Potential Capability

Std. Deviation 0.083333

Cp 2.200

Cpu 2.467

Cpl 1.933

Cpk 1.933

CR 0.455
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figure 6: shows the experiment conducted for electrical 
conductivity using “Process capability wizard software

Process capability analysis for thermal 
conductivity

Dimensional analysis of thermal conductivity by 
using “Process capability wizard” As shown in Table 7, 
total 6 measurements were taken and processed 
by using “Process capability wizard software” (Ver. 
2.2.0.0) (Made by; Symphony Technologies). After 
detailed analysis the value of Cp and Cpk was 
calculated. As observed in Table 7, the value of Cp 
and Cpk was greater than 1, which was suitable for 
the working in the industry purpose from process 
capability point of view.

figure 7: Histogram and normal probability plot for 
experiment

table 7 
Process capability indices for thermal conductivity

Potential Capability

Std. Deviation 0.127660

Cp 1.958

Cpu 2.507

Cpl 1.410

Cpk 1.410

CR 0.511

figure 8: experiments conducted for thermal conductivity 
using “process capability wizard” software

figure 9: Histogram and normal probability plot for 
thermal conductivity
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conclusions4. 

The FDM feed stock filament with ABS-Gr matrix 
has been successfully prepared through mechanical 
mixing and chemical + mechanical mixing. Further, 
the feed stock filament has been successfully used 
for preparing functional prototypes on 3D printer. 
Finally, the electrical and thermal conductivity 
of the functional prototypes have been optimized. 
Following are the conclusions from the present 
study:

The proportion of Gr in ABS matrix is the 
significant parameter, which influences the electrical 
conductivity followed by in-fill density and process 
for blending. Whereas for thermal conductivity, 
process for blending (chemical mechanical mixing) 
followed by in fill density and proportion of Gr in 
ABS matrix are significant parameters. Further, 
the value of Cp and Cpk is greater than 1 for both 
electrical and thermal conductivity, which is suitable 
for the working in the industry purpose from process 
capability point of view.
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