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A B S T R A C T

The remarkable electrical and mechanical properties of carbon nanotubes (CNTs) render CNT-reinforced na-
nocomposites as potentially attractive materials for strain-sensing and monitoring purposes. The dispersion state
of CNTs in polymeric matrix has a significant role on the physical and the mechanical properties of the resulting
CNT reinforced nanocomposites. In this study, a series of experiments were designed to investigate the effect of
dispersion process parameters and CNT concentration, as well as their interactions on electrical, mechanical and
strain sensing properties of CNT/epoxy nanocomposites. Composite samples were produced under different
CNT/resin dispersion conditions based on a design of experiments approach, and were characterized using
tensile testing, conductivity measurements and micrography. Based on the results, two regression models were
established to predict the electric conductivity and the tensile strength of the CNT/epoxy nanocomposites. The
robustness and accuracy of the models were verified by implementing verification tests. It was found that the
nanocomposites fabricated by dispersing of lower amount of CNT with high mixing speeds and long mixing times
had improved sensory properties and were more suitable for strain sensing applications. The effect of post
dispersion state on electrical conductivity was also investigated by curing nanocomposites into a magnetic field.
A straight forward 2D percolation-based model was used to predict the electrical conductivity and piezo-
resistivity of the magnetized nanocomposites. Both Experimental and numerical results showed that the electric
conductivity could be increased significantly with post dispersing of CNTs using magnetization.

Introduction

The remarkable properties of carbon fillers such as their high
thermal and electrical conductivities [1–3], flame redundancy [4,5]
coupled with their superior mechanical properties [6,7] render them
potentially attractive fillers for advanced composites production.
Among these, carbon nanotubes (CNTs) have gained considerable at-
tention since minimal CNT loadings could provide significant electrical
conductivity as well as improvement in mechanical properties of the
produced nanocomposites [8,9].

The mechanical, electrical and thermal properties of nanocompo-
sites strongly depend on the dispersion state of CNTs in polymer matrix
[10–12]. The research on the effect of CNT addition on the mechanical
properties of CNT/epoxy composite indicates that there is an optimum
content of CNT above which there is a decrease in tensile strength and/
or modulus of elasticity of the composite. This issue is due to non-ef-
fective dispersion of CNT in resin matrix and existence of high amount
of agglomerated CNT particles [9,10,13]. Research also shows that the

electrical conductivity of CNT filled nanocomposites for the same CNT
concentration can vary with two orders of magnitude among the sam-
ples prepared using different dispersion techniques [14].

Ultra-sonication and/or shear mixing are commonly used for dis-
persing CNTs in epoxy matrix [11,15,16]. The existence of strong Van
der Waals forces among CNTs and high tendency of CNTs to agglom-
erate [11,15] are some of the challenges that render the effective dis-
persing of CNTs in a polymer matrix a continuing research issue. Che-
mical treatment of CNTs [17,18], using chemical surfactants [19,20]
and dilute solutions [21,22] have been found to ease the dispersing
process but did not necessarily have a positive effect on the electrical
conductivity of the final nanocomposites [23,24]. The shear mixing
conditions during the preparation of the CNT/resin suspensions (for
composite production) were found to be effective on composite elec-
trical conductivities [24] and in some cases, improved the electrical
percolation threshold by one order of magnitude [25].

Dispersion state of CNTs in epoxy matrix can also be modified be-
fore and/or during curing process. The application of electric and
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magnetic fields is known as an effective approach to compel CNTs to
align in a matrix [26]. The response of CNTs to magnetic field is
strongly affected by the residual [27] or embedded catalysts [28].
Different synthesizing methods yield CNTs with different morphologies
and different quantity of residual catalyst material. It was found that
CNTs with remaining catalyst materials such as Fe and FeCo are more
sensitive to the magnetic field [27]. The alignment of CNTs can improve
the mechanical (fracture resistance [29] and tensile strength [26]) and
physical (thermal [29] and electrical [30] conductivities) properties of
nanocomposites in the direction of CNT orientation.

CNT reinforced composites have the potential to attain structural
health monitoring capabilities by exploiting the variation of electrical
conductivity and its relation to strain and/or damage within the na-
nocomposite [31,32]. The electrical conductivity depends on formation
of electrically conductive pathways within the composite due to the
presence of CNT. During the stretching of the nanocomposite, CNT
agglomerates are dragged along with the polymer matrix and pulled
apart since the bonds between CNT agglomerates and the polymeric
matrix are stronger than the bonds within the CNT agglomerate [33]. If
there is no failure (permanent deformation, internal cracking, etc.),
releasing the composite (unloading) restores contact between the CNT
agglomerates. Since the electrical resistivity of the nanocomposite is
affected by the distance between the conductive particles (i.e. CNTs), it
can be used as a measure of strain, and indirectly, a composite health
monitoring tool. Note that in fabrication of nanocomposite sensors,
CNTs can be incorporated in different polymers such as poly (dimethyl-
siloxane) (PDMS) [34,35] and epoxy [31,32]. Although the fabricated
sensors with CNT/PDMS are more flexible; CNT/epoxy are widely used
in structural health monitoring of the laminated polymer composites.

Although the sensitivity of the electrical and mechanical properties
of CNT/epoxy to resin-filler dispersion was investigated in several
studies [24,25,36,37]; a reliable model that could show the effect of
fabrication parameters and their interactions on the properties of na-
nocomposites is still lacking, and the effect of the dispersion process on
the piezoresistive properties of the end composite has not been ade-
quately investigated.

In this paper, the effect of dispersion and alignment of CNTs on
electrical and electromechanical properties of CNT/epoxy nano-
composites is studied. Effect of shear mixing parameters (time and
speed) on electrical conductivity and tensile strength of the epoxy/CNT
samples at different CNT concentrations is investigated. Response
Surface Methodology (RSM) is used to design the experiments and the
results are analyzed statistically to understand the most influential
process parameters and their interactions. For this purpose, over 100
samples are fabricated for electric conductivity measurements and over
50 tensile tests are performed for the mechanical characterization of the
nanocomposites. Optical microscopy is used to study the morphology of
CNT fillers in the liquid epoxy matrix, where the dispersion state of CNT
in the epoxy matrix is expressed through quantitative (rather than
qualitative) indicators. The resulting electrical and mechanical prop-
erties of nanocomposite samples are discussed in relation to the cor-
responding macrostructure. In addition, the effect of the CNT dispersion
state (within the liquid epoxy) on the piezoresistivity of the end com-
posites is addressed through the results.

In order to study the effect of post dispersing of CNTs on electrical
conductivity of nanocomposite, CNT/epoxy suspension is subjected in a
magnetic field during curing process. A 2D percolation-based model is
used to simulate the electrical conductivity and piezoresistivity of the
nanocomposites by considering the alignment of CNTs.

Preparation and characterization of nanocomposite

Materials and samples preparation

Nanocomposite samples were manufactured consisting of electrically
conductive nanoparticles in a polymeric matrix consisting of epoxy resin

(Araldite LY564, Huntsman) and hardener (Aradur 3486, Huntsman).
Multi-Wall Carbon Nanotubes (MWCNTs), provided by Nanografi Co. Ltd.
(Turkey), with an average diameter of 10 nm and average length of 1.5 µm
(aspect ratio=150) were used as the conductive nanoparticles. The CNT/
epoxy suspensions were prepared by shear mixing of the components in a
cylindrical vessel using a mechanical stirrer (MTOPS, MS3020D). A 3-
blade turbine impeller with a pitch angle of 45° was used for shearing.
Impeller blade numbers and blade geometry were selected to have an
efficient axial flow pattern and minimum vortex, and to minimize the
samples volume [38,39]. The vessel was equipped with four equally
spaced flat wall baffles. Wall baffles provide top to bottom mixing by
converting tangential flows to vertical flows which prevents swirling
motion, minimizes vortexing and air entrainment [40]. Fig. 1 shows the
geometrical configuration of the mixing equipment.

The vessel was filled with 150 gr of epoxy resin. Then the pre-
weighted CNTs were added in several steps while stirrer was run at
desired speed. At the end of the process, hardener was added with
hardener-epoxy weight ratio 35:100. The suspension was further mixed
for one minute at the same speed. Finally, in order to release trapped air
the suspension was degassed under vacuum. Note that by adding more
CNT the removal of the voids becomes more difficult due to high
viscosity of the suspension and samples need to be more under vacuum.
Here, degassing was done for 10 up to 30min respectively, for low and
high concentrated suspensions.

Design of experiments using response surface methodology

Response surface methodology (RSM) is a series of statistical and
mathematical techniques used for modeling and analyzing the effect of
known factors on a response with the objective of optimizing the re-
sponse [41]. Using RSM, the response can be modeled as a second order
polynomial of the form:
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where xi and xj are the factors; β0, βi, βij and βii are the regression
coefficients which are estimated using least squares method and
characterizes the error observed in the response y.

The presented model (Eq. (1)) is a general model containing all pre-
dictor factors, their interactions and higher order (quadratic) terms. The
significance of each term can be checked by running statistical tests (F test)
and non-significant terms can then be eliminated from the model.

In this work, a series of experiments were designed using Response
Surface Methodology (RSM) to study the effect of shear mixing parameters
(mixing time and mixing speed) on the electrical conductivity and the
tensile strength of the epoxy/CNT composite samples at various CNT filler
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Fig. 1. Dimensions and layout of shear mixing setup. Dimensions are in mm.
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concentrations. The statistical software MINITAB 16 was used for the
design of experiments as well as the statistical analysis of the results. The
factors with their respective levels and the design matrix are presented in
Tables 1 and 2, respectively. Based on the design matrix, 20 samples were
manufactured for analysis and characterization.

Morphological study of CNT/epoxy suspensions

The quality of the dispersion process was studied through the mor-
phology of the prepared suspension samples. 1 cc samples were taken out
from the epoxy/CNT suspensions at specified time instances during the
mixing operation. The samples were laid upon glass laminates and images
were captured from each sample through optical microscopy at a magni-
fication of 400. On each sample, 5 images at different locations of the
sample were captured. The images were analyzed using the ImajeJ soft-
ware [42] in which CNT clusters were distinguished from the matrix
background by converting the captured imagery into binary format. The
number of detected clusters for cluster areas greater than 20 μm2, and the
cluster areas in each image were determined. The results were used to
analyze the dispersion state of CNT in epoxy, and correlate the dispersion
conditions with the composite properties.

Post dispersing of CNTs via magnetization

In this study, the magnetic field approach was used to align CNTs. A
magnetic field of 0.2 T was generated using a solenoid. Table 3 shows
the chemical composition of CNT which was provided by supplier. It is
worth to note that due to ferromagnetic properties of the residual cat-
alysts such as Fe, Ni, or Co, used in fabricating CNTs, incompletely
purified CNTs can respond well to low magnetic fields (typically
0.1–0.6 T) and are hence aligned in the polymer matrix [26,29].

A CNT/epoxy suspension was prepared by dispersing 0.5 wt% CNT
into an epoxy matrix using shear mixing. The suspension was then

mixed at 2000 rpm for 1 h. Finally, 50 cc of the prepared suspension
was subjected into vacuum for 10min to remove the voids.

Three samples were prepared by injecting CNT/epoxy suspension
into plastic tubes of diameter 2mm and length 80mm. Two of the
samples were placed into a solenoid as a core. The solenoid was pow-
ered with 25 VDC at 2A and samples were kept under the magnetic field
for 4 h. Here, the magnetized samples are labeled as MS1 and MS2, and
NMS denotes not magnetized sample.

Characterization of CNT/epoxy nanocomposites

Measurement of electrical conductivity of CNT/epoxy nanocomposites

Nanocomposite samples were prepared by casting the prepared
CNT/epoxy suspensions into thin, rectangular aluminum molds (di-
mensions 55mm×10mm×5mm). The molds were placed in the
oven following casting and cured at 80 °C for 8 h. After curing, samples
were de-molded, and the long ends were trimmed, polished using Sic
sand paper and washed with acetone for smooth end sections. The end
sections were then painted with silver and let dry at room temperature.

The electric resistance of the samples along their length was mea-
sured using Two Point Probe Technique [43] with a Keithley 2000
Digital Multimeter. Fig. 2 presents the aluminum mold, specimens and
the electrical resistance measurement configuration in which the probes
are brought into contact with the silver-coated ends. The dimensions of
the composite samples were measured using a digital caliper. Electrical
conductivity is calculated using the measured parameters in Eq. (2) as

=
×
L

R A (2)

where σ is the electric conductivity, L is the sample length, R is the DC
resistance (ohms) and A is the cross section area of the sample.

Mechanical characterization of CNT/epoxy nanocomposites

Uniaxial tensile tests were performed to study the electrical response of
the prepared nanocomposites to strain. The tensile strength of the speci-
mens was also recorded during the tests. Dog-bone shaped test specimens
with a gauge length of 50mm, a width of 13mm and a thickness of 5mm
were prepared by casting CNT/epoxy suspensions into aluminum molds.
Samples were cured at 80 °C for 8 h. After demolding, the ends of the
samples were trimmed, polished, washed and painted with silver. Two
copper wires (connected to the multimeter probes) were attached to the
silver-coated ends using aluminum tape. Tensile tests were run according
to ASTM D638 under displacement control by straining at a rate of
0.5mm/min using a universal tensile test machine (Tenson). Wood
stickers were used to create an electrical isolation barrier between the
metal grips of the tensile machine and the conductive samples. To measure
the strain, an extensometer with a gauge length of 50mm was used. The
force-elongation and electric resistance data were monitored and recorded
using Labview software (National Instruments). The experimental set up
and the test specimen are shown in Fig. 3.

Characterization of magnetized CNT composites

The morphologies of the fracture surfaces of the CNT/epoxy samples
were examined using scanning electron microscopy (SEM). The samples
for morphology inspection were prepared by cutting a small segment of
maximum length 2mm from a master sample (Fig. 4, sec A-A). These

Table 1
Experimental factors and levels.

Factors Levels

−1 0 1

CNT concentration (wt%) 0.2 0.35 0.5
Mixing speed (rpm) 500 1250 2000
Mixing time (min) 10 35 60

Table 2
RSM design matrix.

Run order Mixing speed level Mixing time level CNT concentration level

1 −1 −1 −1
2 1 −1 −1
3 −1 1 −1
4 1 1 −1
5 −1 −1 1
6 1 −1 1
7 −1 1 1
8 1 1 1
9 −1 0 0
10 1 0 0
11 0 −1 0
12 0 1 0
13 0 0 −1
14 0 0 1
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

Table 3
Element composition of CNT.

C (at%) O (at%) Fe (at%) Co (at%) Cu (at%) Zn (at%)

> 90 3.01 1.27 < 0,50 3.51 1.72
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small pieces were then split into two (Fig. 4, sec B-B).

Modeling of the electrical and electromechanical behavior of CNT/
epoxy nanocomposites

A 2D resistor network model was used to investigate the electrical and
electromechanical properties of CNT-filled nanocomposites. In a resistor
network model, each CNT is considered as a resistor. Therefore, a CNT-
filled nanocomposite above the percolation threshold can be modeled as a
network of resistors that form conductive paths between two surfaces, or
source and drain electrodes. This concept is shown in Fig. 5.

Here, CNTs were simulated as straight lines of length LCNT and were
distributed on a representative 2D area of length L and width W. Each
nanotube was located by determining its two endpoints in a Cartesian
coordinate system whose origin was fixed at the left-bottom corner of
the representative area. The first endpoint location x y( , )1 1 was de-
termined randomly, with x1 and y1 random numbers in [0, L] and [0,
W], respectively. The other endpoint position, x y( , )2 2 , was then calcu-
lated using the following equations:

= +x x L cos ,
2 2cnt2 1 (3)

= +y y L sin ,
2 2cnt2 1 (4)

where is the nanotube’s orientation angle.
Upon generating CNTs with a concentration N, the locations of

intersecting points (junctions) were identified by solving sets of linear
equations. Then, graph theory was used to find the available paths
between any two points, or between source (S) and drain (D) electrodes.
As illustrated in Fig. 6, the graph model assumes that each CNT includes
a graph vertex and the junction between nanotubes is an edge between
two corresponding vertices.

In Fig. 6, the parameter of interest is the total electrical resistance
between source and drain electrodes. The resistance of segments be-
tween junctions can be calculated as [44]:

= + +R R l R1t
c

jct (5)

where Rt is the theoretical contact resistance at the ballistic limit with
an approximate value of 6.5 kΩ and 100 kΩ for SWCNT and MWCNT

Fig. 2. Preparation of nanocomposite samples for electric conductivity measurement, (a) mold and specimens with silver-coated ends, (b) electrical resistance
measurement.

(a) (b) 

DMM

Fig. 3. (a) Tensile test set-up for studying the electrical resistance of CNT/epoxy nanocomposites under loading, (b) Composite test specimen.

Fig. 4. Preparing a fractured surface for SEM characterization.
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respectively, is the electron mean free path (assumed to be 1 µm), lc is
the length of the conductor (nanotube segment between neighboring
junctions), and Rjct is the nanotube-nanotube junction contact re-
sistance. Fig. 7 shows the modeling of nanotube resistance using
equivalent resistors.

Finally, network resistance can be calculated using nodal analysis,
i.e., Kirchhoff’s current law, [44–46] or graph conductance theory [47].

In this study, the entire network resistance was calculated using graph
conductance theory. First, the resistance of all available paths along the
length of the representative element (L) was calculated. In other words,
the nanotube network was considered as a circuit consisting of several
connected resistors (in parallel or series) that form conductive paths be-
tween the source and drain electrodes. Then, the network overall re-
sistance can be calculated using Ohm’s law. In this study, the simulation
code was implemented in MATLAB (Mathworks, Inc.).

In CNT nanocomposites, carbon nanotubes are significantly stiffer

than the polymer matrix material. For instance, the elastic modulus of a
typical epoxy resin is around 3 GPa, nearly 300 times less than that of
CNTs [48]. Thus, when nanocomposites are subjected to tensile or
compression strain, the amount of strain at the nanotubes can be ne-
glected compared to the matrix strain [47]. Therefore, when the matrix
is deformed, nanotubes are just displaced from their initial positions in
the matrix, and consequently, the conductive network reconfigures it-
self and the nanocomposite resistance changes. To be specific, if a strain
is applied to a representative area along y axis, the new location and

orientation of nanotubes can be updated using following equations:

=x x (1 )1 1 (6)

= +y y (1 )1 1 (7)

= +tan 1
1

tan( )1
(8)

Fig. 5. Schematic of resistor network model.

Fig. 6. Equivalent graph of a nanotube network, (a) randomly distributed nanotube network between source (S) and drain (D) electrodes, (b) equivalent graph for
resistance analysis of nanotube network.
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where x1 , y1 , and are the updated coordinates and direction of na-
notubes and is the Poisson ratio of the matrix (here, = 0.35).

Upon doing so, the electrical resistance of reconfigured CNT net-
work is then calculated using the same procedure outlined at the be-
ginning of this section. Finally, strain sensitivity (k) or strain gauge
factor is calculated as:

=k R R( )0
(9)

where R0 is the initial resistance when unstrained, and R is the change
in electrical resistance of the nanocomposite for strained and unstrained
cases.

Results and discussion

Dispersion state of CNTs in epoxy matrix

Fig. 8 shows the CNT clusters (darker areas) in epoxy matrix. The
experiment labels state suspension mixing conditions. For instance,
500N10T20W denotes the sample mixed at 500 rpm for 10min, with
0.2 wt% of CNT. The results of CNT clusters distribution analysis based
on clusters surface area are represented in Table 4. The dispersion state
of CNT clusters was represented by citing A50, A90 and Aocc. A50 and A90

are extracted respect to the cumulative area distribution of CNT clusters
and indicate that the 50 and 90 percent of the detected CNT clusters
have an area equal or less than these values, respectively. Aocc indicates
the fractional area occupied by CNT clusters.

Considering Table 4, the occupied surface by CNT clusters (Aocc) were

Fig. 7. Equivalent resistance of a nanotube segment between two junctions.

Fig. 8. Microscopy imagery of CNT/epoxy suspensions (a) 500N10T20W, (b) 500N60T20W, (c) 2000N10T20W, (d) 2000N60T20W, (e) 500N10T50W, (f)
500N60T50W, (g) 2000N10T50W, (h) 2000N60T50W, Scale bar is 200 µm.
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measured less than 20% and more than 40% (except 500N10T50W) for
samples involved 0.2 and 0.5 CNT wt%, respectively. Although sample
500N10T50W contains 0.5 CNT wt%, the surface area occupied by CNT
clusters is 26.1%. The existence of large (A90=4000 μm2) and dense
(Aocc=26.1%) clusters implies that applying low mixing speed with low
mixing time was not sufficient to disperse CNTs in epoxy matrix, effec-
tively. Fig. 8e shows the microscopic image of this sample where several
large clusters can be seen in epoxy matrix. Also, a finer microstructure
(A50 < 90 μm2) can be obtained using higher mixing speed (2000 rpm)
(Fig. 8d, g and h). The interaction effect of mixing time and CNT con-
centration on dispersion state can be noticed by considering the results
obtained for samples which were mixed at 2000 rpm. Both 2000N10T50W
and 2000N60T50W samples (at which 0.5wt% CNT was mixed at
2000 rpm for 10 and 60min, respectively), although; the occupied area by
the clusters (Aocc) and the observed clusters median area (A50) are very
close to each other; there is a noticeable difference in their respective A90

values. Using higher mixing speeds for longer periods of time is effective to
obtain a finer macrostructure at higher CNT concentrations. However, the
obtained morphology is similar for the low CNT-concentration samples
that are mixed at 2000 rpm (2000N10T20W and 2000N60T20W) re-
gardless of mixing time.

Electric conductivity and tensile strength of CNT/epoxy nanocomposites

Three samples were prepared under same experimental conditions
according to the design matrix (Table 2). The averages of calculated
electric conductivity based on Eq. (2) and measured tensile strength for
each sample set, are shown in Table 5. Fig. 9 presents the measured
conductivity for the samples in which mixing speed, mixing duration
and CNT concentration were set to their low and high levels. From
Fig. 9, it is seen that mixing parameters (speed and duration) and their
interactions do not show considerable effect on electric conductivity
when CNT concentration is at its lowest level (0.2 wt%). However,
maximum conductivity (3.340×10−3 (s/m)) was measured for the
case where mixing was performed with the lower mixing speed
(500 rpm) for 60min. This implies that, low mixing speed can provide
sufficient shear force for dispersing CNTs in low concentrated CNT/
epoxy suspensions with less care about over dispersing [24]. At higher
CNT concentrations, the electric conductivity of the samples mixed at
2000 rpm for 60min is nearly six times that of other samples with the
same CNT concentration. At high CNT concentration where viscosity of
epoxy/CNT suspension is high and there are significant aggregates of
CNTs, low mixing speeds cannot create sufficient shear force to break
down CNT agglomerates and disperse CNTs in epoxy matrix effectively

Table 4
CNT clusters surface area distribution analyzes.

sample Median area (A50) –
(μm2)

A90 (μm2) Occupied area (Aocc) –
(%)

500N10T20W 150 1600 8.4
2000N10T20W 90 700 16.3
500N60T20W 200 3000 17.1
2000N60T20W 70 500 18.6
500N10T50W 200 4000 26.1
2000N10T50W 90 1600 41.4
500N60T50W 200 3500 43
2000N60T50W 75 800 40.3
500N35T35W 150 2500 21
2000N35T35W 80 800 22.8
1250N10T35W 100 1200 22.9
1250N60T35W 100 2000 25.9
1250N35T20W 120 1500 14.3
1250N35T50W 120 1500 49.8
1250N35T35W 120 1300 24.5

Table 5
Tensile strength and electric conductivity of CNT/epoxy nanocomposites pre-
pared with different mixing conditions and CNT concentrations.

Run order Sample Tensile strength
(MPa)

Electric conductivity
(S/m)× 10−3

1 500N10T20W 55 0.198
2 2000N10T20W 81 0.102
3 500N60T20W 61 0.250
4 2000N60T20W 78 0.278
5 500N10T50W 58 4.230
6 2000N10T50W 74 4.950
7 500N60T50W 52 3.340
8 2000N60T50W 84 26.300
9 500N35T35W 52 1.660
10 2000N35T35W 84 2.310
11 1250N10T35W 63 1.200
12 1250N60T35W 75 2.240
13 1250N35T20W 71 0.185
14 1250N35T50W 66 5.980
15 1250N35T35W 76 1.460
16 1250N35T35W 72 2.140
17 1250N35T35W 79 2.500
18 1250N35T35W 72 2.300
19 1250N35T35W 80 2.680
20 1250N35T35W 75 2.420

Fig. 9. Effect of mixing conditions and CNT concentrations on electric conductivity.
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(Fig. 8e–f).
Tensile strength of CNT/epoxy composites with varying CNT con-

centrations are presented in Fig. 10. The maximum tensile strength
(84MPa) was measured for the sample at which 0.5 wt% CNT was
dispersed in epoxy matrix at 2000 rpm for 60min (84MPa). The
minimum strength (52MPa) was observed at sample prepared by
mixing 0.5 wt% CNT at 500 rpm for 60min. Tensile strength of all
samples prepared with low shear force (500 rpm), regardless of mixing
time and CNT concentration, alter between 52 up to 61MPa and in-
dicate a decreasing in strength comparing to not reinforced epoxy resin.

Fig. 11 presents the SEM images of the fracture surfaces of tested
nanocomposites. Here, the A considerable different fractographic fea-
tures are considerably varying. A smoother fracture surface with large
CNT clusters is seen for the samples in which the mixing speed of
suspension was low in Fig. 11a and d. Smaller CNT clusters and higher
fracture surface roughness (Fig. 11g and j) were obtained for samples
where high mixing speed was used to prepare the suspension. Analyzing
the CNT clusters on fractured surface with higher magnifications shows
that a more uniform microstructure can be obtained using higher
mixing speeds (Fig. 11i and l). This result concurs with the obtained
results through morphology study of CNT/epoxy suspension (Fig. 8c
and h). Considering tensile test results and SEM results, it is seen that
CNT/epoxy nanocomposites that have the higher strengths have finer
structures (Fig. 11j–l). Such a structure obtains by mixing the suspen-
sion with high shear speeds and for longer durations (Fig. 8h). Con-
versely, existence of large CNT agglomerates, caused by dispersing
CNTs at low mixing speeds and short times (Fig. 8f and Fig. 11d–f),
resulted in forming stress concentration zones [9,49] which affects the
strength of CNT/epoxy composite negatively. Similarly, it can be said
that for any suspension mixing condition, there is an optimum CNT
content above which the strength of nanocomposite is affected ad-
versely due to ineffective dispersion process and existence macro-scale
agglomerated CNT particles. These results confirm the effect of CNT
dispersion state on mechanical properties of nanocomposites [10,15].

Analysis of variance (ANOVA) and regression models

In this paper, a systematic approach was used to obtain a reliable
mathematical relation to present the effect of suspension preparation
parameters and CNT content on electric conductivity and tensile
strength of CNT/epoxy nanocomposites. These models can then be used
to optimize preparation parameters and CNT contents to achieve the
desired electrical and/or mechanical properties. Based on RSM (Eq.

(1)), such a model can be presented as:

= + + + + + + + +

+

y N T W N T W N T N W

T W

. .

.
0 1 2 3 4

2
5

2
6

2
7 8

9 (10)

where y is electric conductivity or tensile strength, N is the CNT/epoxy
suspension mixing speed in rpm, T is the CNT/epoxy suspension mixing
time in minutes,W is CNT concentration in wt% and β1-β9 are unknown
coefficients which are estimated using least squares method. Eq. (10)
presents the effect of main factors (N, T andW), quadratic terms (N 2,T2

and W 2) and their interactions (N.T, N.W and T.W) on electric con-
ductivity and tensile strength of nanocomposite.

Finally, ANOVA was used to determine the effectiveness of the
process parameters on properties of nanocomposite. The details of
ANOVA methodology are presented in Appendix.

The regression model of electric conductivity (10−3× S/m) that fits
the experimental data based on the results can be represented as:

= +
+ × +

N T W W
N T N W

exp( 5.341 0.001 0.009 26.65 26.85
(0.309 10 ) . (0.003) . )

2

2 (11)

where N is the CNT/epoxy suspension mixing speed in rpm, T is the
CNT/epoxy suspension mixing time in minutes and W is CNT con-
centration in wt%.

A similar analysis has been employed for the effect of production
parameters on CNT/epoxy nanocomposite strength and the results are
given in Appendix. Considering the calculated P-values, mixing speed
has the greatest effect on tensile strength of the samples. On the other
hand, mixing duration does not show a significant effect on tensile
strength.

Ultimate tensile strength (UTS, MPa) of CNT/epoxy can be re-
presented using a regression model as follow:

= + + +UTS N T W W216.3 26.59 0.02 0.08 141.85 2 (12)

Validation of the mathematical models of conductivity and composite
strength

To investigate the accuracy and robustness of the found regression
models for conductivity and composite strength, 8 further experiments
were carried out within the range of explored experimental parameters.
Each “experiment” is the production of a new nanocomposite sample that
has different production parameters (mixing conditions for preparation of
the CNT/epoxy suspensions that are later cast and cured). These samples

Fig. 10. Tensile strength of CNT/epoxy composites prepared at different mixing conditions and varying amounts of CNT.
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were then tested for conductivity and tensile strength as outlined before.
The results are compared with the predicted results from the regression
models of Section “Analysis of variance (ANOVA) and regression models”.
Table 6 presents the predicted values and the experimental values
(average of 3 samples) with the corresponding standard deviation. The
tabulated results are shown in graphical form in Fig. 12. The estimated
values are all within scattering range, indicating the developed regression
models have acceptable robustness and accuracy within the range of ex-
plored experimental parameters (suspension mixing speed: 500 to
2000 rpm, suspension mixing duration: 10 to 60min and CNT con-
centration: 0.2 to 0.5wt%). The high residuals observed in some of the
experiments based on which the regression models were developed in

earlier analysis, did not prevent the acceptability of the developed models.

Strain sensing behavior of CNT/epoxy nanocomposites under tensile loads

Strain in a conductive nanocomposite during service can be related
to the electrical conductivity of nanocomposite. The variation in elec-
trical resistance can be used for measuring and monitoring the amount
of strain in composite during service, if the conductivity of nano-
composite has sufficient sensitivity to strain. The sensitivity of a strain
gauge to sense strain can be expressed quantitatively using

Fig. 11. SEM images of CNT/epoxy nanocomposite fracture surface, (a–c) 500N10T20W, (d–f) 500N60T50W, (g–i) 2000N10T20W, (j–l) 2000N60T50W.
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=k R R0
(13)

where k is gauge factor, ΔR/R0 is the change of the electrical resistance
ΔR normalized by the initial resistance R0 and ε is strain [50]. The
fractional change in electrical resistance (ΔR/R0) versus the strain
during the testing of the samples is presented in Fig. 13a and b. Gauge
factor is obtained by curve-fitting a straight line to the experimental
data of Fig. 13.

Bias and nonlinearity are used to determine the accuracy of (nano-
composite) sensors in sensing the strain. The % bias value is given as:

= ×
=

Bias
n
1 | | 100%

i

n
i

max1 (14)

and indicates how much gauge bias explains the overall process variation
[51]. Here, i is the measured strain, is the predicted strain (based on
composite electrical resistance) and max is the maximummeasured strain.

Deviation from linearity is calculated using

= ×Nonlinearity k R R| | 100%0
(15)

and describes how accurate the measurements are through the expected
range of measurements [50]. The effect of CNT filler concentration and
dispersing scenario on sensory properties of the CNT/epoxy nano-
composites is presented in Table 7.

Regardless of mixing factors, gauge factor of nanocomposites with low

CNT concentration (0.2wt%) varies between 1.5 and 2.9 which is too
wide comparing to scattering in k-factor of the high CNT loaded compo-
sites (1.3 up to 1.6). This can be observed in Fig. 13 where for low con-
centrated samples; a significant difference between the responses of the
composite sensors (ΔR/R0) under tensile strain can be observed (Fig. 13a).
On the other hand, the fractional change in electrical resistance (ΔR/R0) of
the samples containing high amount of CNT under axial tensile strain is
significantly close to each other. Considering above discussion, it can be
say that sensitivity (k-factor) of high CNT concentrated is not affected by
mixing scenario in contrast to low concentrated nanocomposites where
other sensory properties (bias, nonlinearity) are also affected by mixing
parameters. According to Table 7, considering bias less than 10%, the
maximum sensitivity (k=2.9) was observed for the sample at which
0.2wt% CNT was dispersed in epoxy matrix at 2000 rpm for 60min. It
implies that finer morphologies are more sensitive to strain and are more
suitable for strain sensing applications.

Fracture surface analysis of magnetized nanocomposites

The SEM images of the samples prepared with and without an ap-
plied magnetic field (Fig. 14) differ based on the geometry of the de-
tected CNTs. Most of the detected CNTs on the fractured surface of the
samples that were not subjected to a magnetic field are in the form of a
circle. On the other hand, by applying a magnetic field, the CNTs lay on
the fractured surface. This can be quantified by counting the observed

Table 6
Validation tests.

Exp. No. Sample ID Tensile strength (Mpa) Electric conductivity (S/m)× 10−3

Predicted Experimental 2Std. Predicted Experimental 2Std.

1 800N10T30W 63.5 66 ±4 0.88 0.78 ± 0.16
2 800N60T30W 67.2 70 ±8 1.14 1.29 ± 0.52
3 1600N10T30W 76.4 80 ±6 0.68 0.648 ± 0.30
4 1600N60T30W 80.2 78 ±6 1.79 1.57 ± 0.60
5 800N10T40W 62.5 66 ±4 2.48 1.96 ± 0.50
6 800N60T40W 66.3 71 ±8 3.21 2.76 ± 0.52
7 1600N10T40W 75.4 79 ±4 2.43 2.33 ± 0.64
8 1600N60T40W 79.3 76 ±6 6.42 5.87 ± 0.78

Fig. 12. Estimated and experimental Electric conductivity of samples presented in Table 6.
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Fig. 13. The fractional change in electrical resistance (ΔR/R0) verses strain of the samples containing (a) 0.2 and (b) 0.5 wt% CNTs.

Table 7
Effect of mixing parameters and CNT concentration on sensory properties of CNT/epoxy nanocomposites.

Mixing speed (rpm) Mixing time (min) CNT concentration (wt%) Gauge factor (k) Bias max Bias (%) Nonlinearity (%)

500 10 0.2 – – – –
2000 10 0.2 1.8 32.2 11.8 20.4
500 60 0.2 2.0 28.1 10.6 24.7
2000 60 0.2 2.9 12.1 5.4 13.0
500 10 0.5 1.4 22.8 10.1 26.2
2000 10 0.5 1.6 11.0 5.7 14.0
500 60 0.5 1.5 9.7 6.6 16.5
2000 60 0.5 1.5 19.1 7.5 18.5

H. Tanabi, M. Erdal Results in Physics 12 (2019) 486–503

496



circles. According to ISO 9276-6, circularity is defined as the degree to
which the object is similar to a circle, taking into consideration the
particle form and roughness. Circularity is a dimensionless value and
calculated using following equation:

=C A
P

4
2 (16)

where C is the circularity, A is the area, and P is the perimeter of the
object.

Analysis of the SEM images (Fig. 14) using ImageJ shows that the
ratio of detected CNTs with circularity greater than 0.7 to the number
of total detected CNTs for the samples subjected to a magnetic field
varied between 0.21 and 0.30. The same ratio for nanocomposite
samples not subjected to a magnetic field was in the range 0.55–0.68.

Histogram of CNT orientation angles of the composites were plotted
in MATLAB® using processed SEM micrographs from ImageJ. These
histograms (Fig. 15) were used to investigate the effect of magnetiza-
tion on dispersion state of CNTs. Note that obtaining a perfect align-
ment was not expected using 0.3 T magnetic field due to the high
viscosity of the CNT/epoxy suspension [29].

Effect of magnetization on electrical conductivity of CNT/epoxy
nanocomposite

Six magnetized CNT/epoxy samples were fabricated by replicating
the process described in Section “Post dispersing of CNTs via magne-
tization”. The samples were cut and polished at their ends and then

painted using silver paint. The electrical resistance of the samples along
their length was measured using a two-point-probe technique [43] with
a Keithley 2000 Digital Multimeter. The electrical resistance of the
samples was measured as 170 ± 30 kΩ, nearly half of the measured
resistance of the control samples (380 ± 50 kΩ). Thus, a significant
improvement in the electrical conductivity of the CNT/epoxy nano-
composite was obtained by applying a magnetic field.

Simulation results

Using the proposed percolation model, the effect of CNT alignment
on percolation probability of nanocomposites was simulated. The per-
colation probability is calculated using Eq. (17):

=P N
N

c

ts (17)

where Nts is the total number of simulations, and Nc is the number of
cases in which the model is electrically conductive. To calculation
percolation probability, CNTs with length of 1.5 µm were distributed in
a 7.5× 7.5 µm2 area [44] with presented distribution functions at
Fig. 15 and the simulation was conducted 100 times for each cases. A
Monte Carlo simulation was used for this purpose. The simulation re-
sults are shown in Fig. 16. According to simulation results, nano-
composite with aligned nanotubes reaches to percolation threshold
(50% percolation probability) at lower CNT concentrations than na-
nocomposites with random nanotubes.

Fig. 17 shows that, the electrical resistance of the percolated CNT

Fig. 14. SEM micrographs of fracture surfaces of CNT epoxy containing 0.5 wt% CNT. (a) Not magnetized. Sapmle, NMS, (b–c) Magnetized samples, MS1 and MS2.
Surfaces are parallel to magnetic field. Arrows show the direction of magnetic field.
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Fig. 15. Histograms of CNT orientation angles of CNTs in the composites (a) not subjected to the magnetic field, NMS, (b–c) subjected to the magnetic field, MS1 and
MS2.

Fig. 16. Effect of nanotubes distribution on the calculated percolation characteristics of 7.5× 7.5 µm2 CNT based nanocomposite models. LCNT=1.5 μm,
Rt = 100 kΩ, Rjct=1 kΩ.
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networks (N=250) with a random distribution is much higher than the
networks consist of aligned CNTs. In case of random distribution, the
resistance of simulated CNT network is 748 kΩ and for the cases in
which CNTs were distributed according to the presented distribution
patterns in Fig. 15b and c, the resistance of model is 512 kΩ and 497 k
Ω, respectively. In another word, the simulation results show that the
electrical conductivity of CNT networks with the same morphology as
Fig. 15b and c is 1.5 times higher than the nanocomposite with random
CNT distribution. This finding is in good agreement with the presented
experimental results in Section “Effect of magnetization on electrical
conductivity of CNT/epoxy nanocomposite”.

Fig. 18 shows the fractional change in electrical resistance (ΔR/R0)
of the CNT networks with random and aligned nanotubes distributions
as a function of applied strains. From Fig. 18, it can be observed that the
nanocomposite with random CNT distribution shows higher strain
sensitivity ( =k 34.2) comparing nanocomposite with aligned nanotubes
( =k 26.0, =k 21.1).

This means that although the magnetized nanocomposites have
higher electrical conductivity; the nanocomposites with random nano-
tube distribution are more sensitive to strain.

Conclusions

The effect of shear mixing parameters (for CNT/epoxy suspension

preparation) and CNT concentration on electric conductivity and tensile
strength of CNT/epoxy nanocomposites were studied experimentally.
For this purpose, composite samples were produced, characterized and
tested. Optical microscopy was used to study the morphology of CNT/
epoxy suspensions. Three indicators (A50, A90 and Aocc) were defined
respect to CNT clusters surface area and used to analyze the dispersion
state of CNT clusters.

The effectiveness of the process parameters on electric conductivity
and tensile strength of nanocomposite was studied using ANOVA and
two regression models were established to predict electric conductivity
and tensile strength of the CNT/epoxy nanocomposites. The robustness
and accuracy of the models were verified by implementing verification
tests. The effect of fabrication parameters on strain sensing properties of
the nanocomposites was also investigated by citing sensitivity, bias and
nonlinearity of the prepared nanocomposites.

With account for the results discussed above, the following main
conclusions can be drawn about the effect of shear mixing parameters
and CNT concentration on electric conductivity, tensile strength and
strain sensing properties of CNT/epoxy nanocomposites:

• The suspension dispersion homogeneity is not affected by mixing
time at low CNT concentration (0.2 wt%). However, for high con-
centrated samples (0.5 wt%) using higher mixing speed with longer
periods of mixing time is resulted in finer structure (lower A50 and
A90 values and higher Aocc).

• Electric conductivity of the high concentrated nanocomposites is
strongly affected by mixing parameters. On the other hand, mixing
parameters do not show significant effect on electric conductivity
when the CNT loading was set to its low value.

• Tensile strength of the nanocomposites those are prepared using low
mixing speed, regardless of mixing time and CNT concentration is
significantly lower than the strength of not reinforced epoxy.

• Strain sensory behavior of the nanocomposite gauges containing
higher amount of CNTs is not affected by mixing speed and time.
Respect to the obtained high gauge sensitivity with acceptable bias
and nonlinearity, the nanocomposites fabricated by dispersing of
low amount of CNT (0.2 wt%) with high mixing speed and long
mixing time are more suitable for strain sensing applications.

• The electrical properties of nanocomposites are increased near two
times by subjecting CNT-epoxy suspension in a magnetic field of
0.2 T during curing cycle. The following morphological study of
theses samples show that CNTs have been aligned to the direction of
the magnetic field.

• Simulation results demonstrate that the electrical conductivity of
nanocomposites with aligned nanotubes is around 1.5 times greater

Fig. 17. Effect of nanotubes distribution on the calculated electrical resistance
of 7.5× 7.5 µm2 CNT based nanocomposite models. N= 250 and
LCNT=1.5 μm, Rt = 100 kΩ, Rjct=1kΩ.

Fig. 18. Fractional change in electrical resistance (ΔR/R0) of the CNT network model under tensile strain. The model assumed that N=250, LCNT=1.5 μm,
Rt = 100 kΩ, Rjct=1 kΩ.
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than those have randomly distributed nanotubes in their micro-
structures. Despite this improvement in electrical conductivity, the
variation in electrical resistance was more pronounced for randomly
distributed microstructures. Strain sensitivity factor (Gauge factor)
as high as 35 and 27 were predicted for nanocomposites made from
random and aligned nanotube microstructures, respectively.
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Appendix

In ANOVA, significance of each term is evaluated using Fisher's variance ratio (F-value) and probability value (P-value) which are calculated
based on Degrees of freedom (DF), sequential sums of squares (Seq SS), adjusted sums of squares (Adj SS), the adjusted mean square (Adj MS) [41].
P-value is defined as probability against null hypothesis which is denoted as H0 and stated as “Treatment does not have significant effect on
response”. Terms with p-values less than significance level threshold (α=0.05) are considered as significant terms.

The analysis of variance on conductivity data (Table 5) is shown in Table 8. The respective regression model that fits the experimental data can be
represented as:

= + × + × + + × + +N T W N T W N T N W T W2.360 0.001 0.040 8.234 (1.0 10 ) (6.0 10 ) 7.738 (2.0 10 ) . (0.003) . (0.072) .5 2 5 2 2 5 (18)

Table 8
Analysis of variance on conductivity (S/m), the analysis was done on uncoded units.

Source DF Adj SS Adj MS F P

Regression 9 515.953 57.328 6.48 0.004

Linear 3 297.805 99.268 11.22 0.002
Mixing speed (rpm) 1 58.864 58.864 6.65 0.027
Mixing time (min) 1 47.211 47.211 5.33 0.044
Concentration (wt%) 1 191.730 191.730 21.66 0.001

Quadratic 3 33.966 11.322 1.28 0.334
Mixing speed (rpm) *mixing speed

(rpm)
1 1.368 1.368 0.15 0.702

Mixing time (min) *mixing time
(min)

1 0.533 0.533 0.06 0.811

Concentration (wt
%) * concentration (wt%)

1 8.938 8.938 1.01 0.339

Interaction 3 184.181 61.394 6.94 0.008
Mixing speed (rpm) *mixing time

(min)
1 62.519 62.519 7.06 0.024

Mixing speed (rpm) * concentration
(wt%)

1 70.496 70.496 7.96 0.018

Mixing time (min) * concentration
(wt%)

1 51.167 51.167 5.78 0.037

Residual Error 10 88.514 8.851
Lack-of-Fit 5 87.599 17.520 95.74 <0.001
Total 19 604.466

Table 9
Electric conductivity and transformed conductivity of CNT-epoxy nanocomposite samples.

Run order sample Electric
conductivity×10−3 (S/m)

t×10−3 (S/m)

1 500N10T20W 0.198 −1.6195
2 2000N10T20W 0.102 −2.2828
3 500N60T20W 0.250 −1.3863
4 2000N60T20W 0.278 −1.2801
5 500N10T50W 4.230 1.4422
6 2000N10T50W 4.950 1.5994
7 500N60T50W 3.340 1.2060
8 2000N60T50W 26.300 3.2696
9 500N35T35W 1.660 0.5068
10 2000N35T35W 2.310 0.8372
11 1250N10T35W 1.200 0.1823
12 1250N60T35W 2.240 0.8064
13 1250N35T20W 0.185 −1.6874
14 1250N35T50W 5.980 1.7884
15 1250N35T35W 1.460 0.3784
16 1250N35T35W 2.140 0.7608
17 1250N35T35W 2.500 0.9163
18 1250N35T35W 2.300 0.8329
19 1250N35T35W 2.680 0.9858
20 1250N35T35W 2.420 0.8838
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Based on results of Table 8 there is a significant lack-of-fit in regression model (Eq. (18)), indicating this regression model is not able to describe the
functional relationship between experimental factors and electric conductivity.

The Lack-of-fit issue can be resolved by using transformation of the response. The Box-Cox transformation [52] is the most commonly used
technique at which an appropriate exponent (Lambda) is used to transform response data. The Box-Cox transformation is defined as:

=
=

y
y

, 0
ln( ), 0

i

y

i

( )
1i

(19)

where yi is original data and yi
( ) is transformed data. The optimal value for exponent Lambda was found by analyzing data in Minitab and then

response data were transformed using Eq. (20) by specifying Lambda equals to zero.

= ln( )t (20)

where σ is the electric conductivity and t is the transformed electric conductivity. The transformed electric conductivities are represented in Table 9.
Table 10 presents analysis of variance on transformed conductivity ( t) considering main factors, quadratic terms and their interactions. Con-

sidering the calculated p-values, quadratic terms of mixing speed (0.824), mixing time (0.485) and interaction of mixing time and concentration
(0.168) have no significant effect on transformed electric conductivity.

These terms are removed from the model and respective analysis of variance is represented in Table 11. Mixing time is shown to have no

Table 10
Analysis of Variance on transformed conductivity data ( t).

Source DF Adj SS Adj MS F P

Regression 9 36.0541 4.0060 79.33 <0.001

Linear 3 32.3238 10.7746 213.38 <0.001
Mixing speed (rpm) 1 0.3976 0.3976 7.87 0.019
Mixing time (min) 1 1.0850 1.0850 21.49 0.001
Concentration (wt%) 1 30.8412 30.8412 610.77 0.000

Quadratic 3 1.8658 0.6219 12.32 0.001
Mixing speed (rpm) *mixing

speed (rpm)
1 0.0087 0.0087 0.17 0.686

Mixing time (min) *mixing time
(min)

1 0.0405 0.0405 0.80 0.392

Concentration (wt
%) * concentration (wt%)

1 0.8784 0.8784 17.40 0.002

Interaction 3 1.8645 0.6215 12.31 0.001
Mixing speed (rpm) *mixing

time (min)
1 0.8950 0.8950 17.72 0.002

Mixing speed
(rpm) * concentration (wt
%)

1 0.9646 0.9646 19.10 0.001

Mixing time
(min) * concentration (wt%)

1 0.0049 0.0049 0.10 0.762

Residual Error 10 0.5050 0.0505
Lack-of-Fit 5 0.2698 0.0540 1.15 0.442
Total 19 36.5591
R2= 98.6% =R 97.4%pred

2 =R 87.6%adj
2

Table 11
Analysis of variance for transformed conductivity, some predictors have been eliminated.

Source DF Adj SS Adj MS F P

Regression 6 36.0084 6.0014 141.67 0.000

Linear 3 32.3238 10.7746 254.35 0.000
Mixing speed (rpm) 1 0.3976 0.3976 9.39 0.009
Mixing time (min) 1 1.0850 1.0850 25.61 0.000
Concentration (wt%) 1 30.8412 30.8412 728.05 0.000

Quadratic 1 1.8249 1.8249 43.08 0.000
Concentration (wt

%) * concentration (wt%)
1 1.8249 1.8249 43.08 0.000

Interaction 2 1.8596 0.9298 21.95 0.000
Mixing speed (rpm) *mixing time

(min)
1 0.8950 0.8950 21.13 0.001

Mixing speed (rpm) * concentration
(wt%)

1 0.9646 0.9646 22.77 0.000

Residual Error 13 0.5507 0.0424
Lack-of-Fit 8 0.3156 0.0394 0.84 0.608
Total 19 36.5591

=R 98.5%2 =R 97.8%pred
2 =R 94.6%adj

2
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significant effect on electric conductivity as an individual parameter. However, the interaction of mixing time and mixing speed has significant effect
on composite conductivity as the calculated p-value is less than the significance level threshold ( = 0.05).

The regression model that fits the experimental data based on the results of Table 11 can be represented as:

= + + × +N T W W N T N W5.341 0.001 0.009 26.65 26.85 (0.309 10 ) . (0.003) .t
2 2 (21)

The adjusted Radj
2 (which denotes how successfully the experimental data fits the model) for the regression model has been calculated as 94.6%,

indicating the improvement in the fit by the logarithmic model.
Analysis of variance on tensile strength data is shown in Table 12. Based on results, quadratic and interaction terms have no significant effect on

strength. Considering calculated P-values, no significant terms are removed and respective analysis of variance on tensile test results considering the
main factors and quadratic term of concentration is presented in Table 13. This analyze continues up to obtain the highest Radj

2 .
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Residual Error 10 292.59 292.59 29.259
Lack-of-Fit 5 235.38 235.38 47.076 4.11 0.073
Total 5 57.21 57.21 11.442

=R 85.37%2 =R 0.00%pred
2 =R 72.21%adj

2

Table 13
Analysis of Variance on tensile strength, some predictors have been eliminated.

Source DF Seq SS Adj SS Adj MS F P

Regression 4 1655.98 1655.98 414 18.04 <0.001

Linear 3 1537.56 1618.63 539.54 23.51 <0.001
Mixing speed (rpm) 1 1480.28 1480.28 1480.28 64.51 <0.001
Mixing time (min) 1 36.74 36.74 36.74 1.6 0.225
Concentration (wt%) 1 20.54 101.61 101.61 4.43 0.053

Quadratic 1 118.42 118.42 118.42 5.16 0.038
Concentration (wt

%) * concentration
(wt%)

1 118.42 118.42 118.42 5.16 0.038

Residual Error 15 344.21 344.21 22.95
Lack-of-Fit 10 287 287 28.7 2.51 0.161
Total 5 57.21 57.21 11.44

=R 82.8%2 =R 68.3%pred
2 =R 78.2%adj

2
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