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1. Methods

1.1. Volume resistivity

The volume resistivity of the sample is calculated based on the geometric consideration from
the following equation:

|%
R R— ,

P L (S1)
in which A is the cross-section area of the sample, L is the distance between the electrodes, and R is
the measured resistance.

The resistance of the sample R is calculated by

R (S2)
(RO - Rm) '
where the equivalent resistance of the circuit without sample R, is given by
V.=V
R, = M, (S3)
I
and the measured resistance of the circuit with sample R, () is given by
V.=V
Rm — ( m - off) , (54)

in which V,, is the measured voltage (V), V,; is the measured voltage offset (V), and I is the source

0,

current (A).
2. Modeling the properties of EVA/MWCNT composites

2.1. poT data
In general, the pvT behavior of polymers and polymer-based composites is described by the

modified Tait equation [1-3]:

vm):vom-{l—c-m[uﬁj}vm), )

where v, is the specific volume at zero pressure, v, is the specific volume corresponding to

crystalline phase, B is the sensitivity to pressure of polymer.

www.mdpi.com/journal/polymers


mailto:felicia.stan@ugal.ro

Polymers 20of 6

In the molten state, i.e., above the liquid-solid transition temperature, the following equations
hold [1-4]:

0y =by,, +by,-(T=05), (S6)
B(T) =b,,, -exp[-b,,, (T -bs)], (S7)
0,(T,p)=0. (S8)

In solid state, i.e., below the liquid-solid transition temperature, the polymer behavior is
described by the following equations [1-4]:

vy =by, +b, - (T-0,), (S9)
B(T) =b,, -exp[-b,,(T - b;)], (S10)
v,(T,p):b7~exp[b8~(T—b5)—b9-p]. (511)

The parameters b1 to bs describe the dependence on pressure and temperature in the melt and
solid state. The bs and bs are parameters that describe the change of transition temperature with
pressure, whereas b7 to b are parameters of semi-crystalline polymers that describe the form of the
state transitions.

The liquid-solid transition temperature, which is the glass transition temperature for
amorphous polymers and the melting or crystallization temperature for semi-crystalline polymers,
can be described by [1-4]

T(p)=bs+be-p. (S12)

The experimental data were divided into two states: melt and solid, and the parameters
(by, —by, ) and (b,-b,, ) were estimated from data corresponding to the respective states.

Parameters bs and bs were estimated from data of transition temperature at different pressures.

1m

2.2. Elastic modulus

To predict the Young’s modulus of the EVA/MWCNT composite, the Halpin-Tsai model for
randomly oriented nano-particles is applied [5-8]. According to this model, the Young’'s modulus of
the composite can be predicted using the following equation [6,8]:

Ecvasmwonr _ E{ 1+ mLVMWCNT:| n E{l + znTVMWCNTj| (S13)
Egya 8| 1-7.Vywaenr 8| 1=n:Viwenr
with
E JEg,, —1 E /Eg,, —1
| = mwent/ Eva and p, = —Mwent! Zeva T2 (S14)
Eviwenr/ Egva +¢ Eviwenr/ Egva +2
in which the exponential shape factor is given by [4,8,9]
21 _, -
g=—ret et (S15)

where E, ywenr i the Young’s modulus of the composite, Ey, is the Young’s modulus of the
polymer matrix, E,ycyr is the Young's modulus of the carbon nanotubes, d is the outside average
diameter of the carbon nanotube, | is the length of the carbon nanotube, V,ycyr is the volume

fraction, and a and b are constants related to the degree of nanotube aggregation and account for the
nonlinear behavior of the Halpin-Tsai equation [5,6].
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2.3. Electrical conductivity

The power-law model is generally used to predict the electrical conductivity of polymer/CNT
composites [10-14]. This model describes the dependence of the composite conductivity on the
conductive filler above the percolation concentration.

Based on the assumption that the spatial distribution of nanotubes in the composite is uniform,
the electrical conductivity can be written as [13]

Opc = Omwent ((DMWCNT - (Do)t for guwenr > @0, (S16)

where o, is the conductivity of the composite, o,,cyr is a parameter related to the conductivity
of nanotubes, @,,,cyr is the mass fraction of the nanotubes, ¢, is the percolation threshold, i.e. the

minimum quantity of the nanotubes to form a continuous network, and ¢ is the critical exponent
governing the dimensionality of the composites [15-18].

3. Tables
Table S1. Injection molding Lo plan.
Experiment Melt temperature Injection pressure
(°O) (MPa)
1 70
2 140 80
3 90
4 70
5 160 80
6 90
7 70
8 180 80
9 90
Table S2. Parameters for resistivity measurements.
Injection pressure 1 wt.% 3 wt.% 5 wt.%
(MPa) (nA) (BA) (BA)
0.0002 0.06 20.0
70 0.0010 0.20 100.0
0.0020 0.60 200.0
0.0002 3.0 20.0
90 0.0010 10.0 100.0
0.0020 30.0 200.0
Table S3. ANOVA for elastic modulus of EVA/MWCNT composite.
Source DF SeqSS AdjSS AdjMS F P
MWCNTs (wt.%) 2 175114 175114 8755.72 1697.28 0
Crosshead speed (mm/min) 2 935.4 935.4 467.68 90.66 0
Melt temperature (°C) 2 332.7 332.7 166.36 32.25 0
MWCNTs x Melt temperature 4 2222 222.2 55.54 10.77 0
Crosshead speed x Melt temperature 4 71 71 17.76 344  0.013

Residual Error 66  340.5 340.5 5.16
Total 80 19413.2
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Table S4. ANOVA for tensile strength of EVA/MWCNT composite.
Source DF SeqSS AdjSS AdjMS F P
MWCNTs (wt.%) 2 36.6538 36.6538 18.3269 257.79 0
Crosshead speed (mm/min) 2 71316 71316  3.5658 50.16 0
Melt temperature (°C) 2 02829 02829 0.1415 1.99 0.145
MWCNTs x Crosshead speed 4 1.072 1.072 0.268 3.77 0.008
MWCNTs xMelt temperature 4 61001 6.1001 1.525 2145 0
Crosshead speed x Melt temperature 4 3.2698 32698 0.8174  11.5 0
Residual Error 62 4.4077 4.4077 0.0711
Total 80 58.9179
Table S5. ANOVA for stress at break of EVA/MWCNT composite.
Source DF SeqSS AdjSS AdjMS F P
MWCNTs (wt.%) 2 20471 20471 102355 166.74 0
Crosshead speed (mm/min) 2 13.83 13.83 6.9151 112.65 0
Melt temperature (°C) 2 2.656 2.656 1.3279 2163 O
MWCNTs x Crosshead speed 4 1.356 1.356 03391  5.52 0.001
MWCNTs xMelt temperature 4 6.059 6.059 1.5148 2468 O
Crosshead speed x Melt temperature 4 1.716 1.716 0.4291  6.99 0
Residual Error 62 3.806 3.806 0.0614
Total 80 49.895
Table S6. ANOVA for strain at break of EVA/MWCNT composite.
Source DF SeqSS AdjSS AdjMS F P
MWCNTs (wt.%) 2 25.8057 25.8057 129029 140448 0
Crosshead speed (mm/min) 2 04932 04932 0.2466 26.84 0
Melt temperature (°C) 2 8.507 8.507 4.2535 463 0
MWCNTs x Crosshead speed 4 01689 0.1689 0.0422 4.6 0.003
MWCNTs xMelt temperature 4 0.569 0.569 0.1422 15.48 0
Crosshead speed x Melt temperature 4 0.1267 0.1267 0.0317  3.45 0.013
Residual Error 62 0.5696 0.5696  0.0092
Total 80 36.2401
Table S7. ANOVA for electrical conductivity of EVA/MWCNT composite.
Source DF SeqSS AdjSS AdjMS F P
MWCNTs (wt.%) 2 8.38E-03 8.38E-03 4.19E-03 17853 0
Melt temperature (°C) 2 3.96E-04 3.96E-04 1.98E-04 8.43 0.037
Injection pressure (MPa) 1 3.30E-05 3.30E-05 3.30E-05 1.41 0.301
MWCNTsxMelt temperature 4 7.09E-04 7.09E-04 1.77E-04 7.55 0.038
MWCNTs x Injection pressure 2 1.70E-05 1.70E-05 9.00E-06 0.36 0.717
Melt temperature x Injection pressure 2 3.00E-05 3.00E-05 1.50E-05 0.65 0.57
Residual Error 4 9.40E-05 9.40E-05 2.30E-05
Total 17 9.66E-03
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Figure S1. Electrical resistivity measurement set-up. (a) Block diagram for electrical resistance

measurement. (b) Data acquisition system.
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