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ABSTRACT - REZUMAT

Statistical analysis of the 3D electroconductive composites based on copper and graphene

This paper presents several aspects of the multivariate analysis of electroconductive composite based on Copper (Cu)
and Graphene. The analysis was developed by using the parameters (dependent and independent variables), which
characterize the composite materials with electroconductive properties. The experimental samples were obtained by
using 100% cotton fabrics with different structures. The goals followed through the variation of the fabric structures (e.g.,
plain weave, twill, panama, ribs) were to investigate if the fabric structure or ratio has or not influence on
electroconductive properties of the textile materials obtained by conductive coating. The samples created were based
on standard, and 3D digital printing technologies, more specifically on the textile surface, have deposited conductive
paste containing copper microparticles and graphene filaments. The initial coating with conductive polymeric paste
based Cu was developed by scraping of the paste on the fabric. Previously the 3D printing advanced technology by
fused deposition modeling (FDM) of the Conductive Graphene filaments was used.
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Analiza statistica a compozitelor 3D electroconductive pe baza de cupru si grafen

Aceasta lucrare prezinta cateva aspecte privind analiza multivariata a compozitelor electroconductive pe baza de cupru
(Cu) si grafen. Analiza a fost dezvoltatd pe baza parametrilor (variabile dependente si independente), care
caracterizeaza materialele compozite cu proprietati electroconductive. Probele experimentale au fost obtinute din
materiale textile din 100% bumbac, avand diferite structuri. Variatia structurii teséturii (de exemplu: pdnza, diagonal,
panama, rips) a avut ca scop investigarea influentei structurii si a raportului de legaturd asupra proprietatilor
electroconductive ale materialelor textile cu acoperiri conductive. Probele au fost realizate utilizand tehnologiile clasice
si tehnologia imprimdrii digitale 3D, mai precis pe suprafata textila au fost depuse paste conductive cu continut de
microparticule de cupru si filamente de grafen. Depunerea initiald a pastei polimerice conductive pe baza de Cu a fost
realizata prin metoda raclarii. Ulterior, a fost utilizata tehnologia avansata de imprimare 3D prin depunerea pe suprafata

textila a filamentelor topite de grafen conductiv.

Cuvinte-cheie: compozite, textil, electroconductiv, rezistenta, conductiv, cupru, microparticule, senzori, 3D, grafen

INTRODUCTION

The conductive textile materials development is
based on advanced manufacturing such as 3D print-
ing, or advanced materials development such as
ESD (electrostatic discharge) or conductive filaments
graphene-based PLA (polylactic acid) matrix, and is
of real interest in current research. However, the new
technologies and techniques have several new
parameters, and the multivariate analysis of the coat-
ed materials must analyse complex data sets. In sci-
entific literature similar approaches can be observed
in using multivariate analysis for developing fibres,
yarns, or fabric models [1-4]. However, this tech-
nigue is used to explain the feasibility of two-way pre-
diction by developing models for fibre and yarn and
reverse models relating yarn to fibre using multivari-
ate. In this paper, the multivariate analysis [4—7] used
to investigate the influence of the independent and
dependent variables in the electroconductive textile
development. In general conductive fabrics are
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achieved by conductive polymers (polyaniline,
polypyrrole,  polythiophene, poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT:
PSS), or graphene [7—11]) or by distributing conduc-
tive metal micro/nanoparticles in the polymeric matrix
[12-14] (e.g. PVA (polyvinyl alcohol)). Numerous sci-
entific researches present the manufacturing of con-
ductive materials based on graphene oxide [15-17].
The improvement of the electrical conductivity is the
main subject in researches that describe the method
for obtaining the conductive yarns based on carbon
black nanoparticles (CB) and PVA , and the method
to improve the surface conductivity by plasma-assist-
ed attachment of functionalized carbon nanotubes on
PET (poly(ethylene terephthalate)) [18, 19], by print-
ing method. However, special attention was paid to
the investigation of the physical properties of con-
ductive materials such as metal composite, or elec-
tromagnetic shielding performance achieved through
textiles with conductive and magnetic properties [20].
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EXPERIMENTAL PART Table 1
In the experimental part, we developed 20 EXPERIMENTAL PLAN-SAMPLES FUNCTIONALIZED BY COATING
(egg‘ér)”?ggzzl \;srg:;zrzilngrﬁzthﬁgsfizrg’ WITH A CONDUCTIVE PASTE BASED ON MICROPARTICLES
plain weave, twill, weft rib, warp rib, pana- Sample Ni | Cul |Cull|cull|PVA | H,0 [Rs (Q)|G (S)
ma) with electroconductive properties no.

based on traditional technologies for thin- 1 X X X 10" |10
film deposition by scraping/printing and 2 X X X 1011 | 10~ M
3D digital printing. To achieve the experi- 3 X X X 1012 | 10-12
mental samples functionalized by submis- 4 X X X 109 | 10-9
sion of copper (Cu) or nickel (Ni) 5 " " N 108 | 108
microparticles have been used, the clas-

sic technology printing (conductive poly- 6 X X X 10° 10°
meric paste with Cu microparticles), 4 X X X 109 | 10°
scraping, and advanced technology for 8 X X X 103 | 1073
submission by the 3D digital printing 9 X X X 103 | 1073
based on the conductive graphene fila- 10 X X X 103 | 10-3
ments. 3 3
To obtain electroconductive properties for 112 i i z 133 12_3
direct printing/scraping, the polyvinyl alco-

hol (PVA), and metallic microparticles 13 X X X 10° | 10°°
(Cul, Cu ll, Cu lll, and Ni) were used. 14 X X x | 10% | 1073
The experimental part consists of two 15 X X X 1010 | 10-10
parts: 16 X X X 1012 | 10-12
1. Development of the fabrics (20) with 17 X X X 1010 | 10-10
electroconductive properties by scraping 18 " X x 10M | 10-1"
of the conductive paste based on water, a 19 » » » 1010 | 10-10
binder (PVA) and microparticles of Cu (Cu

| microparticles with size less than 45 um; 20 X X X 10t | 10

Cu Il microparticles with size less than

75 um; Cu Il microparticles with size in the range
14-25 pm), and Ni (Ni microparticles with size less
than 50 ym), followed by drying at a temperature of
23-24°C for 20 hours and the crosslinking for 3 min-
utes at 160°C for functionalization by increasing the
electroconductive character (conductive, semicon-
ductive or dissipative).

2. Deposition of the thermoplastic material (Conductive
Graphene PLA) in the form of fused filaments by
FDM 3D printing extruder at 200—-240°C.

Table 1 presents the surface resistance (Rs [Q2]) and
conductance G (S) for samples 1-20. For samples
1-7 it was used the same type of conductive paste
based on PVA, H,O and Cu Il microparticles, for
samples 8-14 a conductive paste based on Cu |
microparticles, PVA and H,O has been used, for
samples 15-19 a conductive paste based on Cu llI
microparticles has been used, while for sample no.
20 a conductive paste based on PVA, H,O, and Ni
microparticles has been used (table 1). These 20
samples have been developed based on seven
weaved structures from 100% cotton yarns (plain
weave 1/1 (with cotton yarns Nm 20/2 on weft), plain
weave 1/1 (with cotton yarns Nm 20/3 on weft), twill
2/2, twill 3/1, panama, weft rib weave, warp rib
weave).

In the case of samples 1-7, 8—14, and 15-19 chang-
ing the structure of textile support has not influenced
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the electrical conductivity or surface resistance.
Moreover, the changing of the conductive paste com-
position for sample groups 1-7, 814, and 15-19 has
been generated an increasing or reducing the sur-
face resistance (Rs) of the textile materials coated
and in consequence and decreasing or increasing
the electrical conductance (G) values are presented
in table 1.

For all experimental samples the physicomechanical
parameters such as thickness 6 [mm], the mass M
[g/m?], the permeability to air Pa [I/m?/s], the surface
resistance Rs [Q2] have been investigated in the lab-
oratory and these are listed in table 2.

Figure 1 presents the topographic analysis of the sur-
face of the textiles on the basis of the optical
microscopy with the digital camera, magnification
(4%), the surface of the initial fabric 0.1 (without
metallic microparticles) (figure 1, a) and the surface of
the fabrics microparticle of Cu Il, Cu I, Cu lll and Ni
(figures 1,b and 1, e).

From samples 8-15 that present a lower surface
resistance the sample no. 10 was selected, that pre-
sents a proper distribution of the conductivity on the
entire surface, to test the electrical conductivity using
a 9V battery and a 3 mm led and has proved that the
textile surface coated by using our conductive paste
developed it allows electrical the current flow.
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Fig. 1. Topographic analysis of the fabric surface based on optical microscopy with the digital camera:
a — fabric without microparticles submitted; b — sample no. 3 with Cu Il; ¢ — sample no. 10 with Cu Il;
d — sample no. 17 with Cu lll; e — sample no. 20 with Ni

Table 2
PHYSICAL-MECHANICAL AND ELECTRICAL
PARAMETERS FOR SAMPLES 1-20
Sample M ) Pa Rs
no. (g/m?) (mm) (Im?/s) ()
1 863 2.28 7.55 10M
2 858 2.07 12.2 101
3 897 2.13 27.83 1012
4 720 2.75 9.03 109
5 816 3.25 19.15 108
6 824 3.05 25.94 109
7 995 5.82 256.4 109
8 760 2.25 9.52 103
9 776 1.77 33.16 103
10 670 2.19 11.10 108
11 761 3.22 14.35 103
12 721 3.42 24.54 103
13 702 3.52 31.92 108
14 780 5.38 264.8 103
15 1276 2.68 101.99 1010
16 925 2.96 31.22 1012
17 1020 2.93 9.83 1010
18 841 2.01 15.07 10"
19 1033 3.34 24.74 1010
20 828 4.42 109.1 104

After depositing the conductive paste based copper,
on sample no. 10 the 3D conductive graphene fila-
ments by 3D printing (figure 3) have been deposited
using conductive filaments based Graphene. The
surface obtained has been tested to investigate the

Fig. 2. Electrical conductivity test for
sample 10

Fig. 3. 3D printing on the surface
coated with paste based
Cu microparticles

surface resistance, and we obtained a surface
resistance of 103 Q, and that indicates the 3D textile
composite based on conductive Cu paste and
graphene filaments (figure 4) has a pronounced sur-
face conductivity. It can be used for technical purpos-
es to develop flexible sensors or electrodes.

c

Fig. 4. 3D textile composite based on Cu microparticles and graphene filaments: a — Surface coated with paste based
Cu microparticles (optic microscopy view using a digital camera); b — Graphene filaments deposited (optic microscopy
view using a digital camera); ¢ — 3D textile composite based Cu microparticles and Graphene (digital camera view)
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RESULTS AND DISCUSSIONS

For parameters such as electrical surface resistance,
the thickness (8), air permeability (Pa), conductance
(G) and mass (M) have been developed a multivari-
ate analysis. In figures 5-9 are presented the 3D rep-
resentations of the electrical resistance (Rs) in the
function of the thickness (8), mass (M), air perme-
ability (Pa), and conductance (G) using MATLAB
software. For experimental parameters (Rs, M, J, Pa,
G) it was performed an analysis of the correlation
coefficient Pearson (1) between Rs and Pa, 8, M, G:

-y - 1
My = 5, (1

where x, y represent the individual values of the vari-
ables x and y; X, y represent the arithmetic mean of
all the values of x, y; s,, s, represents the standard
deviation of all values x and y.

. _| 10000 -0.1290|
RsPa ~|_0.1290  1.0000
. _| 10000 -02143|
Rsd™ | _0.2143  1.0000

& r12p.s = r21g 5 = —0.2143 (3)
. _|1.0000 0.1490]
RsM~10.1490 1.0000

& r12g = r21g, = 0.1490 (4)
. _| 10000 -0.2948
RsG ™ |_0.2048  1.0000

& r12p.=r21g s =-0.2948 (5)

Analysing the values of the correlation coefficients
RePa (2)) TRes (B): rrgw (4), and rps (5), it can be
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Fig. 5. 3D representation of the surface resistance according to the air permeability (Pa) and thickness (3) (Rs = f(Pa, §))
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Fig. 6. 3D representation of the surface resistance (Rs) according to the mass (M) and thickness (3) (Rs = f(M, d))

industria textila

152

2021. vol. 72, no. 2



<10

* Surface resistance vs. mass, air permeability 10

Surface resistance

Air permeability

Fig. 7. 3D representation of the surface resistance (Rs) according to the air permeability (Pa) and mass (M) (Rs = f(Pa, M))
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Fig. 8. 3D representation of the surface resistance (Rs) according to the thickness (8) and conductance (G) (Rs = (3, G))
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Fig. 9. 3D representation of the surface resistance (Rs) according to the mass (M) and conductivity (G) (Rs = f(M, G))
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observed that between the surface resistance (Rs)
and air permeability (Pa), conductance (G), thickness
(8) of the samples treated with a conductive paste
based on Cu I, Cu Il, Cu lll, and Ni, it is a lower neg-
ative inverse proportionality relationship, and this
indicates that the reduction of the surface resistance
value was generate through increasing the thickness.
Thickness increasing can be achieved through an
additional continuous layer of conductive paste
deposited, increasing the conductivity (by using con-
ductive paste). Air permeability does not influence
considerably surface resistance and conductivity
because the correlation coefficient between air per-
meability and surface resistance is negative
(-0.1290), but it is very close to zero. Because the
electrical resistance is inversely proportional with the
electrical conductance (5), and the mass has a lower
positive direct relationship with the surface resis-
tance, this means that an increasing in the values of
the mass cannot have a substantial impact on
decreasing the conductivity.

Increasing of mass (due to the conductive paste) can
generate the air permeability reduction, but cannot
affect very strong the surface resistance and conduc-
tivity because depending on paste composition that
can generate conductive or antistatic conductivity, a
supplementary continuous layer of paste, with con-
ductive/dissipative effect, deposited on a textile pre-
viously treated with the same paste does not affect
the surface resistance or conductivity, but can gener-
ate the reduction of the air permeability and the
increasing of mass and thickness values.

CONCLUSIONS

For samples 8-15 and 20 it is evident that the surface
resistance values are specific to the conductive
materials (10'—=10% Q) and in case of the samples
1-7, and 15-19 the surface resistance has the
values in the range 108-1012 Q that is specific to
static dissipative materials (106—10"2 Q).

Based on the analysis of the Pearson correlation
coefficient, it can be concluded that mass, the thick-
ness can increase by an additional continuous layer
of conductive paste deposited on the textile material.
In the meantime, a continuous layer of paste with
conductive/dissipative properties will affect the air
permeability generating the reduction of the air per-
meability values. Taking into account that all positive
or negative correlation coefficients are very close to
zero we can conclude that the inverse or direct pro-
portionality ratio between parameters can affect to a
very small extent the values of the surface resistance
or conductivity and the critical aspect that should be
considered is the composition of the conductive
paste that can generate the antistatic or conductive
surface effect and this does not depend on textile
structure.
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