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Abstract

Near-infrared (NIR) laser annealing is used to write conductive patterns at the surface of
Polypropylene/Multi-walled carbon nanotube nanocomposite (PP/MWCNT) plates. Before irradiation,
the surface of the nancomposite is not conductive due to the partial alignment of the MWCNT which
occurs during injection molding. We observe a significant increase of the surface sheet resistance
using NIR laser irradiation, which we explain by a randomization of the orientation of MWCNTSs in
the PP matrix melt by NIR laser irradiation. After only 5s of irradiation, the sheet resistance of
PP/MWCNT, annealed with a laser at a power density of 7 W/cm?, decreases by more than 4 decades
from ~ 100 MCY/sq to ~ 1 kQ/sq. Polarized Raman, TEM, and SEM are used to investigate the changes
in the sheet resistance and confirm the physico-chemical processes involved. This allows direct-
writing of conductive patterns using NIR laser at the surface of nanocomposite polymer substrates,

with the advantages of a fast, easy, and low-energy consumption process.



Introduction

The introduction of nanofillers in polymer matrices is a privileged approach to introduce specific

functions to host matrices*. Among the possible nanoobjects, carbon nanotubes (CNTs) are today

I 3-5 I 6-9 10-15

widely used to improve the mechanical “~, thermal °~, or/and electrical properties of polymers
Carbon nanotubes, especially multi-walled carbon nanotubes (MWCNTS), can be obtained in large
guantities by well-established processes. MWCNTS can be introduced up to a few weight percent

wt%, which is sufficient to significantly modify the properties of host matrices. One of the desired
effects is to obtain conductive polymers that may be of interest for applications such as 3D printed
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electronics —, electrostatic discharge materials, and electromagnetic interference shielding

materials.'® %

Many methods to produce such nanocomposite materials can be listed. Among them, melt blending
2 offers a simple way of dispersing nanoparticles in a polymer matrix and it is now widely used in
industries to manufacture polymer parts®2. A weight percentage higher than the percolation threshold
can be used to obtain electrically conductive materials.”**! For example, Seo et al.*** stated that once
the percolation threshold is exceeded (“between 1 and 2 wt%”) the volume resistivity drops from 10°
Q.cm to reach a value of 10° Q.cm.

Regarding the surface conductivity of nanocomposites, it was reported that the melt blending
processes may induce a forced alignment effect®. This alignment does not result in a well-
interconnected network; therefore, surface electrical conductivity is very low, even when the
percolation threshold is exceeded in the bulk (typically in the range of 10’-10° Q/Sq). Surface
electrical conductivity can be enhanced by thermal annealing. When the treatment temperature
surpasses the melting temperature of the polymer, entropic effects break the alignment of CNTSs,
creating connections between the nanotubes that improve the conductivity of the material.

However, thermal curing suffers from certain limitations. First of all, it requires that the entire part
obtained after injection is placed in a furnace. Secondly, the process is long, energy-consuming, and

for complex 3D objects, annealing above the melting temperature can damage the shape of the object.



Finally, the whole surface is treated homogeneously, which prevents applications for which a local
effect would be sought, for example, to create conductive circuits on an insulating surface.

In this paper, we demonstrate that we can enhance significantly the surface electrical conductivity of
polypropylene/Multi-walled carbon nanotube nanocomposite plates by near-infrared (NIR) laser
treatment and use it to generate conductive patterns at the surface of the nanocomposite. The interest
of such a treatment lies in a short curing time (a few seconds) while keeping the same efficiency as a
global heat treatment in terms of surface conduction enhancement®. Above all, the laser treatment
can be localized in space, allowing the direct writing of conductive patterns. A continuous wave
infrared laser was used, due to the strong absorption of CNTs for such wavelengths (808 nm), as well
as the availability of high-power commercial lasers in this wavelength range.

In this article, we demonstrate the effect of the laser on the surface electrical conductivity, which we
compare to classical heat treatments. Then, a study of the physico-chemical phenomenon causing the
decrease in sheet resistance at the nanocomposite surface was carried out, mainly by combining
polarized Raman and TEM results. These new results confirm results reported by other teams on the
possibility to modify the surface properties of PP/MWCNTSs nanocomposites by laser irradiation.***°
These results were also compared polypropylene (PP), filled with carbon black (CB). Finally, we
illustrate the interest of this approach by showing a basic circuit written by the NIR laser at the surface

of the PP nanocomposite plate allowing the lightening of a LED without any post-treatment after laser

writing.

Experimental section

Materials

A MWCNT-Polypropylene (PP) masterbatch has been produced as described in **. Average diameter
and average length are, respectively, 9.5 nm and 1.5 um, as measured by TEM. The surface area is
250-300 m*/g, as determined from BET surface area analysis. This masterbatch was then diluted in a
TotalEnergies commercial grade (PPC12642, a grade characterized by a melt flow index MFI of 70

9/10 min.).



Plates with a dimension of 60 x 60 x 1 mm? (length x width x thickness) were prepared by injection
molding in a Dr Boy machine (Imposed temperature profile, from the hopper to the injection die: 200,
220, 230, 250 and 250°C, injection speed = 10 mm/s, injection pressure = 43 bars, injection

time = 3.92 s, mold temperature = 70°C). Pure PP plates (PPC12642) and PP doped with 4 wt% of
MWCNT were used in this study. Both concentrations are above the percolation threshold,* but the
surface electrical conductivity is low due to the injection molding process (100 MQ/sq).
Polypropylene/carbon black (PP/CB) nanocomposites were prepared by the same process, with CB

nanoparticles. The CB content is 4 wt %.

Laser treatment
A Coherent-Compact SE Series continuous Near-infrared NIR laser was used for surface treatment of

the nanocomposite plates. The nominal power is 50 W. The wavelength is 808 nm, with a typical
circular spot diameter of 0.8 cm, with a homogeneous power density produced by a collimating lens at

the end of the fiber.

Characterization

Electrical measurements

The sheet resistance Rs was the chosen property to evaluate the electrical conductivity at the surface of
the nanocomposite. Electrodes were deposited by sputtering of 10 nm of gold (Cressington Sputter
Coater 108auto) with a shadow mask to define square areas. The probe area was a rectangle of
2mmx4mm. A digital multimeter, Keithly’s Series 2636B, was used to monitor the I-V curves. The
sheet resistance Rgneer Was calculated using the slope of the I-V curve (Rieasured) @nd the following
equation: Rgneet=2 X Reasured-

Polarized Raman spectroscopy

Polarized Raman spectra of the nanocomposite were recorded using a HORIBA — Model Labram 300
spectrophotometer. The polarized laser (532 nm) was focused at the surface of the nanocomposite with

an x100 objective (beam diameter of the laser spot about 2 um). 10 spectra were acquired for each



sample, and an average spectrum, with standard error and baseline subtraction, was calculated. The
spectra were then normalized with the peak at 2885 cm™ of the PP.

Electron microscopy

For transmission electronic microscopy (TEM) thin sections (< 100 nm) were prepared by
ultramicrotomy. These sections were made in three directions: parallel to the injection direction 0°,
perpendicular to the injection direction 90°, and at an intermediate angle of 45° between these two
preferred directions. An ARM200F JEOL High-Resolution transmission electron microscope (TEM)
was used.

Scanning electron microscopy (SEM) was used to observe the morphological change occurring before
and after laser treatment, especially at the surface of the nanocomposite sample (JEOL JSM-7900F

LV).

Results and discussion

This first section is aimed at describing the effect of the laser on the surface conductivity of the
material. A parametric study of the irradiation conditions and their impact on the electrical properties
of the nanocomposite is proposed. Figure 1.a displays a photograph of the laser head and sample
during irradiation. Figure 1.b shows a scheme of the laser procedure and pictures of the samples
before and after laser treatment. On both samples, gold electrodes were deposited with an identical
pattern throughout the study, which allows us to compare the effect of different parameters.

In this first example, an irradiation time of 5 seconds and a power density of 7 W/cm? were used. A
change in the surface morphology of the sample after laser treatment was observed in the SEM image
shown in Figure 1.c. The insulated area displayed a smoother surface compared to the non-insulated
site, proving a melting effect caused by the laser treatment. On a macroscopic scale, the same
irradiation conditions caused no noticeable deformation of the nanocomposite plate. This preservation
of the integrity of the material is a crucial point sought in this study.

The I-V curves are shown in Figure 1.d. It is verified that the conduction is very low on the sample
surface before laser treatment, even though the concentration of MWCNT exceeds the threshold

concentration. This result is in line with the envisaged MWCNT alignment process. This point will



also be confirmed by Raman spectroscopy and microscopy analyses afterward. The effect of the laser
treatment is clear. After laser treatment, the I-V curve of the insulated zone presents a linear behavior
with a significant curvature slope compared to the slope value measured before the laser treatment.
These initial results clearly show the effectiveness of laser treatment in increasing the electrical
conductivity of the material. The sheet resistance values given in Figure 1.e were calculated using the
model shown in the experimental part. The laser treatment drops the surface sheet resistance by more
than 4 orders of magnitude from 8.4x10” Q/Sq to 1.8x10° ©/Sq. Besides, we did not notice any

difference of conductivity parallel and perpendicular to the direction of injection.
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Figure 1. a) Photograph of the sample during NIR laser treatment. b) Schematic of the laser process

and pictures of the samples before and after laser treatment (irradiation time of 5 seconds and a power



density of 7 W/cm?), with gold electrodes. ¢) SEM image of the sample after laser irradiation (before
electrode deposition). d) I-V curves measured before and after laser treatment. e) Sheet resistance

measured before, after laser treatment with photographs of the samples.

The effect of laser on the surface conductivity is expected to be very strongly dependent on the
irradiation conditions. Figure 2.a shows the evolution of the sheet resistance as a function of the laser
energy dose used to irradiate the sample. This energy dose was defined as the multiplication of the
power density by the irradiation time. Here, we compared the effect of the dose on the sheet resistance

for constant irradiation time and constant power density.
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Figure 2. a) Evolution of the sheet resistance versus the light energy dose for a fixed irradiation time
(5 sec) with different irradiation power density (pink curve) and a fixed power density (7 W/cm?) with
different irradiation times (orange curve). b) First raw: Picture of samples without laser irradiation;
second raw: with laser treatment (5 sec, 7 W/cm?); third raw: with thermal treatment (3 minutes on a

hot plate at 230 °C). Scale bar: 5 mm.



As expected, the sheet resistance decreases significantly with the increase of laser energy dose in both
cases. The minimum value (10° /Sq) was obtained for 35 J/cm?. Then a plateau is observed up to
about 55 J/cm?. Deformation of the sample surface was observed from this value, which shows that the
induced thermal effect is too strong to guarantee the sample’s integrity. These conditions were ruled

out later on.

There is a significant deviation between experiments conducted at a constant time and a constant
power density, for low doses (< 35 J/cm?). This deviation highlights the existence of a threshold power
below which the phenomenon is not effectively initiated. This threshold power density can be
evaluated at about 4 W/cm? (i.e., 20 Jlem? for an irradiation duration of 5 s). Below this threshold, the
heat losses may be such that the melting temperature cannot be reached.

It is interesting to compare these results with those obtained by thermal annealing. To have a point of
comparison, the same samples were placed on a hot plate at different temperatures between 50 and
250°C. An increase in surface conductivity could be qualitatively demonstrated (using an ohmmeter),
but no reliable measurement could be made because the samples were deformed entirely under the
effect of heat, and it was not possible to rigorously deposit the electrodes by controlling the distance
between electrodes (see result at 230°C, third raw in Figure 2.b). This point demonstrates the decisive

advantage of laser treatment over heat treatment.

This second section aims to describe the physico-chemical phenomena explaining the modification of
electrical properties induced by the laser. Transmission electron microscopy (TEM) and polarized
Raman analyses were performed to describe the evolution of the material upon laser irradiation.

Polarized Raman analysis is very interesting in this context since it allows the detection of the
presence of MWCNTSs and gives information about their orientations***®. Figure 3.a & 3.b show the
Raman spectra of nanocomposites before and after laser treatment. Polarization directions are usually
referred to V (following Ox) and H (following Oy). Excitation and analysis lights can be polarized. In

our case, we consider VV and HH modes, the collection and analysis being done in the same direction.



The configurations used in this study: VV corresponds to the direction parallel to the injection

direction, HH corresponds to the direction perpendicular to the injection direction (Figure 3.c).
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Figure 3: a) Polarized Raman spectra before laser treatment, in two configurations HH & VV. b)
Polarized Raman spectra after laser treatment, in two configurations HH & VV. c¢) Schemes
representing the VV and HH configurations before and after laser treatment as well as the nanotube
orientation aligned before treatment then randomized after treatment in the area treated. d) Intensities
of Raman MWCNT bands with respect to the laser treatment (irradiation time of 5 seconds and a

power density of 7 W/cm?). PP doped with 4 wt % of MWCNT was used here.

The characteristic bands of PP and CNT are clearly observed in the Raman spectra shown in Figure
3.a & 3.b. It is possible to distinguish between the characteristic bands of the PP (808, 841, 972, 998,
1151, 1168, 1220, 1425, 1458, 2704, 2850, 2885, 2940 cm™) and those of the MWCNT (1347 cm™: D
band, 1588 cm™: G band, 2692 cm™ 2D or G’ band). Note that the Raman spectra were normalized

with respect to the peak at 2885 cm™ of the PP. We have confirmed the effectiveness of this method



by measuring the Raman spectra for nanocomposites having different MWCNT concentrations. This
method is used in all of the upcoming results.

The Raman spectra before laser irradiation are given in Figure 3.a. The laser was focused at the
surface of the sample. Different intensities were observed for the bands of the MWCNTSs depending

on the direction of polarization (low intensity corresponds to an angle of 90° and high intensity
corresponds to an angle of 0° with the MWCNTS). As schematized in Figure 3.c, this difference is
explained by a preferential orientation of the MWCNTSs along the injection direction. This orientation
also accounts for the low connection between MWCNTS and thus low surface electrical conductivity
shown before.

The Raman spectra after laser treatment are shown in Figure 3.b. The intensity of the bands
corresponding to MWCNTSs in both polarization directions is almost equivalent and corresponds to a
medium intensity compared to 0° and 90° before laser irradiation. It can be explained by random
angles, as depicted in the Figure 3.c. The analysis of the intensities of the bands is given in Figure
3.d. This Figure shows that the dependence to polarization of the MWCNTS is decreased after laser
treatment, which demonstrates that the laser irradiation with a sufficient dose makes it possible to
randomize the orientation of the MWCNTSs.

For PP, we clearly observe the band at 808 cm™ which is related to the presence of PP in crystallized
form. The relative intensity of this band compared to the band at 840 cm™ decreases during the laser
process, which is in agreement with previously published results,*® showing an increase in defects in
the crystallized PP phase.

This effect was confirmed by TEM characterization, presented in Figure 4. Thin sections (< 100 nm)
were prepared by ultramicrotomy. These sections were made along with three directions: VV (parallel
to the injection direction “0°”), HH (perpendicular to the injection direction “90°”), and at an
intermediate angle of 45° between these two preferred directions. Samples before and after laser
treatment are compared in this Figure. MWCNTSs have stronger absorption of the e-beam than the PP
matrix, which makes it possible to directly observe them in TEM and define their relative orientation

in the sample versus the direction of the e-beam.
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Figure 4. a, b, ¢) TEM images of the nanocomposite with three different angles of perspective (0, 45,

and 90° respectively) before laser treatment with zoom in d, e, f). g, h, i) Schemes representing the
MWCNTs embedded in the polymer matrix made based on the observation of d, ¢, f). j, k, I) TEM
images representing three different angles of perspective (0, 45, and 90° respectively) after laser
treatment. (m, n) schemes made based on the results of Polarized Raman and TEM showing the
orientation of MWCNTSs that changed due to the laser treatment. PP doped with 4 wt % of MWCNT
was used here. Conditions for laser irradiation: irradiation time of 5 seconds and a power density of 7

W/cm?.

11



TEM images, in different observation directions, for samples before laser treatment, are given in
Figure 4.a, 4.b & 4.c, as well as zoom in the zone of interest (Figure 4.d, 4.e & 4.f). The
concentration of MWCNTS in the PP matrix was 4 wt %. The MWCNTSs could not be observed in the
sample corresponding to the injection direction (0°) (Figure 4-a & d). If we consider that the injection
process aligned the MWCNTS, as shown with Raman, the MWCNTSs main axis are, in this projection,
perpendicular to the electron beam. In this direction, they can hardly be distinguished from the PP
matrix, which can explain why they were not observed by TEM.

At 90°, the TEM images shown in Figure 4.c & 4.f highlight MWCNTSs where the nanotubes appear
in the form of black dots. These dots can be seen as MWCNTS oriented with their main axis in the
direction of the electron beam, which explains the good contrast. MWCNTSs are particularly well
visible in some places in the form of agglomerates. It confirms the alignment in the injection direction.
The TEM image at 45° is shown in Figure 4.b & 4.e. a large number of MWCNTS can be seen,
having a higher contrast compared to the TEM image captured at the angle 0°. These observations are
consistent with the idea of preferential orientation of the MWCNTS according to the injection

direction and are therefore in agreement with the Raman measurements.

After laser treatment, Figure 4.j, 4.k & 4.1, the anisotropic orientation of the MWCNTS is no longer
visible. Indeed, in the three TEM images, MWCNTSs are observed in the three cutting directions with
almost the same aspects.

These observations by TEM should be considered carefully because one of the difficulties is to ensure
the representativeness of the selected sample because it is an observation on a very local scale. On the
other hand, coupled with polarized Raman, we can deduce that the initial orientation of MWCNT at
the surface of the sample after injection is broken during laser irradiation.

To sum up, a scheme representing the MWCNTSs embedded in the polymer matrix before and after
laser treatment is presented in Figure 4.m & 4.n respectively made based on Polarized Raman and
TEM results, showing the orientation of MWCNTSs that changed due to the laser treatment. The
MWCNTSs, are aligned due to the injection molding process. Theoretically, the nanocomposite should

be conductive regarding to the content of MWCNTS in the PP matrix (4 wt%) that exceeds the
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percolation threshold, but this was not the case because of the alignment of the MWCNTS. The
alignment caused by the manufacturing method prevents the nanotubes from connecting to each other.
Therefore, we cannot detect any electrical conductivity even when the percolation threshold is
exceeded. The MWCNTS are highly absorbent at the NIR wavelength. Irradiation by the NIR laser
makes it possible to locally exceed the melting temperature of the PP, which leads to a random
redistribution of the MWCNTS, thus creating the connections between MWCNTS. This physico-
chemical phenomenon explains the induced electrical conductivity measured at the nanocomposite
surface after being insulated with NIR laser.

This hypothesis was confirmed by the last experiment in which we showed that conduction could only
be obtained in the presence of MWCNTS, e.g., nanofillers with a very high form factor. We compare
hereafter the results obtained with a nanocomposite PP/CB, a PP matrix filled with carbon

nanoparticles (carbon black CB).
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Figure 5. a) Images of PP/ MWCNT and PP / CB nanocomposites (4 wt % for each) before and after
laser treatment with gold electrodes. b) 1-V curve for PP/ CB and PP/ MWCNT nanocomposite after

laser treatment. Conditions for laser irradiation: irradiation time of 5 seconds and a power density of 7
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W/cm?. ¢) Photograph of the experimental setup used for laser direct write of a conductive track. d)
Example of conductive track written with 0.75 W (beam diameter 1.2 mm) with a writing speed of 2

mm/sec. The 2 tracks (2 x 1.5 cm) connect a LED that is switched on with a 4.5 V battery.

The images presented in Figure 5.a show that the interaction between the material and the laser is
very effective in the case of CB nanofiller. The nanocomposite PP/CB surface was even more
deformed for the same irradiation conditions compared to PP/MWCNT. However, even though this
observation proves that the melting point was reached, PP/CB had almost no electrical surface
conductivity after laser treatment, as shown in Figure 5.b. This result confirms two points about the
proposed mechanism. The first point is that the surface electrical conductivity is only obtained with
MWCNTs. MWCNTSs can generate conduction channels over large distances, and this ability is
obtained when contacts occur between them after laser irradiation. The second point is that the surface
electrical conductivity cannot be explained by a graphitization of the surface induced by laser
treatment. Indeed, this mechanism could be proposed as a possibility considering the high fluence of
the laser but it should then be observed not only for MWCNTSs but also CB. Moreover, neither the
Raman spectra nor the TEM analyses show such a layer. Therefore, we can exclude this mechanism
and conclude that the main physico-chemical mechanism is the reorganization by photothermal effect
of the MWCNTSs, as explained above.

Finally, we illustrate with an example that the laser treatment can be applied on a moving substrate, in
order to generate a conductive track of several cm on the nanocomposite surface (Figure 5.¢). In this
case, a 1.2 mm diameter beam is used to irradiate the sample. The sample moves at a speed of 2
mm/sec with a translation stage. The power is 0.75 W. With these parameters, each point of the
irradiated line receives a power of about 40 J/cm? which is of the same order of magnitude as the
conditions used in static previously. The written line is visible in Figure 5.d. The resistance of a 1.5
cm line was measured as 100 kQ. This value allows, as shown on the photograph, to light an LED
powered by a 4.5 V battery. This example is only an illustration of potential applications of this
process useful to write conductive patterns on the surface of a non-conductive material. One can

imagine applications in the field of connectors, sensors or antennas for example.
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Conclusion

We have demonstrated that the surface conductivity of PP/MWCNTSs nanocomposites can be locally
enhanced by NIR laser irradiation. The impact of the main parameters and the study of the physico-
chemical phenomena have been carried out. By coupling polarized Raman and TEM studies to surface
conductivity measurements, it was possible to show that the absence of conductivity, even for CNT
levels above the percolation threshold, can be explained by an alignment of the MWCNTSs during the
injection process. The strong absorption of MWCNTS in the NIR allows the polymer surface to be
heated locally above the melting point. The mobility of the MWCNTSs allows a random reorganization
of the MWCNTSs which creates conduction channels in the material. Thus, a 5 sec. irradiation with a
power density of 7 W/cm? is sufficient to increase the surface conductivity by more than 4 orders of
magnitude. These results open the door to the integration of electronic circuits on the surface of

plastics by very simple processes.
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