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Multiple applications of carbon nanotubes (CNTs) require their assembly into macroscopic materials:
films, sheets, and ribbons. Most of these macro-materials are flexible thin structures and need to be
cut to micrometer dimensions. Laser cutting has emerged as one of the best pressure-free alternative
methods, providing accuracy and uniformity. We report on the effect of laser cutting on the structural
and mechanical properties of CNT sheet assemblages. Laser cutting forms a significant and deleterious
amount of amorphous carbon at and near the cut edge, and this was observed by Raman spectroscopy,
transmission electron microscopy, and electron energy loss spectroscopy. The damage can have adverse
effects on the physical properties of CNTs and applications based on them. Laser cutting at high power
was found to reduce the tensile strength of CNT sheets by as much as 75%. Nevertheless, at smaller
cut widths, the mechanical properties were affected irrespective of the laser power.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been studied extensively since
its wide introduction to the research community in 1991 [1–3].
CNTs are an allotrope of carbon and can be described as a graphene
sheet rolled into a tube. Because of individual CNTs’ unique struc-
ture, they have excellent physical properties, such as high mechan-
ical strength (100–200 GPa), low electrical resistivity (3 � 10�5 O.
cm), and high thermal conductivity (3500W/m.K) [4–6]. Neverthe-
less, transferring these properties from the nanoscale into a macro-
scale material made of CNTs has proven challenging. To advance
practical applications, more attention is being paid toward explor-
ing and processing CNTs into bulk materials such as sheets and
yarns [6–16] (generalized here as CNT assemblages). Often, appli-
cations of these assemblages require cutting and forming to partic-
ular dimensions. Some of the methods used for these tasks include
mechanical cutting, liquid-phase oxidative cutting, solid-state
reaction cutting, and electron-induced cutting [17,18]. Focused
ion beam (FIB), although considered as an expensive approach,
has also been used for fragmenting CNT assemblages [19–21].
However, such cutting methods have drawbacks, such as consider-
able material loss, lack of precision and reproducibility, high time
consumption, and nonuniformity of the cut edge.

Laser cutting minimizes these drawbacks and therefore has
become one of the most common methods for tailoring CNT
assemblages for various applications [22–25]. The laser cut quality,
described by the kerf and heat-affected zone (HAZ), is an important
parameter that is usually studied. The kerf is defined as the width
of the material that is removed during the laser cutting process,
while the HAZ is the area around the cut edge whose properties
are affected by the laser cutting. Determining the kerf width is nec-
essary because for any cut sample, the amount of material
removed will help identify the tolerance needed to achieve cut
parts with precise dimensions. Ghavidel et al. studied the effect
of CNT content on laser cutting of CNT/poly(methyl methacrylate)
nanocomposites [26]. Their findings showed that an increase in
CNT content led to a decrease in HAZ. This is because CNTs are
more thermally conductive than the polymer and therefore
reduced the thermal focus. Hix et al. also studied the effect of laser
power and cutting speed on the kerf width. They found that an
increase in laser power and cutting speed caused an increase in
the kerf width [27]. The kerf width was also shown to depend on
the alignment direction of the material. It was reported that the
kerf width was smaller when the direction of cutting was parallel
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to the fiber direction than that when the direction was perpendic-
ular [28]. This was because the thermal conductivity is higher in
the parallel direction than that in the perpendicular direction,
thereby allowing heat to be propagated better. There have also
been studies on how laser cutting affects the structural properties
of CNTs. Tachibana examined the effects of laser-induced defects
on single-wall carbon nanotubes (SWCNTs) by Raman spec-
troscopy and reported that the laser irradiation increased the D
band intensity, and this can be attributed to the defects created
in the tubes [29]. On the contrary, Cheong et al. reported that the
laser trimming of CNT forests did not transform the tubes into
amorphous carbon, preserving their pristine nature [30]. There is,
however, very little research published on how laser cutting affects
the physical properties of CNT assemblages or their composites.
The publication closest to our topic describes how CO2 laser was
used to improve the electrical conductivity of CNT/poly(methyl
methacrylate) composites [31].

In this paper, we present an in-depth study of the effect of laser
cutting on the structural properties of CNT sheets and how the
laser exposure can affect their mechanical properties. The effect
of laser power on the kerf width and HAZ was examined by scan-
ning electron microscopy (SEM) and Raman spectroscopy. The
effects of laser cutting on the structural properties of CNTs were
also studied by transmission electron microscopy (TEM) and elec-
tron energy loss spectroscopy (EELS). Mechanical tests were also
conducted on CNT sheets cut at different laser powers.
2. Experimental methods and techniques

2.1. CNT sheet fabrication

CNTs used in this study were grown by the chemical vapor
deposition (CVD) method. Iron (Fe)-based catalyst with a thickness
of approximately 1.2 nm was sputtered on a 4-inch silicon (Si)
wafer, which was previously coated with a 5-nm alumina (Al2O3)
buffer layer. The coated Si wafer was loaded into a modified com-
mercial CVD reactor ET3000 from CVD Equipment Corporation for
CNT growth. Details about the growth conditions can be found
elsewhere [32]. The CNTs grown by this method are vertically
aligned and predominantly multiwalled with approximately 3–5
Fig. 1. (a) CNT ribbon being drawn from a CNT array and accumulated on a Teflon-cove
displayed along a 30-cm ruler. SEM image in the inset shows CNT alignment direction.
walls. The vertically aligned CNT arrays were used for preparing
CNT sheets. A ribbon was drawn from one end of the array and
wound onto a roller covered with Teflon film. The sheet assembling
process is illustrated in Fig. 1, where each revolution of the roller
produces a layer of CNT sheet. The sheets were densified by spray-
ing acetone every 10 layers until a total of 100 layers were accu-
mulated. Nanotubes in the sheet produced were aligned parallel
to the drawing direction as shown in the inset of Fig. 1(b). The
thickness of the CNT sheets was measured using a micrometer
and confirmed by SEM to be 6 mm.

2.2. Laser cutting

A laser micromachining system by Oxford Lasers with an X-Y
stage was used to cut CNT sheets. The device characteristics are
as follows: solid-state laser with a wavelength of 532 nm, maxi-
mum pulse energy of 2 mJ, maximum average power of 4 W, fre-
quency of 1000 Hz, resolution of 1 mm, and pulse duration of 10–
500 ns. Laser cutting was performed in ambient air and pressure.
The samples were cut under different powers (0.5%, 5%, and 50%
of the maximum average power of 4 W) for each width at a speed
of 2 mm/s and three cutting passes. The cutting speed and number
of passes reported are the optimized parameters to ensure com-
plete cutting of CNT sheets.

2.3. Characterization methods

Surface and cross-sectional morphology of CNT sheets were
analyzed using an FEI XL30 SEM. The effect of laser cutting on
the structural properties of CNTs was studied using an FEI
image-corrected Titan3 G2 30–300 TEM. Raman spectroscopy
(Horiba LabRam Aramis m-Raman system, wavelength 532 nm,
laser power: �10 mW, grating: 600 lines/mm, and spectral resolu-
tion: �2.8 cm�1/point) was used to conduct spectral analysis of
CNT sheets.

Mechanical testing of the CNT sheet samples was conducted
using a uniaxial tensile testing machine (Instron 5948, maximum
air pressure applied to the pneumatic grips equal to 5 Bar andmax-
imum load equal to 100 N). The strain rate of testing was kept con-
stant at 0.5 mm/s for all experiments
red drum to form a sheet and (b) CNT sheet after accumulation and densification,



Fig. 2. SEM images of CNT sheets cut with laser powers of (a) 0.5%, (c) 5%, and (e) 50% in the parallel direction and (b) 0.5%, (d) 5%, and (f) 50% in the perpendicular direction to
the nanotube alignment direction.

Table 1
Average kerf width and HAZ of laser cut sheets in the parallel and perpendicular
directions to the drawing direction.

Laser Power (Direction) Kerf width (mm) HAZ (mm)

0.5% (parallel) 6.2 ± 0.7 21.1 ± 1.2
0.5% (perpendicular) 6.3 ± 0.7 20.4 ± 2.2
5% (parallel) 15.5 ± 0.7 20.4 ± 1.8
5% (perpendicular) 19.4 ± 1.6 30.4 ± 5.4
50% (parallel) 44.2 ± 4.4 22.0 ± 3.4
50% (perpendicular) 49.4 ± 2.6 38.9 ± 3.6
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3. Results and discussion

3.1. Effects of laser power on the structure and morphology of CNT
sheet

Different laser powers (0.5%, 5%, and 50% of the average power)
were used to cut CNT sheets in the parallel and perpendicular
directions to nanotube alignment. The effects of different laser
powers on the kerf width (material removed) and HAZ were exam-
ined by SEM as shown in Fig. 2. The HAZ is marked in red on the
SEM images and is distinguished by a change in appearance near
the cut edge compared to the rest of the CNT sheet. Three different
samples for each power level were prepared to measure the HAZ
and kerf width. Multiple (8) HAZ and kerf width measurements
were taken on these samples, and the average values are presented
in Table 1.

Results reported reveal that increasing the laser power led to an
increase in the kerf width in both parallel and perpendicular direc-
tions. The average HAZ and kerf width of CNT sheets cut in parallel
and perpendicular directions to nanotube alignment using 0.5%
laser power did not show much difference. The kerf width showed
a slight increase in the perpendicular direction compared to that in
the parallel direction for sheets cut using 5% and 50% laser power.
The HAZ at these power levels also revealed a similar trend. This
indicates that the laser power has an effect on both the HAZ and
kerf of CNT sheets. The cross-sectional areas of the cut samples
were also analyzed, and the obtained results are presented in
Fig. 3 including a control sample that was cut with a scalpel. Laser
damage can be clearly seen on the laser cut samples compared to
that on the sample cut with a scalpel, as shown in Fig. 3(d).

Further investigations of the damage caused by laser cutting on
CNT sheets were performed by running Raman spectroscopy on
samples cut in the parallel and perpendicular directions. As an



Fig. 3. Cross-sectional SEM images of samples cut at (a) 0.5% laser power, (b) 5% laser power, and (c) 50% laser power and (d) the sample cut by a scalpel.
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example, samples cut with the lowest power (0.5%) were exam-
ined. The samples were mounted on a silicon substrate for Raman
analysis. Fig. 4 shows the Raman spectra at 5, 10, 30, and 70 mm off
the cut edge. There were two main peaks notably the D band and G
Fig. 4. Raman spectra of CNT sheets cut with 0.5% laser at (
band located at 1335 and 1583 cm�1, respectively. The D band, also
known as the disorder mode, can be attributed to the occurrence of
disorder in carbon systems, while the G band can be attributed to
the in-plane vibration of the C-C bond [33–35]. A deconvolution of
a) 5, (b) 10, (c) 30, and (d) 70 mm off the laser cut edge.



Fig. 5. Raman spectral mapping for CNT sheet cut with 0.5% laser power in (a) parallel and (b) perpendicular directions of nanotube alignment with kerf width indicated by
the gray area. A schematic illustration of heat transfer from laser: (c) across nanotubes and (d) along nanotubes.
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these bands showed two peaks for the D band, noted here as D1
and D2 located at 1337 and 1367 cm�1, respectively. There are
two other peaks at 1097 and 967 cm�1 belonging to the substrate.
It is seen that at 5 mm off the edge, the D band was higher than the
G band, which is suggestive of defects in the CNTs. However, at
Fig. 6. Raman profiles tracked from the cut edge up to 100 mm into the CNT sheet for
perpendicular directions.
10 mm off the edge, the D band broadened as well, even though
there was a decrease in the intensity. The broadening of the D band
is indicative of an increase in the disorder of the CNTs, leading us to
believe that there might be an amorphization of CNTs at this point
[36]. Further at 30 and 70 mm off the edge, an additional decrease
samples cut with (a) 0.5%, (b) 5%, and (c) 50% laser powers in both parallel and
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in the D band and an increase in the G band were found, indicating
less damage to the nanotubes, as determined by Raman
spectroscopy.

On the basis of this analysis, a 200 � 75 mm area was scanned
(2D Raman spectroscopy) at a 2 s/point acquisition time, and a
total of 15,000 spectra were collected. The areas under the curves
for D1, D2, and G were analyzed to get the degree of defects of
CNTs. The ratio of the D band to the G band areas (AD/AG) was
studied, where the D band area was calculated from the addition
of D1 and D2 curves. This ratio was applied to the scanned area to
get Raman spectral maps for parallel and perpendicular cut direc-
tions and are presented in Fig. 5(a) and (b), respectively. AD/AG for
CNTs in areas not affected by the laser cutting was 0.68, and this
increased as the defect concentration elevated. It can be seen
from Fig. 5(a) and (b) that the damage done by the laser was
not only limited to the cut edge but also spread well into the
Fig. 7. (a) Schematic representation of aligned CNT bundles on a TEM grid and TEM imag
close to cut edge, and (d) laser damage of CNT bundles at the cut edge.
sheet. This reveals that the damage done on CNT sheets goes fur-
ther than the HAZ visible by SEM analysis. The damage was also
more pronounced in sheets cut in the perpendicular direction
than that in those cut in the parallel direction. This difference
in damage was a result of the differing modes of heat transfer
or dissipation through the nanotubes, as illustrated in Fig. 5
(c) and (d). We assume that the temperature in the cutting zone
(focal spot) can exceed 1000 �C for the duration of the pulse [37].
The generated heat is transferred better along the tubes (which is
the case for sheets cut in the perpendicular direction), leading to
a proliferation of damage, than that across the tubes (which is the
case for sheets cut in the parallel direction). This is a result of the
presence of more interfaces between successive tubes that leads
to increased thermal resistance for heat transmitted across the
tubes. However, the main mechanism for heat transfer along
the tubes is through the length of the tube, which offers little
es showing (b) bundles not exposed to laser CNTs, (c) laser damage of CNT bundles
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thermal resistance. Ali et al. reported a 23 times increase in ther-
mal conductivity along the nanotube bundles compared to the
direction across the aligned MWCNT sheet [38]. The thermal con-
ductivity of CNT sheets fabricated by our group was as low as
2.5 W/m.K for a CNT sheet along the nanotubes at room temper-
ature [39], and thus, a lower thermal conductivity was expected
across the nanotube bundles. The difference in thermal conduc-
tivity explains why there was more thermal damage for the
Fig. 8. Core loss EELS of nondamaged CNTs, laser damaged CNTs at the cut edge;
and CNTs in an area close to the cut edge.

Fig. 9. Optical images at 100�magnification of laser cut samples at (a) 0.5% power, (b) 5%
50% power to a sample’s width of 1 mm, (g) 0.5% power, (h) 5% power, and (i) 50% pow
CNT sheet cut perpendicular to the CNT alignment direction than
that for that cut parallel to the alignment direction. Raman pro-
files were also run across the cut sheets from the edge up to
100 mm into the sheet for sheets cut with 0.5%, 5%, and 50% laser
powers and are presented in Fig. 6. It can be seen that as the laser
power was increased from 0.5% to 5%, there was an increase in
the defect-indicating ratio AD/AG. However, the ratio at 50% was
less than that at 5%. This is because the high power laser (50%)
cut the CNT sheet in the first pass, and therefore, subsequent sec-
ond and third passes did not interact with the CNTs as much as
that of the first. For 5% laser power, it took three passes to com-
pletely cut the sheet, and therefore, this increased the thermal
damage during each pass. It is also seen that for each cut sample
perpendicular to the tubes’ direction, the defect-indicating ratio,
AD/AG, for the perpendicular cut was always higher than that
for the parallel cut. This is due to the difference in thermal con-
ductivity, which depends on the tube orientation, as explained
before. The HAZ was measured on the Raman profile graphs from
the cut edge (distance = 0 mm) to the point where the ratio drops
to that of a pristine material. The end of the HAZ related to differ-
ent directions is marked by red and black arrows for parallel and
perpendicular cuts, respectively. It can be seen that the HAZ
determined by Raman spectroscopy is greater than that deter-
mined by SEM. This indicates that the thermal damage done on
the sheets is more pronounced than that revealed by normal
visual techniques commonly used to measure HAZ.

To elucidate the kind of damage that individual nanotubes
undergo, TEM was used to study the structure of CNTs cut with a
0.5% laser power. Fig. 7 shows the TEM images of a single layer
(ribbon) of CNT sheet cut with a laser and those of nondamaged
CNTs. Because the sample has to be almost transparent for TEM
power, (c) 50% power to a sample’s width of 2 mm, (d) 0.5% power, (e) 5% power, (f)
er to a sample’s width of 0.5 mm.
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analysis, a single layer of CNT sheet was prepared and mounted on
a Cu grid, as shown in the schematic in Fig. 7(a). The authors are
aware that the overall heat transfer through a single layer of CNT
sheet is different from a 100-layer sheet and this is discussed
herein. Zhang et al. showed that the thermal conductivity of a
MWCNT sheet (film) with a thickness between 10 and 50 mm is
around 15W/m.K at room temperature [40]. However, when they
considered the volume filling fraction, they reported an effective
nanotube thermal conductivity of around 200W/m.K. This makes
us believe that the heat conducted and dissipated by a single
CNT layer would be different from what is dissipated by a bulk
multilayer sheet. Nevertheless, this study may help understand
the damage that laser cutting can impose on individual nanotubes.
It can be seen from the TEM images that the CNT bundles not
exposed to any laser damage (Fig. 7(b)) were completely different
from those exposed to laser damage, as shown in Fig. 7(c) and (d).
There is also a variation between the structure of CNTs close
(�1 mm) to the cut edge (Fig. 7(c)) and that at the cut edge (Fig. 7
(d)). The area closest to the cut edge and the area at the cut edge
reveal structures that are less crystalline than the area not exposed
to the laser beam. Additional analysis was conducted to study this
phenomenon by EELS. Core loss EELS spectra were collected by
Fig. 10. Representative stress-strain curves for (a) 0.5%, (b) 5%, and

Table 2
Mechanical properties of CNT sheets cut to different widths at varying laser powers.

Width (mm) Laser power (%) Tensile Strength (MP

2 Scalpel cut 272.15 ± 31.08
2 0.5 295.98 ± 20.30

5 290.97 ± 26.46
50 164.68 ± 54.35

1 0.5 277.16 ± 28.68
5 291.32 ± 55.44
50 154.05 ± 88.27

0.5 0.5 237.71 ± 48.98
5 192.36 ± 68.40
50 59.67 ± 42.38
TEM at three different spots of interest on the sheet, and the results
are presented in Fig. 8. A transition of a 1s electron to the p⁄ anti-
bonding orbital is shown by the feature at 285 eV. A second promi-
nent feature occurs at around 295 eV and is representative of exci-
tations to r⁄ states. An EELS spectrum gives information about the
type of bonding (sp2 or sp3) that is present within the studied spot.
Graphitic structures are mostly sp2 bonded [41], while amorphous
carbon is a mixture of sp2 and sp3 bonding [42]. Knowing the
intensity ratio and features of r⁄ and p⁄ bonds, one can determine
what carbon structure is present within the EELS studied spot. The
EELS spectrum of the damaged CNTs close to the cut edge is shown
in red in Fig. 8.

This type of spectrum is observed for amorphous carbon (glassy
carbon) materials where the p⁄ feature is sharp and defined and
the r⁄ position is smooth and featureless [41,43]. The EELS spec-
trum at the cut edge is displayed in green and shows a slight
increase in the p⁄ feature and an emergence of the r⁄ feature. This
spectrum is indicative of a highly disordered carbon structure [41].
The spectrum observed for nondamaged CNTs (shown in blue) is,
however, more pronounced for a crystalline structure typical of
graphitic materials, where an increase in the p⁄ feature and a sharp
r⁄ peak appear [44]. The EELS spectra results show that there is a
(c) 50% laser power used to cut CNT sheets to different widths.

a) Young’s Modulus (GPa) Toughness (kJ/m�3)

21.08 ± 3.46 3263.11 ± 281.36
26.08 ± 3.83 3155.70 ± 259.81
27.58 ± 3.40 2845.63 ± 489.80
22.28 ± 5.82 1716.45 ± 732.74
27.26 ± 3.58 2428.40 ± 294.11
30.03 ± 3.95 2589.65 ± 425.31
22.15 ± 7.02 1144.64 ± 728.39
27.96 ± 6.78 1531.75 ± 604.10
24.86 ± 5.33 1219.06 ± 697.97
21.61 ± 6.03 104.22 ± 53.18
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transformation of CNTs into a less-crystalline structure such as
amorphous carbon during the laser cutting process.
3.2. Effects of laser cutting on mechanical properties of CNT sheets

The effect of laser cutting on the mechanical properties of CNT
sheets was investigated by preparing samples of 40-mm length
with three different widths (2, 1, and 0.5 mm). Ten test samples
for each cut width were prepared with a gauge length of 22 mm
for mechanical measurements. Samples were cut at 0.5%, 5%, and
50% power levels. Optical microscopy images of all cut samples
obtained using a Keyence VHX 2000 instrument are presented in
Fig. 9. CNT sheets cut with 50% laser power at different widths
showed the most thermal damage as observed in Fig. 9(c), (f), and
(i). There was also many fiber pullouts at the ends of sheets cut at
this power level compared to sheets cut with 0.5% and 5% laser
power. Representative stress-strain curves for CNT sheets obtained
with 0.5%, 5%, and 50% laser power at different cut widths are dis-
played in Fig. 10.

A scalpel cut sample with a width and length of 2 mm and
40 mm respectively, was used as a control, and this is presented
in Fig. 10(a). Stress-strain curves show a failure mechanism based
on sliding of CNTs in the material typical of pristine CNT sheets
[45]. CNTs slide and break leading to a decrease in the stress; how-
ever, because the total sample is not completely fractured, the
sheet still supports some stress until complete failure. The
mechanical properties are nevertheless expected to be the same
for each sample width.

Table 2 presents the tensile strength, Young’s modulus, and
toughness results for tested sheets. It is observed that regardless
of the final width of the CNT sheet, samples cut with 50% laser
power had the least tensile strength and toughness. This is because
the ends of the sheets were damaged (split) more extensively by
the high-intensity laser power, as shown in Fig. 9(c), (f), and (i).
Samples cut with 5% and 0.5% laser power had comparable tensile
strength to the scalpel cut sample with 2- and 1-mm widths. The
toughness of these sheets was, however, reduced at 1-mm cut
width indicating an effect of the laser power at this dimension.
However, for samples cut to a width of 0.5 mm, there was a reduc-
tion in tensile strength, toughness, and Young’s modulus, and this
is more drastic in the case of 50% laser power cut sample. There
was a reduction in tensile strength by as much as 75% compared
to the 0.5% laser power cut sample with the same width. This is
due to the occurrence of tear out, extreme damage, and a reduction
in the thickness (42%) of the sample as shown in Fig. 9(i). For sam-
ples cut to a width of 0.5 mm by 5% and 0.5% laser power, although
the average width was not reduced as much as the 50% laser power
cut sample, we believe the HAZ contributed to their lower mechan-
ical properties. As discussed in the Raman analysis, the HAZ mostly
consists of amorphous carbon, which does not have the same
structural properties as those of pristine CNTs. This therefore
reduces the amount of the pristine material contributing to the
mechanical properties. The latter implies that there is a size
threshold below which the laser cutting has a more pronounced
effect on the mechanical properties, irrespective of the laser power
used.
4. Conclusion

This study showed that the amount of laser power must be con-
sidered when cutting samples from CNT assemblages as it can have
a profound impact on the material’s properties. Laser cutting
causes changes in the structural properties of CNTs at the cut edge.
However, the damage done by the laser is not limited to the cut
edge and spreads well into the sample. Samples cut with high laser
power exhibited lower mechanical properties and defects. At lower
cut widths though, samples cut with lower laser power demon-
strated a reduction in the mechanical properties as well. Amor-
phous carbon formed by laser cutting may also affect other
applications where the material’s quality needs to be close to that
of pristine CNTs.
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