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ABSTRACT 
Four commercial multiwalled carbon nanotubes with distinct lengths and diameters were subject 
to planetary ball milling to induce length reduction. The Burgio-Rojac energy model was 
employed to calculate the single impact energy and cumulative energy dissipated to the carbon 
nanotubes during milling. The ratio of sample mass to bead mass and the nanotube bulk density 
did not affect length reduction during grinding. The minimum impact energy barrier for carbon 
nanotube length reduction appeared directly proportional to nanotube diameter for parallel wall 
morphologies, although a nanotube sample with a cup-stacked wall morphology showed a much 
lower energy barrier. A normalized exponential equation relating carbon nanotube length and 
cumulative impact energy collapsed all data to a single exponential master curve described by the 
same scaling parameters, namely a pre-exponential term that includes the initial nanotube length 
and a scaling energy in the exponent.
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1. Introduction

Carbon nanotubes show great evidence as additives in poly
mer composites to boost mechanical,[1,2] electrical,[3–6] and 
thermal properties.[7–9] Regarding electrical properties, com
pared to similar carbon nanomaterials like carbon fiber and 
carbon black, carbon nanotubes produce nanocomposites 
with significantly lower percolation thresholds for achieving 
these improved properties.[10,11] However, the cost of carbon 
nanotubes currently limits their commercial viability as 
higher loading percentages of more affordable carbon mate
rials often result in lower overall composite costs. The high 
cost of carbon nanotube production is generally attributed 
to low industrial yields and purification processes needed 
after the growth on catalyst materials. Current strategies to 
lower the cost of carbon nanotubes include increasing yield 
by increasing nanotube length upwards of hundreds of 
microns to millimeters, which is possible for nanotubes 
grown on flat surfaces.[12,13] High yield processes can poten
tially eliminate the need to separate carbon nanotube prod
uct from catalyst and support material, leading to lower 
overall manufacturing cost. However, long nanotubes from 
high yield processes introduce a variety of processing issues 
like high melt viscosity when compounded into a polymer. 
If very long nanotubes were used, then during a mixing pro
cess in a twin-screw extruder significant polymer molecular 
weight degradation would be expected due to the high shear 
forces caused by long nanotubes. Hence, the length of the 
tubes would almost certainly need to be reduced prior to 
compounding. The purpose of this work is to examine the 

length reduction of carbon nanotubes via ball milling to bet
ter understand how nanotube diameter, length, and packing 
density affect length reduction kinetics.

Attempts have been made previously to model the kinet
ics of carbon nanotube length reduction based on parame
ters of the breaking process. Studies on carbon nanotube 
length reduction by sonication compare the different pos
sible mechanisms of breakage such as tensile,[14,15] compres
sion,[16] and buckling.[17] The kinetic behavior of length 
reduction by sonication consistently shows a power law rela
tionship between cumulative sonication energy and resulting 
carbon nanotube length.[14,15,17,18] These data indicate that a 
terminal length can eventually be reached, and of course the 
power law fit was not extended to this limit.[15] However, 
the dependence of length reduction on energy varies in dif
ferent studies and seems to vary for different nanotube mor
phologies (i.e. parallel wall, cup-stacked, bamboo-shaped, 
etc.).[19] Also, implementing sonication on an industrial 
scale would prove difficult as it would require further separ
ation of the carbon nanotubes from the solvent.

Ball milling is a commonly used industrial process to sep
arate carbon nanotubes from catalyst and support mater
ial,[20] functionalize carbon nanotube surfaces and ends,[21– 

23] improve carbon nanotube dispersion in metal[24– 

30]/metal-oxide[31–33] and polymer[34–37] nanocomposites, 
and reduce carbon nanotube length.[38–40] Ball milling as a 
means of length reduction is particularly enticing due to its 
relative simplicity, low cost, and capacity for optimization 
on an industrial scale. Attempts to correlate carbon 
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nanotube length reduction to ball milling parameters like 
milling time have been made previously.[41] However, these 
correlating equations cannot be applied to other systems due 
to the use of system-specific parameters. Further, many ball 
milling studies only model length reduction based on mill
ing time without sufficient detail to other important param
eters like rotational speeds, grinding media size and 
material, etc., making it difficult, if not impossible, to extend 
these results to different carbon nanotubes or different mill
ing conditions. Correlations of carbon nanotube length 
reduction to ball milling parameters must encompass all 
these details.

Burgio et al.[42,43] derived an expression that models the 
impact energy of planetary ball milling for use in Fe-Zr sys
tem mechanical alloying. Further studies adding detail to the 
mathematical understanding of planetary ball milling vali
dated this energy model based on power measurements dur
ing mechanical alloying[44,45] and made corrections to the 
impact energy expression considering factors like collision 
elasticity[46] and grinding media hindering. This energy 
model was particularly useful in correlating the cumulative 
energy of milling to phase changes in the Pd-Si,[47] Ti-Al,[48] 

and Mo-Si[49] alloy systems. Kozma et al.[50] were the first 
and only group to our knowledge to apply this energy 
model to planetary ball milling of carbon nanotubes. They 
found that, for a single type of carbon nanotube, an impact 
energy barrier exists at 35 mJ for which the defect density, 
measured by Raman spectroscopy, increases substantially. 
Like the sonication studies, an apparent terminal length was 
found at high milling times where little to no further length 
reduction occurred.

In this study, four commercial carbon nanotube samples 
with distinct lengths and diameters were subjected to planet
ary ball milling to reduce their length. The Burgio-Rojac 
model for planetary ball milling was used to determine the 
single impact and cumulative energies of milling. Effects of 
milling time, rotational speed, sample mass, and initial pow
der morphology on the length reduction of carbon nano
tubes were investigated. The minimum energy was identified 
for each nanotube and was seen to correlate to physical 
characteristics of the nanotube. An exponential function cor
relating the cumulative energy of milling to the length 
reduction was derived. Normalization of the length data 
enabled the data to be fitted by one master curve for all 
four nanotube samples, and a best fit scaling energy param
eter was identified. A comparison between the breaking 
mechanism and power law kinetic behavior of ball milling 
and sonication as the method of carbon nanotube length 
reduction is also given.

2. Experimental

2.1. Materials

Four commercial multi-walled carbon nanotubes were used 
in this study: NanocylTM NC7000 (Nanocyl SA, Sambreville, 
Belgium), BaytubesVR C150P (Bayer MaterialScience AG, 
Leverkusen, Germany), SMW200 (SouthWest 
Nanotechnologies, Norman, OK), and Cheap Tubes Short 
Multi Walled Carbon Nanotubes (Cheap Tubes Inc., Grafton, 
Vermont). Relevant initial characteristics of these MWCNTs 
are given in Table 1; these BaytubesVR had a very low density 
relative to other samples with the same tradename. Figure 1
displays the distribution of diameters for each commercial 
MWCNT measured by TEM, and the shape of the distribu
tions are consistent with those found elsewhere.[41]  Figure 2
shows micrographs of the as-received tubes.

2.2. Ball milling

Carbon nanotube length reduction was carried out in a 
Retsch PM100 Planetary Ball Mill. An 80 mL stainless steel 
grinding jar (6 cm diameter � 3.6 cm height) was used with 
25 10-mm stainless steel grinding balls. Milling parameters 
(rotational speed and milling time) and sample parameters 
(sample mass, initial morphology, and carbon nanotube 
length/diameter) were varied to evaluate their effects on car
bon nanotube length reduction. Rotational speed varied 
between 100 rpm and 600 rpm at constant milling times of 
30 min. Milling time varied between 5 and 60 min at the 
constant rotational speed of 300 rpm. Additional trials up to 
90 min were obtained when necessary to ensure the terminal 
length had been reached. For the NC7000s trials, sample 
masses of 2 g, 1.2 g, and 0.4 g were used in the milling pro
cess to determine sample mass effects. NC7000s with differ
ent initial bulk densities were obtained by dispersing the 
pure NC7000s in water and allowing the water to evaporate, 
leaving the powder in a more aggregated state. The resulting 
bulk density was almost double that of the initial powder.

2.3. Electron microscopy

Carbon nanotubes were characterized by both scanning 
(SEM) and transmission (TEM) electron microscopy. Zeiss 
Neon 40EsB and Thermofisher Quattro S SEMs were used 
to image carbon nanotube samples for length measurements. 
By the method of Krause et al.[52], raw commercial and 
milled carbon nanotube powders were dispersed in a solvent 
via an ultrasonic bath at a concentration of 0.1 g/L to 

Table 1. Initial characteristics of commercial MWCNTs. Errors represent one standard deviation determined by fitting the distribution to a 
normal distribution.

MWCNT Length (nm) x10–x50–x90 (nm) Diameter (nm) Number of Walls Bulk Densitya (g/cm3)

NC7000s 1327 511–1221–2307 10.8 ± 2.6 9.3 ± 1.1 0.077
C150Ps 810 305–717–1296 13.8 ± 4.7 13.1 ± 1.5 0.010
SMW200s 2062 576–1721–4027 10.6 ± 3.7 9.6 ± 1.2 0.045
Cheap Tubes 1089 390–890–1940 19.2 ± 4.2 16.5 ± 1.5 0.173
aBulk densities were measured using the method given by Zapata et al.[51]
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promote individualization of the nanotubes. Dispersing sol
vents for each nanotube sample were chosen by trial and 
error based on how well the nanotube phase dispersed dur
ing sonication and stayed dispersed after sonication. 
Chloroform was used as the dispersing solvent for NC7000s, 
C150Ps, and SMW200s, and isopropanol was used for the 
Cheap Tubes. A drop of this dispersion was transferred to 

a polished silicon wafer for imaging. Fiji (ImageJ) image 
processing software was used to manually measure the 
length of carbon nanotubes captured in the SEM micro
graphs. Micrographs containing long carbon nanotubes 
were stitched together when necessary to ensure the full 
nanotube length could be measured accurately. The aver
age length for a nanotube sample was taken as an average 

Figure 2. SEM micrographs of raw commercial nanotube powders (a) NC7000s, (b) C150Ps, (c) SMW200s, and (d) Cheap Tubes. The scale bar shown in each image 
is 2 lm.

Figure 1. Diameter histograms of (a) NC7000s, (b) C150Ps, (c) SMW200s, and (d) Cheap Tubes.

FULLERENES, NANOTUBES AND CARBON NANOSTRUCTURES 3



of at least 100 measurements. Length distribution parame
ters x10, x50, and x90 representing that 10%, 50%, and 90% 
of carbon nanotube lengths in the sample fall below the 
x10, x50, and x90 value are presented in Table 1.

Diameters and number of walls of the carbon nanotubes 
were determined by micrographs taken on a JEOL 2010 F 
TEM. Nanotube powders were suspended in ethanol to pro
mote individualization of the nanotubes, and roughly 4 mL 
were pipetted onto a 200-mesh lacey carbon grid from Ted 
Pella, Inc. The diameters were measured directly while the 
number of walls, Nw, was calculated by the following

Nw ¼

Do−Di
2

� �

0:34 nm
(1) 

where Do and Di are the outer and inner diameters of the 
nanotube and 0.34 nm is the van der Waals atomic diameter 
of carbon and consequently the width of a single wall.[53] 

Fiji (ImageJ) was used to measure the diameters of carbon 
nanotube samples. The average diameters given in Table 1
are an average of at least 80 measurements.

2.4. Raman spectroscopy

Raman spectra of carbon nanotube samples were captured 
using a Renishaw inViaTM confocal Raman microscope and 
spectrometer. A 532 nm laser (45 W) was used at five per
cent laser power. Additionally, a 2400 l/mm diffraction gra
ting was used. Spectrum acquisition conditions used were 
five seconds of exposure time and three accumulations. The 
Raman peaks of interest for this study were the G band cen
tered around 1565–1585 cm−1 and the D band centered 
around 1330–1350 cm−1. The G band is indicative of graph
itic sp2 hybridization, while the D band is related to defects 
in graphitic structures.[54] The ratio of the D band to G 
band peak areas, notated as ID=IG, was used as a measure of 
the defect density in the carbon nanotube sample as done 
previously.[50] ID=IG values approaching infinity indicate a 
high defect density, while ID=IG values approaching zero 
indicate a low defect density. To calculate the ID=IG values, 
peak areas were obtained from the integrated WiRETM soft
ware after performing baseline subtraction, normalization, 
and curve fitting on each individual spectrum.

2.5. Energy calculations

The Burgio-Rojac model was used to evaluate the energy 
input during planetary ball milling.[43] The impact energy 
for one impact, Eb, is given by

Eb ¼
1
2
ub qb

pd3
b

6
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where ub is the obstruction factor, qb is the density of the 
grinding balls, xp and xv are the rotational speeds (rad/s) of 
the sun wheel and grinding jar, respectively, dv and db are 

the diameters of the grinding jar and grinding balls, respect
ively, and rp is the radius of the sun wheel. The speed ratio, 
xv=xp, provided by Retsch for the PM100 mill is −2. The 
velocity expression in the impact energy equation derives 
from the difference between the launched velocity of a 
grinding ball due to the rotation of the sun wheel/grinding 
jar and the velocity after an impact. The impact energy thus 
corresponds to the energy dissipation upon impact. While 
Equation (2) assumes a perfectly inelastic collision, correc
tions of collision elasticity can be made by multiplying the 
impact energy by a parameter Ka with a value between 0 
and 1 indicating a perfectly elastic (Ka ¼ 0) or perfectly 
inelastic (Ka ¼ 1). However, this correction was not made in 
this study as free fall experiments with coated grinding balls 
have shown changes in collision elasticity to be inconse
quential in the early stages of milling.[46]

The obstruction factor is dependent on the degree of fill
ing in the jar and is calculated by the following

ub ¼ 1 − ne
v (3) 

where nv is the fraction of filled space by grinding balls in 
the grinding jar and e is a parameter dependent on the 
geometry of the mill.

nv ¼
Nb

Nb, v
(4) 

Nb, v ¼
pd2

vhv

4d3
b

(5) 

ns ¼
Nb

Nb, s
(6) 

Nb, s ¼
p dv − dbð Þhv

3d2
b

(7) 

Nb is the number of grinding balls in the grinding jar and 
hv is the height of the grinding jar. Nb, v is the number of 
grinding balls in a cubic arrangement that would fill the 
grinding jar and Nb, s is the number of grinding balls in a 
cubic arrangement that would cover one third of the inner 
surface area of the grinding jar. The value of parameter e is 
found by the following

0:95 ¼ 1 −
Nb, s

Nb, v

� �e

(8) 

and for this study is calculated to be 1.7764, very similar to 
the value found by Bugio et al.[43] for balls of 10 mm 
diameter.

The cumulative energy of milling, Ecum, is the product of 
the single impact energy and the number of impacts over 
the milling period and is given by the following

Ecum ¼ Ebvtt (9) 

where vt is the impact frequency and t is the milling time. 
The impact frequency is calculated as described by Magini 
et al.[45]

vt ¼ NbK xp − xvð Þ (10) 
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where K, is an instrument parameter dependent on the 
geometry of the mill. The value of instrument parameter K 
is generally around �1 and has been shown to be 1.5 for 
grinding balls 8–10 mm in diameter.

3. Results and discussion

3.1. Minimum impact energy

The length reduction of the four commercial nanotube sam
ples with respect to increasing rotational speed, and conse
quently increasing impact energy, at constant milling time is 
shown in Figure 3. The length reduction behavior of 
NC7000s shows no significant differences among different 
sample masses and different initial bulk densities. The 
invariance of length differences with powder mass is not 
surprising. Magini et al.[46] stated that milling powder forms 
a coating on all surfaces of grinding balls and walls during 
the early stages of milling, and collisions between these balls 
entrap all the powder within the collision radius. Varying 
the sample mass effectively changes the coating thickness of 
the surfaces inside the grinding jar, and the results show 
that the breaking efficiency of these impacts is sufficient to 
break the nanotubes trapped in the collisions for even the 
thickest coating in this study. Another critical assumption is 
that the entire powder sample is coating a surface, and there 

is no unfixed powder in the jar during milling. Deviations 
from this assumption would likely result in less nanotube 
breakage as this free moving powder does not participate in 
the collisions. However, visual observations of the nanotube 
powder in the grinding jar after milling validates the 
assumption that no free moving powder exists under the 
conditions used in our experiments.

The length reduction behavior of NC7000s, SMW200s, 
and C150Ps are all very similar. A distinct horizontal step at 
low impact energies is followed by an exponential-type 
length decrease. Clearly, these nanotubes possess a min
imum impact energy for which under that energy, no sig
nificant length reduction has occurred, and above that 
impact energy, fracture does occur. For the NC7000s and 
SMW200s, the minimum impact energy appears to be 
10 mJ, while the minimum impact energy for the C150Ps is 
15 mJ. This result suggests that the minimum energy for 
breakage of a carbon nanotube is dependent on the diameter 
or number of walls. The NC7000s and SMW200s both have 
very similar average diameters and number of walls and 
show similar minimum impact energies, while the C150Ps 
have a larger diameter and number of walls and have a 
larger minimum impact energy. This increase is likely con
sistent with the findings of Kozma et al.[50], who found that 
nanotubes of 30 nm in diameter possess a minimum energy 

Figure 3. Carbon nanotube length reduction with respect to single hit impact energy for (a) NC7000s, (b) C150Ps, (c) SMW200s, and (d) Cheap Tubes.
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of 35 mJ, although the number of walls is not given. TEM 
micrographs confirm that ball milling did not reduce the 
carbon nanotube diameter for any of the nanotubes. This 
result is consistent with most studies,[41] but others have 
shown high energy ball milling (HEBM) can result in partial 
wall damage or complete destruction of nanotubes.[55]

The length reduction behavior of the Cheap Tubes has a 
different form than the other three nanotubes. No distinct 
horizontal step occurs at low impact energies, and the length 
reduction up to 30 mJ is nearly linear. Figure 3d shows the 
Cheap Tubes possess a minimum energy below 3.5 mJ, 
which is the lowest impact energy we studied. This result is 
likely explained by TEM micrograph analysis of the virgin 
tubes in which wall damage and alternative nanotube mor
phologies were seen. Based on TEM images, Cheap Tubes 
possess a high concentration of wall damage and disloca
tions compared to the other three nanotube samples. The 
presence of wall damage likely weakens the structural integ
rity of the nanotubes, leading to a reduced minimum impact 
energy. These defects could be a byproduct of the industrial 
synthesis process or of milling performed by the manufac
turer to separate the nanotubes from the catalyst and sup
port materials. Also, as shown in Figure 4, many nanotubes 
within the TEM micrographs appeared to have a cup- 
stacked or bamboo-like morphology. These layers could be 
more easily sheared apart due to open ends on the nanotube 
surface, also leading to lower ball impact energies required 
to fracture the nanotube. Linear length reduction with 
respect to increasing impact energy as found with Cheap 
Tubes was consistent with the findings of Kozma et al.[50] 

However, they identified the minimum energy with Raman 
spectroscopy rather than with length measurements. The ini
tial carbon nanotube product possessed a low concentration 
of defects, and there was a marked increase in ID=IG at 
35 mJ, indicating an increase in sp3 hybridized carbons. This 
observation was used as justification for identifying the min
imum energy despite the length having already been reduced 
by nearly 50%.

Raman spectra and ID=IG values corresponding to the 
0.4 g milled NC7000s samples in Figure 3a are given in 
Figure 5. Variations in the peak ratio have no correlation 

with the average nanotube length. For this peak ratio to be 
a proper measure of minimum impact energy determination, 
it would be expected that a distinct increase in ID=IG occurs 
when the average length of the NC7000s reduces signifi
cantly. Similar results were found for the other three com
mercial nanotubes studied. Raman spectra and ID=IG values 
for C150Ps, SMW200s, and Cheap Tubes milled at different 
impact energies can be found in Figures S5–S7 in the 
Supplemental Information section. A primary concern of the 
authors was that nanotube healing may have occurred after 
ball milling of the nanotubes and before Raman spectra 
acquisition (ball milling and spectra acquisition occurred 
months apart). To explore the possible effect of nanotube 
healing, Raman spectra of freshly milled NC7000s under the 
same conditions as stated for Figure 3a were acquired, and 
no appreciable changes in the spectra or peak ratios were 
observed.

It is assumed that defect-dense nanotube ends account 
for a large portion of the D band detected by Raman spec
troscopy. Assuming the defect-dense length of a nanotube 
accounts for 5 nm on each nanotube end, then for unmilled 
NC7000s (�1330 nm) approximately 0.8% of the nanotube 
length is defect-dense. For NC7000s milled to their terminal 
length (�410 nm), the defect-dense length fraction increases 
to approximately 2.4%. A marginal increase in defect-dense 
length is not likely to produce notable changes in the 
Raman shift, so the peak ratio values obtained in this study 
are likely within the margin of error. However, we recognize 
that nanotube samples may experience slight wall damage 
and amorphization, contributing further to D band amplifi
cation. Thus, we believe that length measurements should be 
the primary method of identifying the minimum impact 
energy since Eb, min has been defined as the energy required 
to fracture a nanotube into shorter segments.

Figure 4. Enhanced and cropped HRTEM micrograph of Cheap Tubes with 
apparent cup-stacked wall morphologies.

Figure 5. Raman spectra (Background subtracted and normalized) and ID=IG 
values associated with the 0.4 g milled NC7000s samples in Figure 3a.
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3.2. Cumulative energy of milling

To obtain a range of cumulative energies, the rotational 
speed of the mill was kept constant at 300 rpm, correspond
ing to roughly an impact energy of 30 mJ, and the milling 

time was increased. The length reduction of NC7000s (0.4 g 
trials) is evident based on the SEM micrographs given in 
Figure 6 and the corresponding length distributions, along 
with log-normal fit and distribution parameters l and r, 

Figure 6. SEM micrographs of (a) pure NC7000s and milling times of (b) 10 min, (c) 20 min, and (d) 30 min. The scale bar shown in each image is 2 lm.

Figure 7. Length distributions for (a) pure NC7000s and 0.4 g trial milling times (and cumulative energies) of (b) 10 min (67 kJ), (c) 20 min (133 kJ), and (d) 30 min 
(200 kJ). the data appears to best fit a log-normal distribution and parameters l and r are given.
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given in Figure 7. The unmilled NC7000s are clearly the 
longest upon visual observation and have the widest distri
bution of lengths. Nanotubes on the order of 4–5 mm in 
length span a large portion of the field of view, and in 
many cases image stitching was necessary to measure full 
nanotube lengths. At 20 min of milling, all nanotubes 
appear to be at or below 2 mm, and this observation is rein
forced by the length distribution given in Figure 7c. At 
30 min of milling, the distribution becomes very narrow 
and no further significant length reduction was seen. The 
goodness of the log-normal fit is most evident at higher 
milling times. Although the fits are not shown here, this 
same log-normal function type was able to fit the length 
distribution of all tubes well at higher milling times. Length 
reduction upon milling of all nanotubes tested in this study 
follow this same qualitative pattern with time as shown in 
Figures S1–S4 in the Supplementary Information. The ten
dency for ball milled carbon nanotubes to converge to a 
log-normal distribution has been shown previously,[56] but 
other fits such as the Weibull distribution have been 
observed.[57]

The length reduction behavior of the four commercial 
carbon nanotube samples with respect to increasing cumula
tive energy is shown in Figure 8. The length reduction 
behavior of NC7000s shows no variance among the different 
sample masses and initial bulk densities. The appearance of 
a terminal length around 400 nm is consistent with the 
results of the curve shown in Figure 3a. Also, the fact 
that changes in mass do not change the length reduction 
behavior with respect to cumulative energy validates the use 
of the cumulative energy expression given in Equation 9 as 
opposed to the mass-averaged cumulative energy 
elsewhere.[50,58]

Each carbon nanotube sample undergoes exponential 
length reduction to a terminal length unique to each nano
tube sample. For the NC7000s, C150Ps, and SMW200s, the 
experimental terminal length is nearly 400 nm, while the 
Cheap Tubes converge to approximately 250 nm. The 
shorter terminal length of the Cheap Tubes indicates that 
cup-stacked wall morphologies may make nanotubes more 
susceptible to further length reduction to smaller aspect 
ratios. The terminal length for each nanotube is achieved at 

Figure 8. Length reduction of (a) NC7000s, (b) C150Ps, (c) SMW200s, and (d) Cheap Tubes with respect to cumulative energy.
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a cumulative energy of 350 kJ. The asymptotic behavior of 
carbon nanotube length reduction at high cumulative ener
gies is consistent with what has been found in the literature 
for ball milling,[56] although other high energy ball milling 
studies have shown carbon nanotubes can be further 
reduced to nanoparticles and amorphous carbon.[59,60]

3.3. Master curve

An exponential equation relating carbon nanotube length to 
the cumulative energy of milling was derived as shown

L ¼ Lo − Lfð Þe
−Ecum
Escale þ Lf (11) 

where Lo is the initial length of the raw commercial carbon 
nanotubes, Lf is the terminal length, and Escale is a scaling 
energy found by nonlinear regression. Escale was selected to 
have units of kJ to ensure a unitless exponent. The limits 
were set so that at zero cumulative energy, the function is 
equivalent to the initial average length of the raw commer
cial powder, and at sufficiently high cumulative energies, the 
function converges to the terminal length. Rearrangement of 
Equation (11) yields a dimensionless length term which we 
will call the normalized length difference.

L − Lf

Lo − Lf
¼ e

−Ecum
Escale (12) 

At zero cumulative energy, the normalized length differ
ence is 1, and at sufficiently high cumulative energies, the 
normalized length difference converges to 0.

Length reduction data given in Figure 8 for increasing 
cumulative energy was converted to the normalized length 
difference, and the four curves representing each commer
cial nanotube collapsed to a single master curve in Figure 9. 
The fitted scaling energy parameter, Escale, was found to be 
83.7 ± 2.8 kJ. Visual observation of Figure 9 shows good 
agreement among the four commercial nanotube length 

reduction behaviors, and the exponential fit based on the 
cumulative energy of milling appears to describe the data 
well. While there is some clear discrepancy in the terminal 
behavior, the fitted terminal lengths fall within the experi
mental error of the measured terminal lengths. In fact, fit
ting the data from Figure 8 individually for each nanotube 
resulted in scaling energy values all within three standard 
deviations of the globally fitted scaling energy.

Instead of the length reduction being a function of the 
total impact energy used during milling, another possibility 
is that the minimum impact energy should be subtracted 
from the total impact energy for a single collision. Hence, 
we then define the effective impact energy, E�

b, to be the dif
ference between the total impact energy, Eb, and the min
imum impact energy, Eb, min, for a nanotube sample. The 
cumulative energy associated with the effective impact 
energy is then

E�
cum ¼ E�

bvtt ¼ Eb − Eb, minð Þvtt (13) 

Figure 10 is the normalized cumulative energy curve 
associated with the effective impact energy, and the scaling 
energy, Escale, was found to be 59.3 ± 2.1 kJ. The goodness of 
fit to the effective cumulative energy is statistically similar to 
that of Figure 9. If the total impact energy is sufficiently 
large, then subtracting Eb, min from Eb will make no differ
ence; Table 2 shows that Eb, min was significant compared to 
Eb except for Cheap Tubes. For Cheap Tubes, the minimum 
impact energy is considered to be zero, i.e. the effective 
impact energy is equal to the total impact energy. 
Consequently, the effective impact energy is noticeably 
greater for the Cheap Tubes than for the other three nano
tube samples. Visual observation of Figure 10 shows the 
Cheap Tubes have slightly less agreement with the exponen
tial model than the other three nanotube samples, especially 
at higher cumulative energies. To determine which model is 
more appropriate, impact energies closer to the minimum 
impact energy could be tested.

Figure 9. Cumulative energy data associated with the total impact energy 
collapsed to a single curve using the normalized length difference fit to the 
exponential given by Equation (12) with best fit Escale value of 83.7 ± 2.8 kJ with 
a standard error of regression of 0.0529.

Figure 10. Cumulative energy data associated with the effective impact energy 
collapsed to a single curve using normalized length difference fit to the expo
nential given by Equation (12) with best fit Escale value of 59.3 ± 2.1 kJ with a 
standard error of regression of 0.0554.
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3.4. Comparison to length reduction by sonication

3.4.1. Mechanism of fracture
To our knowledge, sonication has been the only mode of 
carbon nanotube fracture other than milling in which the 
kinetics of length reduction have been studied. Initial studies 
on nanotube cleavage by sonication assumed a purely tensile 
mechanism by which the nanotubes orient radially as bub
bles nucleate, grow, and collapse.[15] The critical force, Fc, 
for nanotube breakage derived by Hennrich et al.[14] and 
restated by Pagani et al.[17] based on the tensile strength, 
rbreak, of the nanotube is given by the following

Fc ¼ rbreakp
2Dw − w2ð Þ

4
(13) 

where D is the diameter and w is the thickness of the wall. 
The discussions surrounding this equation involved only 
single-walled carbon nanotubes, and the critical force was 
estimated to be 20 nN. Later studies utilizing Brownian 
dynamics simulations found that long nanotubes can experi
ence axial compression[16] or align tangentially to bubbles 
and experience radial buckling.[17] As the nanotubes shorten 
to approximately 1 mm, the fracture mechanism can shift 
from buckling to tensile, which is shown in Figure 11.

Ball milling carbon nanotubes likely employs a purely 
buckling fracture mechanism. Because the carbon nanotube 
powder morphology consists of aggregates with randomly 
oriented and curved nanotubes, molecular dynamics simula
tions indicate that impact-induced fracture tends to occur at 
the intersections of adjacent nanotubes.[61] As illustrated in 
Figure 12, for very long nanotubes, there are initially many 
nanotube intersections at which impact induced fracture can 

occur. As nanotubes shorten, the frequency of nanotube 
intersections decreases substantially consistent with expo
nential length reduction behavior with increasing cumulative 
impact energy.

Figure 13 shows characteristic capped and open nanotube 
tip morphologies as observed by HRTEM. Unmilled, parallel 
walled nanotubes appeared to have a relatively even distribu
tion of capped and open ends as in Figure 13a,c, while the 
cup stacked Cheap Tubes had a much higher concentration 
of open ends. The narrow cone end of the cup stacked 
nanotubes occasionally had a capped tip as in Figure 13b, 
while the wide cone end was observed to always be open as 
in Figure 13d. Milled nanotubes that had been reduced to 
their terminal length contained a much higher concentration 
of open ends compared to unmilled nanotubes. Regardless 
of wall morphology, the most common end morphology of 
milled nanotubes involved a notable restriction in CNT 
diameter at the tip as in Figures 13e–f. This smaller diam
eter could be evidence of the proposed mechanism by which 
fracture occurs by buckling at nanotube intersections. It 
should be noted that observation of this end morphology in 
TEM is sensitive to the nanotube orientation relative to the 
electron beam. Also, caps on nanotube ends can reform after 
fracture due to being more configurationally favorable, so 
visual observation by TEM alone cannot validate the fracture 
mechanism. Capped nanotube ends present in milled sam
ples could either be initially capped and undisturbed by 
milling or could be reformed after milling.

Many analogs exist between sonication of long nanotubes 
and ball milling. The increasing energy required for length 
reduction with increasing diameter appears to be consistent 
between the two processes. Also, both sonication and ball 
milling result in a terminal length, as experimental data 
from Lucas et al.[15] showed length reduction convergence 
to an apparent terminal length at high cumulative ultrasonic 
energies. A potential difference between the two processes is 
the possibility of diameter reduction or complete wall strip
ping. While ball milling can induce defects on nanotube sur
faces and ends, we and most others have found that carbon 
nanotube diameters remain constant during milling.[41] 

However, wall stripping and slight diameter reduction has 
been reported for ultrasonication.[62]

3.4.2. Power law length reduction kinetics
Previous sonication studies used a power law to describe the 
kinetics of carbon nanotube length reduction. To compare 

Table 2. Impact energies associated with Figures 8 and 9 for the four com
mercial nanotubes.

MWCNT Eb Eb, min E�
b

NC7000s 31 mJ 10 mJ 21 mJ
C150Ps 31 mJ 15 mJ 16 mJ
SMW200s 31 mJ 10 mJ 21 mJ
Cheap Tubes 31 mJ < 3.5 mJ 31 mJ

Figure 11. Sonication of carbon nanotubes imparts (a-b) radial buckling on 
long carbon nanotubes and (c-d) axial tension for short nanotubes. Red arrows 
indicate the force experienced by the nanotubes, and red dots indicate points 
of fracture.

Figure 12. Representative schematic of impact induced fracture of (a) long and 
(b) short carbon nanotubes. Red dots indicate points of fracture. Most CNTs 
fracture points occur at CNT-CNT intersections, but isolated CNTs may fracture 
as well.
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our data with previous studies, a power law was fit to the 
length reduction data given in Figure 8. As was done previ
ously, experimental data points at high cumulative energies 
that show a very small change in length reduction compared 
to points at lower energies were eliminated. The power law 
fit for the four commercial nanotube samples is shown in 
Figure 14.

The power law exponents that describe the length reduc
tion kinetics of the nanotubes studied in this work are pre
sented in Table 3 with comparisons to previous studies on 
sonication and ball milling. While the power law relation
ship in sonication studies was explicitly given, it was 

necessary to extract ball milling data from graphs in milling 
studies (minimum of four data points) and fit the data to a 
power law to obtain the power law exponent. Figure S8 in 
the Supplementary Information shows these fits. To our 
knowledge, Table 3 encompasses all the kinetic length 
reduction data for sonication and milling in the current lit
erature. The SMW200s power law exponent compares to the 
findings of Hennrich et al.[14] and Jang et al.[19] for sonic
ation and Pierard et al.[63] for ball milling, while the C150Ps 
power law exponent is akin to the findings of Lucas et al.[15] 

and other ball milling studies.[41,50,64]

Comparison among the four commercial nanotubes used 
in this study indicates the power law kinetics for length 
reduction by ball milling is dependent on the initial carbon 
nanotube length. The longest nanotube sample, SMW200s, 
exhibited the fastest rate of length reduction (e.g. highest 
power law exponent), and conversely, the shortest nanotube 
sample, C150Ps, exhibited the slowest rate of length reduc
tion. This result is consistent with the trend found in previ
ous ball milling studies, as Pierard et al.[63] used very long 
initial nanotubes, while the other ball milling studies used 
shorter initial nanotubes.[41,50,64] Sonication studies also 
exhibited a dependence on initial carbon nanotube length; 
however, the relationship is the inverse of that found for 
ball milling. Simulation results of Pagani et al.[17] suggested 
long and short nanotubes are described by power law expo
nents of roughly −0.22 and −0.5, respectively. The differ
ence between the two processes could be explained by the 
difference in mechanism for different length nanotubes in 
sonication, whereas ball milling is assumed to have a con
sistent fracture mechanism independent of nanotube length.

Figure 13. HRTEM micrographs of (a) capped NC7000s tip, (b) capped Cheap Tubes tip, (c) open NC7000s tip, (d) open Cheap Tubes tip, and (e-f) Constricted open 
tips.

Figure 14. Length reduction of four commercial MWCNTs fit to a power law 
based on cumulative energy of milling. The kinetic behavior among the differ
ent carbon nanotubes varies significantly and appears to show higher rates of 
length reduction for nanotube samples with longer initial lengths.
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4. Conclusions

Length reduction of four commercial carbon nanotube sam
ples was induced by planetary ball milling. The Burgio-Rojac 
model was used to calculate energy dissipated to the powder 
upon a single impact and cumulatively over the milling 
period. The minimum impact energy for carbon nanotube 
breakage appears to be a function of the diameter, but a sam
ple with defects can eliminate the impact energy barrier. 
Defect density as measured by Raman spectroscopy could not 
be used to identify the minimum impact energy and was not 
correlated with nanotube length. The four commercial nano
tubes were found to exhibit similar length reduction kinetics 
when collapsed to a master curve based on an exponential 
relation to the cumulative energy. Master curves governing 
the length reduction behavior for the four commercial nano
tubes were developed using a total and effective impact 
energy with no statistically significant differences in fit qual
ity, although the extent to which the total impact energy is 
above the minimum impact energy may play a role in the 
validity of this comparison. We believe the results of this 
study provide a good basis for describing the length reduction 
of any current commercially produced multiwalled carbon 
nanotubes, and also could prove essential to understanding 
the length reduction of very long carbon nanotubes.
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