
Mechanical Properties of Nanoparticle
Chain Aggregates by Combined AFM
and SEM: Isolated Aggregates and
Networks

Weizhi Rong,† Weiqiang Ding,‡ Lutz Ma1dler,† Rodney S. Ruoff,‡ and
Sheldon K. Friedlander*,†

Chemical and Biomolecular Engineering Department, UniVersity of California at

Los Angeles, Los Angeles, California 90095, and Department of Mechanical

Engineering, Northwestern UniVersity, EVanston, Illinois 60208

Received May 18, 2006; Revised Manuscript Received September 7, 2006

ABSTRACT

Mechanical properties of nanoparticle chain aggregates (NCA) including tensile strength and Young’s modulus were measured using an

instrument incorporating an AFM tip under SEM imaging. The NCA were studied individually and as network films. Carbon NCA were made

by laser ablation of graphite, and SnO2 NCA were made by oxidation of a tin compound. The films were deformable and showed elastic

behavior. NCA serve as reinforcing fillers in rubber and films of SnO2 NCA for trace gas detection.

Nanoparticle chain aggregates (NCA) are generated fre-
quently in high-temperature processes. Examples include
industrial and laboratory aerosol reactors and the combustion
of carbonaceous fuels. They are branched structures com-
posed of primary particles with diameters ranging from 1 to
50 nm. The mechanical properties of NCA are important in
the manufacture of composite materials such as reinforced
rubber1 and the fabrication of sensor films,2 nanoparticle
catalyst films,3 and planarization agents.4 NCA also play a
major role in air pollution.5

The use of NCA as reinforcing fillers in rubber and other
polymeric materials results in improved mechanical prop-
erties including increased tensile strength, Young’s modulus,
and tear strength. In the formulation of a rubber tire tread,
the fillers may constitute 20-30% by weight. The mecha-
nism by which reinforcing fillers enhance the mechanical
properties of elastomers is not well understood, but it may
result from filler-filler interaction6 and the interaction
between rubber polymer molecules and filler networks.1,7-9

Although much is known about the behavior of polymer
molecules, much less is known about NCA mechanical
properties.6,10,11

Elastomers are characterized by their large deformability
with essentially complete reversibility. Friedlander et al.12-16

have demonstrated that the filler aggregates have a remark-

able deformability and elasticity. Mark and his co-work-
ers11,17,18 have also suggested that elastomer components must
be joined into a network structure to achieve enhanced
elasticity. Compared with an isolated chain, a chain in a
network will be entangled and cross-linked with its neigh-
bors. The entanglements and cross links of network chains
will restrain the movement and deformation of each chain,
leading to a more stable and recoverable structure.19,20 A well-
known reinforcing filler, carbon black, also forms aggregate
networks in filled rubber.6,10,21 The filler network also plays
an important role in enhancing the elastic behavior of filled
elastomers. A better understanding of the nanoscale me-
chanical properties of the aggregate filler itself, such as the
breaking force, tensile strength, Young’s modulus, and the
dynamic behavior of the aggregate networks, may help to
explain the reinforcing mechanism of the filler-elastomer
nanocomposite system.

Flexible NCA films are also of interest because of their
potential applications to deformable electronic surfaces.22 The
film needs to adjust to the deformation of the underlying
substrate and should return to the original state, without
altering its performance. Furthermore, besides stability,
certain applications require a high porosity of the coating
structure for better surface accessibility, as in sensor23,24 and
catalyst coatings.25 The two requirements of high stability
and porosity are difficult to achieve at the same time by
ordinary structures. NCA coatings generally have a high
porosity, which has been shown by both experiments2 and
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numerical simulations.26 Studies of the dynamic behavior of
NCA networks may help determine whether coatings com-
posed of aggregates will be useful in fabricating deformable
electronic surfaces.

According to modern usage, agglomerates are assemblies
of aggregates held together by weak bonds that may be due
to van der Waals forces or by ionic/covalent bonds operating
over very small contact areas.5,27 In contrast, aggregates are
assemblies of primary particles held together by strong bonds,
probably ionic/covalent in nature. In this study, we define
“contact force” as the force between attached aggregates
forming agglomerates. The “breaking force” is defined as
the strong force between primary particles forming ag-
gregates. Often contact and breaking forces are lumped
together, making it difficult to predict aggregate and ag-
glomerate formation/breakage and dynamic behavior. Spe-
cific information on aggregate and agglomerate strength is
important in many nanoparticle applications, such as dis-
persants of cohesive particles,28 pharmaceutical powder
inhalers,29 and packing of fine particles.30

Experimental studies have shown that NCA made of
various materials can be strained up to 100%; after breaking,
the broken segments of the aggregate contract rapidly to more
compact structures, indicating elastic NCA behavior.12,13,16,31

The transmission electron microscope (TEM) and the atomic
force microscope (AFM) have been used to study NCA
behavior and their mechanical properties in several ways:

(a) TEM grid:13 In the first study of NCA stretching, NCA
of various materials were deposited on TEM grids and
observed in the electron microscope; aggregates were
stretched by the motion of the edges of holes that formed in
the carbon/Formvar film on the TEM grid. Aggregates lying
across the film holes stretched, broke, and contracted as the
holes widened. (b) TEM + NSMD:12,15 To conduct a better
controlled study of NCA stretching and contraction, a novel
nanostructure manipulation device (NSMD) was designed
and fabricated, which made it possible to apply tension to
nanostructures mounted in the TEM. In these NSMD studies,
stretching caused initially folded NCA to reorganize into a
taut configuration. Further stretching either led to chain
breakage with fast recoil of the broken segments or to a
partial elastic behavior of the chain at small strains. (c)
AFM: Rong et al.16 made the first studies of the breaking
and stretching of carbon NCA using AFM force spectro-
scopy, stretching aggregates between a cantilever tip and an
aggregate-coated substrate. The tensile strength and Young’s
modulus of carbon NCA were estimated and compared with
bulk values.

However, conventional AFM force spectroscopy does not
have microscopic capability sufficient to observe details of
the structure of the stretched chain. The goal of the current
study is to combine the observational capability of electron
microscopy with AFM force measurements in the same
measurement system to study NCA dynamics quantitatively.
For this purpose, an AFM method in conjunction with
scanning electron microscopy (“AFM + SEM”) was used
to simultaneously image structural changes in NCA and make
real-time measurements of the stretching/breaking forces.

For AFM + SEM observation, NCA were deposited on
two types of substrates: half-cut TEM grids (3 mm in
diameter) and silicon substrates of similar size. The substrate
was mounted inside the AFM + SEM system; NCA
deposited on the substrate were picked up by a movable AFM
cantilever tip. The aggregate was stretched until it broke and
the broken segment recoiled. The entire stretching and
breaking process was observed and recorded in the SEM.
From SEM image analysis and the AFM cantilever calibra-
tions, the tensile load and strain were obtained for each
recorded loading state. Details of the experimental procedure
are described in what follows:

Two types of NCA were studied. Carbon NCA were
generated by laser ablation (Figure 1 a).32,33 Targets com-
posed of graphite (spectroscopic grade, Ted Pella Inc.) in
the form of 2-mm-thick disks, 25.4 mm in diameter, were
ablated using a YAG laser (Hughes Aircraft Co., MDIVAD
Laser Rangefinder) in an Ar atmosphere. The average laser
power was about 100 mJ/pulse, with a pulse frequency of
10 Hz. NCA in the carrier gas (Argon, purity ) 99.999%,
Air Liquide America Corp., 1 L/min) exiting the laser
ablation chamber were deposited on a TEM grid (400 mesh
copper, carbon film, Electron Microscopy Sciences) placed
on a membrane filter (Pore size 8.0 µm, Millipore, Type SC)
inside a chamber (TEM grid chamber in Figure 1a). The
number concentration of the aggregates in Ar was about 107/
cm3, and the sampling time was 20 min. The primary particle
size of the aggregates ranged from 25 to 35 nm, and the
average length of the aggregates was about 2 µm. An SEM
(FEI Nova-600 “Nano SEM”) image of several aggregates
is shown in Figure 1b. A high-resolution TEM image (Figure
1c) was obtained with a JEOL JEM-100 CX TEM operated
at an accelerating voltage of 100 kV. The carbon NCA
probably form by the condensation of vaporized graphite,
but their atomic structure is not known.

SnO2 particles deposited as porous films on chips are used
widely to detect toxic gases like CO and NOx.2,23,24 SnO2

NCA were generated by flame spray pyrolysis (FSP) using
an apparatus that consisted of a nozzle surrounded by a
flamelet ring (Figure 1d).34 The liquid precursor, 0.4 M tin
(II) 2-ethylhexanoate (purity stated as 99.95%, Alfa Aesar)
in toluene (purity stated as >99.5%, Fisher Scientific) was
fed by a syringe pump (KD Scientific Inc.) with a constant
feed rate of 4 mL/min. The liquid was dispersed into fine
droplets (∼10 µm in diameter)35 with 5 L/min oxygen
(Airgas, purity stated as 99.95%) maintaining a pressure drop
of 1.5 bar at the nozzle exit. The liquid spray was ignited
by the premixed methane/oxygen (1.58 L/min and 1.38
L/min, respectively) flamelet ring surrounding the nozzle exit.
An oxygen sheath flow (5 L/min) was supplied through a
sintered metal plate ring (width 8 mm, inner radius 9 mm).
The NCA were directly deposited by thermophoresis on a
silicon substrate (0.5 mm in thickness and 5 mm x 10 mm
in shape, Department of Physics, University of Karlsruhe)
or a TEM grid (400 mesh copper, carbon film, Electron
Microscopy Sciences) mounted on a water-cooled copper
block equipped with a K-type thermocouple (Omega) to
control substrate temperature during deposition. The substrate
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temperature was maintained at 120 °C to avoid water
condensation on the substrate and sample. The deposition
substrate was centered 200 mm above the nozzle. The
sampling time was 10 s. The primary particle size of the
SnO2 NCA ranged from 15 to 25 nm, and the length of the
aggregates ranged from 0.5 to 2 µm. An SEM image of
several aggregates is shown in Figure 1e.

Nanoscale tensile tests on the NCA were performed with
a specially designed nanomanipulator36-41 inside the vacuum
chamber of a FEI Nova-600 SEM (a variable pressure field
emission gun SEM). Two AFM cantilever tips were mounted
on the two opposing positioning stages of the manipulator
(Figure 2a): The soft force-sensing cantilever (CSC 12,
length 350 µm, nominal force constant 0.03 N/m, Mikro-
Masch Inc.) was mounted at the end of a piezoelectric bender
(Noliac A/S, Denmark, ceramic multilayer bender B1) on
the X-Y linear motion stage; the rigid cantilever (NSC 12,
length 90 µm, nominal force constant 14.0 N/m, MikroMasch
Inc.) was mounted on the Z linear motion stage, together
with the NCA source substrate (Figure 2b).

The spring constant of the force-sensing (relatively soft)
AFM cantilever was calibrated inside the SEM vacuum
chamber prior to the test, with a resonance method developed

by Sader et al.42 A detailed description of the calibration
procedure has been reported elsewhere.36

Through nanomanipulation, the sharp tip of the soft AFM
cantilever was brought into contact with one end of a selected
NCA protruding from the source substrate (Figure 3 a). A
clamp was fabricated using an electron-beam-induced depo-
sition (EBID) method to attach the chain to the AFM tip.
EBID is a method, by irradiation with an electron beam, of
decomposing molecules to make a deposit on a substrate;
Ruoff et al.36-41 have pioneered its use to construct nanoscale
clamps on a specific site inside a SEM. While focusing the
electron beam on a certain area on the substrate surface, the
secondary electrons generated through primary electron-
substrate interaction probably decomposed residual hydro-
carbon molecules adsorbed on the substrate and formed a
local deposit.36,37 In this study, EBID was used to clamp each
NCA tested to the AFM tip. The clamped chains never
detached from the tip in the experiments performed.

Because of the relatively large depth of focus of SEM, it
is non-trivial to eliminate height mismatch in our nanoscale
tensile study inside the SEM. We used the following steps
to reduce height mismatch: First, we zoomed in to the EBID
clamp on the AFM tip that is attached to the X-Y stage,

Figure 1. (a) Laser ablation system for generating carbon NCA. The rotating target was ablated by a laser beam, forming a vapor plume
(gray area in the figure)32,33 (b) A SEM image of typical carbon aggregates generated by laser ablation. (c) A TEM image of carbon
aggregates generated by laser ablation. (d) Flame spray pyrolysis for generating SnO2 NCA.34 (e) A SEM image of typical SnO2 aggregates
generated by flame spray pyrolysis.

2648 Nano Lett., Vol. 6, No. 12, 2006



and adjusted the focus (working distance of the electron
beam) to bring the clamp into focus. Then, we zoomed in to
the other EBID clamp (on the AFM tip that was attached to
the Z stage) and adjusted the height of the Z stage to bring
the clamp into focus. This way, both ends of the NCAs are
“more or less” at the same height level. Because the depth
of focus of SEM is inversely proportional to the mag-
nification, we always “zoomed in” at high magnification
(>100 000×) during such adjustments to minimize the height
mismatch. The effect of potential height mismatch on our
measurement results is discussed in more detail later. The
clamped NCA was subjected to tension by applying a series
of voltages to the piezoelectric bender (Noliac A/S, Denmark,
ceramic multilayer bender B1) that manipulated the motion
of the soft AFM cantilever. The NCA was stretched between
the tip and the source until the chain broke. The breaking
force and tensile strength were calculated for each NCA
tested.

To obtain well-defined stress/strain relations for isolated
aggregates, the two opposing AFM tips were used to stretch
the two ends of carbon NCA. First, the soft AFM tip was
used to pick a protruding aggregate from the deposit and
stretch it until it broke. After breakage, one of the broken
segments was still attached to the AFM tip. The loose end
of this segment was clamped to the rigid AFM cantilever
tip using EBID clamping. Then, the soft cantilever was
gradually moved away from the rigid cantilever by actuating
the piezoelectric bender. As a result, tension was applied to
the NCA segment. The rigid cantilever, with a much larger
spring constant than the soft cantilever, is assumed to be
approximately static during stretching.

In our current experimental setup, we did not measure
tensile load or the strain directly during the loading process.
With the moVie recording function of the FEI SEM, a series

of SEM images was automatically acquired and saved during
the tensile loading process. The tensile load and strain were
obtained from image analysis after the experiment was
finished. Knowing the cross-sectional area, the tensile stress
was calculated. The stress-strain curve was then plotted,
from which the Young’s modulus of the carbon NCA was
estimated. The detailed data analysis is described elsewhere.43

Figure 3 shows a NCA clamped to the AFM tip that was
pulled from the substrate until it broke at a maximum strain
of about 39%. During the test, a dc voltage increased in
discrete steps was applied to the piezoelectric bimorph to
move the soft AFM tip away from the deposit substrate. The
average rate of the AFM tip movement during stretching
ranged from 50 to 80 nm/s. The actual stretching rate was
much higher because the tensile load was increased in
discrete steps, and the response of the piezoelectric bender
to the applied dc voltage was fast (the manufacturer states
that the response is in the millisecond range). The actual
strain rate is unknown because we do not know the exact
response time of the piezoelectric bender, but it should be
on the order of 0.1 s-1. After breakage, the broken segments
recoiled quickly toward their respective ends.

Tensile strength (TS) is a measure of the ability of a
material to resist stretching forces. It is obtained by dividing

Figure 2. (a) SEM image of the experimental setup for tensile
strength measurement: the NCA deposit substrate (a half-cut TEM
grid) and AFM cantilevers mounted on the home-built nanoma-
nipulator. (b) SEM image of the NCA deposit on the edge of the
substrate. The protruding chains are used for the tensile experiment.

Figure 3. SEM images of the stretching of carbon NCA using the
AFM tip. The scale bar applies to all images. (a) The protruding
aggregate was clamped on the AFM cantilever tip. (b) The tip was
moved away from the aggregate source, straining the aggregate
16%. (c) Strain of 39%. (d) The aggregate broke and the broken
segments recoiled.
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the maximum load a body can bear before breaking (Fbreak)
by the cross-sectional area (A) at the break point

The force at breaking, Fbreak, can be calculated by analyzing
the displacement of the AFM cantilever, and A is estimated
from the SEM image.

In a previous study, NCA were assumed to behave like
wires with uniform cross sections and the diameters of the
wires were set equal to the average diameter of the primary
particles of the NCA.16 However, NCA are composed of
primary particles with different sizes and the adjoining
primary particles form narrow necks between each other. The
diameter of the cross section of the neck was always smaller
than the primary particle diameters. Consequently, the necks
between primary particles are the narrowest and probably
the weakest part of the chain aggregate. This is in agreement
with a high-resolution TEM study, which showed that the
stretched NCA broke at the neck between two adjoining
primary particles.15 Our real-time SEM imaging allowed us
to measure the diameter of the neck (d) where the NCA
broke. The cross section (A), assumed circular, is π‚d2/4.

In this study, the breaking forces and cross-sectional areas
of each neck at the point of NCA breaking were determined
for 11 different NCA. The results are plotted in Figure 4. In
this way, we have for the first time obtained a relationship
between the stretching force needed to break the NCA and
the cross-sectional area at the breaking point. The larger neck
size resulted in a larger NCA breaking force. The breaking
force, Fbreak, and cross-sectional area, A, were approximately
linearly related, indicating that the tensile strength of the
carbon NCA is roughly constant. The tensile strength of each
individual carbon NCA was obtained using eq 1. The average
tensile strength was 0.15 ( 0.03 GPa. Because of the limita-
tion of the SEM resolution, the error in the cross-sectional

area was considerable, especially when the diameter of the
neck cross section was less than 20 nm. The error bar was
determined by the pixel resolution of the recorded SEM
image.

The structure of the carbon in the NCA formed in this
study is not known. The measured tensile strength of the
NCA is much larger than literature bulk values for graphite
(0.003-0.03 GPa),44,45 but we were unable to find data for
amorphous carbon. These experiments indicate that the forces
that hold the chain aggregate together are approximately
proportional to the cross-sectional area of the necks.

The tensile strength of carbon NCA estimated in our earlier
AFM study (0.0045 ( 0.0025 GPa)16 was much smaller than
the current results: (1) The previous AFM study did not pro-
vide simultaneous imaging of the NCA stretching/breaking.
Therefore, forces recorded in this study may result from the
rearrangements of the primary particles (such as unfolding
kinks) or the detachment of aggregates from the AFM tip or
from other aggregates in an agglomerate rather than the actual
breakage. (2) Furthermore, the NCA primary particle sizes
in the previous study were generally smaller than those of
this study. In our earlier study, it was assumed that NCA
behave like fibers of uniform cross sections. This results in
an overestimation of the cross-sectional area (eq 1), and
underestimation of the tensile strength. (3) Finally, in the
previous AFM study, NCA were stretched in ambient air at
room temperature but this study was made inside the SEM
vacuum chamber where the high-intensity electron beam was
focusing on the NCA during the operation. The specific
effects of the vacuum environment and the electron beam
on the measured NCA mechanical properties are not well
understood and also have not been discussed in detail in other
published studies.39

Young’s modulus (E) is a measure of the resistance of a
material to deformation. In the same manner, we define the
NCA Young’s modulus, which is determined from the slope
of the linear part of the stress-strain curve created by SEM
image analysis, in a region of elastic behavior (reversibility).

Figure 5 shows the stretching and breaking of a carbon
NCA mounted between two opposing AFM tips. Two
particles on the chain were chosen as reference points (p
and q). The distance between them was measured for each
loading state, and the strain was calculated. The segment
pq, located in the middle of the aggregate, was studied. We
did not choose the entire aggregate because the end segments
of the aggregate, close to the location that was clamped onto
the AFM tip, might be affected by the EBID deposition
occurring during the clamping of the aggregates to the AFM
tips. The tensile stress calculated was the ratio of stretching
force to cross-sectional area. The force was calculated using
the method described previously. In the calculation of
Young’s modulus, we assumed that the chain behaves like
a wire with a uniform cross section. The diameter of the
cross-sectional area was set equal to the average diameter
of the primary particles and the necks. This may cause an
error because the primary particle diameters differ. However,
the Young’s modulus referred to here is an average measure
of the entire aggregate and corresponds to an effective value.

Figure 4. Relationship between the breaking force and the cross-
sectional area at the breaking point of 11 different isolated carbon
NCA. The breaking force was approximately proportional to the
cross-sectional area where the chain broke. The average tensile
strength was 0.15 ( 0.03 GPa.

TS )
Fbreak

A
(1)
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Three isolated NCA were studied using the two opposing
AFM tips. Figure 6a shows the stress and strain measured
during the stretching pictured in Figure 5. Similar stress-
strain curves were obtained for the three NCA. The curves
showed a similar trend compared with a hypothetical stress-
strain curve (Figure 6b) constructed based on previous
observations of NCA stretching.12 The stress-strain curves
can be divided into three stages (Figure 6a and b):

In stage I, chain kinks on the scale of a few particle
diameters straightened by rotation and/or sliding at particle-
particle interfaces (Figure 5a to b, Figure 6 point A to B).
Rotation and/or sliding are relatively low-energy processes
that lead to large changes in the linear dimension of the NCA
as kinks straighten. We refer to this step as reorganization
of the folded chain into a straight, taut configuration. We
believe that this stage is irreversible.

Stage II (Figure 5b to c, Figure 6 point B to C) is an elastic
domain, where a comparatively larger stress is required to
strain the taut aggregate. As strain increases, the stress rises
much faster in stage II than in stage I. A previous TEM
study12 showed that in stage II the subsequent reduction in
tension caused the chain under small strain to contract
(almost to the original length), retaining a nearly straight
configuration as expected for elastic behavior. This implies
a partial reversibility of the strain under stretching and
contraction. The slope of the stress-strain curve in stage II
is the Young’s modulus of the carbon NCA. The observed
strain range of stage II (Figure 6a) was much wider than

that in the hypothetical curve (Figure 6b) because the NCA
studied were not ideal uniform single chains, but complex
aggregates with branches. Even along the same chain,
different structures (primary particles and necks) and primary
particle sizes are present. It is possible that within the same
NCA most segments undergo elastic behavior in stage II,
but others are still in stage I (straightening some strong kinks
that were not fully unfolded) or III (some narrow necks were
already stretched over the elastic limit). The overall NCA
behavior results from the combination of elastic and plastic
properties in different regions along the chain.

Stage III (Figure 5c to d, Figure 6 point D) is a plastic
domain, in which some segments of NCA were stretched
above the elastic limit. Further stretching broke the NCA at
its weakest point, at which the tensile strength was exceeded.
The breakage led to the elastic recovery of the aggregate.
This behavior is comparable with the fracture of macroscale
elastic materials.46 Strain energy stored in the aggregate seg-
ments in the elastic region led to the fast contraction of the
two broken sections of the chain, which we have observed
many times using different methods.12,14-16

The stress-strain curves were used to estimate the tensile
properties of the carbon NCA such as tensile strength
(maximum stress), failure strain (maximum strain), and the
Young’s modulus (slope in stage II) (see Table 1).

Data based on the recorded SEM images were analyzed
without considering possible height mismatch between the
two EBID clamps. As discussed previously, due to the
relatively large depth of focus in scanning electron micros-
copy, there may be a height mismatch between the two
clamps after the height-adjustment process. The height
mismatch leads to a lower measured tensile load and a higher
measured strain, which results in lower values for the tensile
strength and Young’s modulus. Under the worst situation,
the height mismatch between the two EBID clamps equals
the depth of focus at that specific imaging condition. The
maximum possible depth of focus during our adjustment is
around 667 nm (100 000x magnification, 30 µm aperture
diameter, 5.0 mm working distance).47 A second analysis
was performed considering this maximum (“worst case
scenario”) height mismatch, and the corresponding results
are listed in Table 1 and shown in Figure 6c. Because we
do not know the exact height mismatch, the results assuming
zero and maximum height mismatch set the lower and upper
bounds of the true values.

The strains at which failure occurred for carbon NCA
(8.4-24.7%) were generally smaller than values reported
earlier (20-60%)12 because the NCA mounted between the
two AFM tips was a broken segment of the longer NCA
that had been stretched previously. The NCA studied had
fewer kinks and were in a more taut state than those in
our previous experiments. Consequently, less strain was
needed to stretch and break them. The tensile strengths of
the three NCA (0.039-0.099 GPa) were only slightly lower
than the results obtained in the previous section from 11
measurements (0.15 ( 0.03 GPa). The cross section at the
breaking point for the 11 measurements was determined by
SEM analysis, whereas for the three NCA we assumed a

Figure 5. Stretching of an isolated carbon NCA using two opposing
AFM cantilever tips. From a to b, the aggregate was stretched and
the kinks along the aggregate were straightened. From b to c, the
taut chain was stretched further. Points p and q denote a segment
of the aggregate.
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Figure 6. Stress vs strain diagram for carbon chain aggregate stretching. On the basis of observations, it was assumed that stage I corresponds
to chain straightening by rotation and grain boundary sliding near primary particle interfaces. Stage II and stage III represent elastic and
plastic strain of the primary particles, respectively. (a) Stress and strain measured during stretching shown in Figure 5. (b) Idealized NCA
stress-strain curve.12 (c) Stress-strain curves of three NCAs assuming zero and maximum height mismatch on the same diagram.
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uniform cross section. This approximation leads to a larger
cross-sectional area than the cross-sectional area at the
breaking point, resulting in smaller tensile strength values.

Values of the Young’s modulus of the three NCA were
of the same order of magnitude but larger than our previous
AFM results (0.0030 to 0.0088 GPa).16 The reasons for the
difference between the AFM and AFM + SEM studies were
discussed in the previous section. The calculated Young’s
modulus of carbon NCA (0.22 to 0.70 GPa) was over 1 order
of magnitude smaller than literature bulk values for isotropic
graphite (2.1 to 18.6 GPa)48 or amorphous carbon (2.8 to
13.1 GPa).48 Simulation studies have shown that the Young’s
modulus of NCA along certain crystallographic directions
may be smaller than that of the bulk. For example, in a
simulation study, the Young’s modulus along the [100]
direction for a seven-nanoparticle kinked copper aggregate
was about one-fifth of the bulk value.49 This may be caused
by a combined effect of the small primary particle diameter
(surface effect as discussed in the previous section) and the
aggregate kinked structure (discussed previously in the “stage
II” section).

In laser ablation, aggregate formation results from an
interplay of particle or aggregate collisions and neck forma-
tion through sintering. These mechanisms depend on tem-
perature and concentration profiles within the reactors. As a
result, aggregate properties are distributed with respect to
properties in terms of their primary particle size and neck
size. Furthermore, the bonds that hold aggregates may not
be uniform at the necks formed by sintering after collision
of primary particles. The Young’s modulus of aggregates
is an average quantity of the entire nonuniform aggre-
gate. This is different from the standard mechanical tests
that are conducted on uniform macroscale specimens.
Therefore, the Young’s modulus of aggregates is an effective
property.

We also measured the contact force between carbon parti-
cles belonging to two different aggregates. A short aggregate
segment was attached to the AFM tip, and the aggregate was
brought into contact with another aggregate protruding from
the NCA deposit. The AFM tip was then gradually pulled
away from the deposit. The two aggregates separated at the
original contact point. Three such tests were performed, and
the measured carbon aggregate contact forces were of the
same order of magnitude, 4, 9, and 12 nN.

Van der Waals forces between two spherical particles can
be calculated from the expression50,51

where Ha is the Hamaker constant (∼2.53 × 10-19 J for
graphite52 and ∼7 × 10-20 J for amorphous carbon53), R is
the radius of the primary particles (∼15 nm), and h is the
closest gap between the particle surfaces; for particles in
contact, the gap (h) is often assumed to be a few ang-
stroms.5,54 In this study, we used values of h between 2 and
6 Å. This resulted in van der Waals forces ranging from 1
to 8 nN for graphite and 0.2 to 2 nN for amorphous carbon,
comparable with the experimental result (∼8 nN).

The contact-force measurement can be considered a first
step in the analysis of what holds an agglomerate network
structure together. In our measurements, we were able to
simulate agglomerate formation by bringing two aggregates
into contact. A related problem arises during the fabrication
of nanocomposites when agglomerates are broken into
aggregates during blending with polymers.55,56 The agreement
found here between measured contact force and calculated
van der Waal forces indicates that agglomerates are held
together mainly by van der Waals forces. The average contact
force between aggregates that we measured (∼8 nN) was
much smaller than the average breaking force between the
adjoining primary particles of an aggregate (∼46 nN). This
supports the idea that the bonds between aggregates in an
agglomerate are weaker than the primary particle bonds
inside an aggregate.

When we pulled protruding aggregates from the NCA
deposit on the substrate (copper TEM grid or silicon), the
aggregates stretched and broke instead of being pulled from
the deposit. This indicated that aggregates were held tightly
in the NCA network. In the previous section, we noted that
aggregate-aggregate contact was much weaker than the pri-
mary particle bonds inside an aggregate. This indicates that
the aggregate must either have many contacts with other
aggregates in the deposit or be entangled deeply in the
network, resulting in a combined force larger than the
aggregate breaking force.

When we pulled and stretched the protruding aggregate
(Figure 7 a to c), the network behind the aggregate was also
pulled toward the AFM tip. Large-scale rearrangements of
aggregate structures inside the network were observed
(labeled by the arrows). After the NCA broke, the stretched
aggregate structures contracted quickly and returned to their
original site. Rearrangements of the aggregates caused by

FvdW ) -
Ha

6
64R

6 (h + 2R)

h
2 (h + 4R)2 (h2

+ 4Rh + 4R
2)2

(2)

Table 1. Tensile Loading Results for Three Carbon NCA

NCA

no.

lengthc

(µm)

average

diameter

(nm)

failure strain

(zero height

mismatch)a

(%)

failure strain

(max height

mismatch)b

(%)

tensile strength

(zero height

mismatch)a

(GPa)

tensile strength

(max height

mismatch)b

(GPa)

Young’s modulus

(zero height

mismatch)a

(GPa)

Young’s modulus

(max height

mismatch)b

(GPa)

1 0.60 26 21.4 19.0 0.095 0.099 0.60 0.70

2 0.88 38 9.2 8.4 0.045 0.047 0.55 0.62

3 1.0 32 24.7 20.0 0.039 0.042 0.22 0.29

a Assumed. b Assumed. c Gauge length between two selected particles, not the entire NCA length.
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the external stretching force were reversible, which can be
seen by comparing parts a and d of Figure 7. Such maneuvers
were performed many times with both carbon and SnO2

NCA, and the same reversible NCA network behavior was
observed. This reversibility may shed light on the influence
of NCA as reinforcing fillers in elastomers and the potential
application of NCA films to the fabrication of deformable
electronic surfaces.

Elastomers are characterized by large deformability with
near-complete reversibility. The carbon NCA network in our
study also showed large deformability and near-complete
reversibility, similar to filled elastomers. When these ag-
gregate/agglomerate/networks are within molecular polymer
matrices, their deformations and reversibility probably affect
the behavior of the filled elastomer. They may contribute to
the storage of elastic deformation energy or help cross link
and entangle with polymer chains, leading to improved
stability and reversibility of the filled elastomer.

The reversible aspects of NCA behavior suggest applica-
tion to the fabrication of flexible coatings of materials in
NCA form. For surfaces subject to flexing, NCA coatings
may be able to adjust to the motion of the underlying sub-
strate and return to the original state. Coatings of metal or

metal oxide nanoparticle chain aggregates might assume
greater deformation before breaking than homogeneous metal
films and recover the film structure when the deformation
is removed.

Finally, the combined AFM/SEM system makes possible
quantitative study of the mechanical behavior of nanoparticle
chain aggregates and networks under tensile stress. The AFM
nanomanipulator allows force measurements in the range of
nanonewtons while simultaneously the SEM permits visual
observation of the strain and the diameter of the neck at
which breaking occurred. This permitted the calculation of
the tensile strength, the Young’s modulus, and the contact
force of the NCA. The tensile strength based on measure-
ments with 11 aggregates was 0.15 ( 0.03 GPa. The Young’s
modulus was 0.22-0.70 GPa. This is an effective value for
the chain averaged over the primary particles and the necks
that compose the chain. The reversibility of NCA networks,
which has not been described before, may provide insight
into the mechanism of filler reinforcement in rubber and other
elastomers and the potential application of NCA networks
to the fabrication of deformable electronic surfaces. Future
measurements of interactions between NCA and polymers
may be possible with the combined AFM/SEM system.
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