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ABSTRACT

Nanoparticle chain aggregates are used as reinforcing fillers in elastomers (rubber) and significantly enhance the mechanical properties
(tensile strength, Young's modulus) of elastomers. Insight into mechanisms of the performance of nanoparticle chain aggregates can be
obtained from force vs displacement (force spectroscopy) measurements made with an AFM tip and an aggregate-coated substrate. Distinctive
sawtooth patterns were observed which were interpreted as aggregate stretching and breaking events. Based on the measurements, estimates
of the aggregate nanomechanical properties were made.

Nanoparticle chain aggregates (NCAs) are branched struc-
tures composed of primary particles with diameters ranging
from 1 to 50 nm. They form either during nanoparticle
synthesis in aerosol reactors or in high-temperature combus-
tion processes. Interest in NCAsstemsfrom their importance
in the manufacture of nanocomposite materials such as
reinforced rubber1 and their role in air pollution.2 The use
of NCAsas reinforcing fillers in rubber and other polymeric
materials results in improved mechanical properties including
increased tensile strength and Young' s modulus.1 Although
fillers constitute a significant volume fraction (30- 40%) of
the nanocomposite, the mechanism of interaction between
NCA and the polymer chains is not well understood.3- 6

The scientific community has a deep understanding of
polymer fundamentals and the ability to design polymer
molecules with desired properties. In contrast, much less is
known about NCA properties. However, recent studieshave
provided insight into the mechanisms behind NCA effects.
For example, in the first study of its kind, Friedlander et al.7

found what appeared to beelastic-likebehavior of individual
titania chains deposited on carbon/Formvar films on trans-
mission electron microscope (TEM) grids. Pu et al.8 found
an enhancement in nanocomposite performance when silica
nanoparticleswereembedded in apolymer. Theenhancement
increased when the particles were aggregated. The results

are suggestive qualitatively, although the size and nature of
the silica particle aggregates differed significantly from
commercial reinforcing fillers usually generated by aerosol
processes.

To conduct a better controlled study of the dynamics of
chain stretching and contraction, Suh et al.9 designed and
built a novel nanostructure manipulation device (NSMD)
which made it possible to apply tension to nanostructures
mounted in the TEM. NSMD studies of stretching and
contraction of such chains in the TEM were made under
different maximum values of strain.10,11 Stretching causes
initially folded NCA to reorganize into a taut configuration.
Further stretching either leads to chain breakage with fast
recoil of thebroken segments or to apartial elastic behavior
of the chain at small strains.11 This showed again the elastic
nature of the NCA. However, important mechanical proper-
ties of NCAs, such as the tensile strength and Young' s
modulus, remain to be studied quantitatively.

Thispaper describes forcevsdisplacement measurements
of the interactions of an atomic force microscope12 (AFM)
tip with graphitic NCA deposited on asilicon substrate. AFM
single molecule force spectroscopy (SMFS) has been em-
ployed to investigate the intramolecular forces within
individual polymeric molecules, such as DNA13,14 and
proteins.15- 17 SMFS is an important development of atomic
forcemicroscopy. It extendsAFM'scapabilities to study the
mechanics of inter- and intramolecular interaction with a
precision in thepicoNewton (pN) range. SMFSrelieson the
force- distance curves obtained from a ªfly-fishingº like
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approach where the tip of the cantilever catches single
polymer chains immobilized at one end to a substrate. The
process is usually automated. From the curves obtained, it
is necessary to sort the data and classify the curves into
meaningful pulling events. This often entails the analysis of
several hundred to thousand force curves extracting those
events that correspond to the pulling of a single molecular
strand.

SMFS is well suited to single molecular chains. For
instance, for single polymer chains of PMAA,18 SMFS
enabled theentropic elasticity to bedetermined and thedata
compared with entropic-based statistical mechanical, random
walk models. Unfortunately, major problems arise when
applying the technique to multiple polymer chains. The
reason for the difficult analysis of multiple polymer chains
is that force- distance curves typically recorded in SMFS
rely on an analysis that assumes the data correspond to one
single molecular chain being stretched between tip and
surface. Whiledoubleor triplechainsmight also bemeasured
in the experiment, SMFS is not an imaging technique that
enables the microscopic structure of the stretched polymer
chain to beobserved. Fortunately, in previousstudiesby Suh
et al.10 discussed above that employed a TEM and the
NSMD, the morphology and general characteristics of the
aggregate stretching process have been observed for the
samples studied here (Figure 1a). Using these images as a
general stretching model for theNCAsweareableto perform
force spectroscopy measurements on the aggregates and
interpret the results in light of their well-documented
stretching and breaking process.

TEM nanostructuremanipulation provideshigh resolution
images of the NCA stretching and breaking process, and
AFM force measurements are currently the best way to
determine thedynamic and mechanical propertiesassociated
with this process on the nanoscale. Thus the two methods
are complementary. In this study we report structural and
mechanical data obtained from both methods. The results
have application to the design of nanocomposite materials
including elastomers,1 the sampling and break-up of ag-
gregates by high velocity impaction,19 and, possibly, the
fabrication of deformable electronic surfaces.20- 22

Graphitic NCAs were generated by laser ablation (Figure
1b).23,24 Targets composed 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. The NCAs in the gas exiting the laser
ablation chamber were deposited on a silicon substrate (0.5
mm in thickness and 1 cm � 2 cm in shape, Department of
Physics, University of Karlsruhe) from thecarrier gas, using
a low-pressuresingle-stage impactor25 with anozzlediameter
of 2 mm. The impactor was connected to a critical orifice
with a throat areaof about 0.01 mm2 upstream and avacuum
pump (TRICAC D4B, Leybold Vacuum, Cologne, Germany)
downstream. During ablation, which lasted for 10 s, the flow
rates of the carrier gas into the ablation chamber and the
impactor were 1 L/min and 0.27 L/min, respectively. The

impactor operated at a pressure of 5.5 mbar during deposi-
tion. The aggregate number concentration was about 106/
cm3, measured using adifferential mobility analyzer (DMA)
(TSI, St. Paul, model 3080) and condensation particlecounter
(CPC) (TSI model 3010).

Figure1c showsgraphitic aggregatesdeposited on aTEM
grid. The photo was taken in a TEM (JEOL, model JEM-
100 CX) operated at an accelerating voltage of 100 kV and
a magnification of 100 000. The primary particle size was
10 to 30 nm and the length of the aggregates about 2 í m.
The aggregates deposited on the silicon substrate formed a
dark spot with adiameter of about 2 mm. Theactual surface
deposits used in our AFM measurements were significantly

Figure 1. (a) TEM photo showing the sequential stretching and
breaking of single NCA chains: (i) NCAs deposited between two
separating surfaces,10,11 (ii) stretching and breaking of one of the
chains, (iii) stretching and (iv) breaking of the second chain. The
lower broken part disappeared, probably because it recoiled to the
specimen support. In both (ii) and (iv), thechain brokesomewhere
along its length and did not detach at the support surfaces. (b)
Schematic diagram of the laser ablation system for generating
NCAs. The rotating target was ablated by the laser beam, forming
avapor plume(gray area in the figure). (c) TEM imageof graphitic
aggregatesgenerated by laser ablation. Theaverageprimary particle
size is about 15 nm. The actual surface coatings were significantly
denser than those shown in the figure.
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denser than those shown in Figure 1c. The average surface
number density of the aggregates was about 106/mm2.

Forcemeasurementsweremadewith an AFM (Bioscope,
Veeco Digital Instruments, Santa Barbara) in air at room
temperature. SiN4 triangular cantileverswith spring constants
of 0.06 N/m were used (DNP, Vecco Digital Instruments,
Santa Barbara). Force curves were measured at 5 í m/s and
analyzed using software we programmed using LabView
(National Instruments). To achieve high sensitivity the
microscope was housed on a vibration-isolation air table
insidean acoustic isolation chamber shielded from electrical
noise and thermal drift. The entire system was then placed
inside a soundproof room, and all electronics (computers,
controllers, pumps) werekept in aseparateroom. Thevertical
noise level of the system, determined through standard
procedures, was 0.06 nm (RMS).

Recording TEM images necessitated low NCA stretching
speeds of � 0.2 í m/s, whereas AFM studies required speeds
of 5 í m/s for optimal signal-to-noise ratios. However, AFM
measurements in therangeof 0.5- 50 í m/sshow an expected
increase in the observed pulling forces.26 Nevertheless, no
major qualitative differences in the NCA' s nanomechanical
properties were indicated over this range. Consequently, we
choseapulling speed that optimized signal-to-noiseand high
resolution to identify individual NCA breaking events.
Clearly it would be desirable to combine the observational
capability of TEM with the AFM force-displacement mea-
surements in the same online measurement system to study
the dynamic properties of NCA.

Asshown in Figure2a, theAFM tip isbrought into contact
with thegraphitic aggregate layer on thesurfaceof thesilicon
substrate. One or several aggregates usually bind nonspe-
cifically to theAFM tip. When the tip is raised, theattached
NCAs are pulled up and away from the aggregate deposit
on the substrate (Figure 2b). The force and z-position of the
tip above thesurfaceare recorded and statistically analyzed.

Figure 3 shows a typical force curve measured for NCAs
deposited on a silicon substrate. The force curve was
determined by measuring the deflection of the cantilever as
it approached and retracted from the sample. Multiplying
thedeflection of thecantilever by itsspring constant yielded
the force acting on the cantilever. During the approach
portion of the force curve the net force on the cantilever
remained at zero as it neared the surface before it came into
contact. A sudden increase in force was observed when the
cantilever contacted thesurface; at thispoint the forceacting
on the cantilever began to monotonically increase as the
AFM tip was pushed against the surface. NCAs attached to
the tip were then pulled and stretched, deflecting the
cantilever downward. (In applications to polymers, it is
commonly assumed that the force acts along the polymer
perpendicular to the surface.16 We have made the same
assumption in analyzing the stretching and breaking of
nanoparticle chains as discussed later.)

Figure 3 shows a typical ªsawtoothº profile observed
during retraction. We hypothesize that the sawtooth profile
corresponds to the stretch and sequential breakage/detach-
ment of single aggregates pulled by the tip which is

confirmed by TEM observations that two or more chains
rarely break at the same time (Figure 1a). We have also
captured this behavior on videotape. Other studies10,11

indicate that the graphitic aggregates break instead of being
detached from thesubstrateduring stretching. Thisbehavior

Figure 2. Schematics of the AFM experiment. (a) The AFM tip
is brought into contact with the graphitic aggregate layer on the
surface of the silicon substrate. The deflection of the cantilever in
response to interactions at the tip changes the reflecting angle of
the laser beam striking the cantilever. The angle changes are
measured by the laser light detector. We used SiN4 triangular
cantileverswith spring constantsof 0.06 N/m (DNP, Vecco Digital
Instruments, SantaBarbara). (b) During theapproach period, several
graphitic aggregates may become attached to the tip through a
network structure and be stretched during the tip retraction.

Figure 3. A typical force vs displacement curve recorded as the
AFM tip approaches (gray line) and retracts (black line) from an
aggregate-coated silicon substrate. The light gray curve represents
the force acting on the tip as it moves toward the substrate surface
(step 1), at the contact point (step 2), and while it is indented into
the sample (step 3). The black line is the force acting on the tip as
it moves away from the surface (step 4). On aggregate-coated
surfaces, multiple rupture events forming a sawtooth pattern were
always observed during the retraction portion of the measurement.
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hasalso been observed in previousforcespectroscopy studies
of DNA13,14 and proteins;15- 17 the last rupture event is
conventionally assumed to be caused by a single molecule.
In this case we follow that assumption and attribute the last
rupture event to a single chain aggregate.

The force curve in Figure 3 differs clearly from that
measured on aclean silicon substrate (Figure4 a). In Figure
4a, only one rupture event was observed and was reproduc-
ible in over 1300 measurements. On average we measured
arupture forceof 30.13 ( 7.69 nN (Figure4b), much higher
than the forces observed for the graphitic aggregate measure-
mentsshown in Figure3. Thisevent observed with theclean
silicon substrate is due to attraction between the tip and the
surfaceaswell asattraction due to a thin film of water at the
interface between the cantilever tip and the silicon surface.

We also measured 1300 force curves for NCA deposited
on asilicon substrate. A statistical analysisof thesedatawas
conducted by measuring the force difference between the
bottom and the top of each rupture event and compiling the
data into histograms (Figure 4b,d). All measurements were
made in 1 day with the same tip in order to rule out artifacts
caused by small changes in tip geometry, spring constant,
and environmental factorssuch ashumidity and temperature.
Gathering a statistically significant number of force curves
on the same day with the same tip allows us to make direct
comparisonsof thedataagainst each other and identify trends
in the forcecharacteristicsof thestretching/breaking process.

Figure 4c shows three force vs displacement curves
randomly picked out of the 1300 experiments. In Figure 4d,
the data from 1300 experiments are plotted as a histogram.
Peaks were observed in the distributions of forces at 0.17 (
0.12 nN, 0.37 ( 0.18 nN, and 0.80 ( 0.45 nN. The

mechanismsbehind theobserved trendsarenot yet explicitly
understood, but these forces may correspond to several
processesduring thestretching/breaking, such asdetachments
between aggregates, unfolding and breaking of NCAs. In
previous studies,10,11 we stretched the graphitic NCAs in the
TEM, and the NCA broke when the tensile strength was
exceeded. Hence themaximum measured force (0.80 ( 0.45
nN) may correspond to the breaking of NCA. Based on this
assumption, we can estimate the tensile strength of the
graphitic NCAs as follows.

The tensile strength (TS) is defined as the ratio of the
maximum load a body can bear (Fbreak) before breaking to
the original cross-sectional area (A):

Assuming the aggregate behaves like a wire with a uniform
cross section, the cross section, A, is

where d is the average diameter of the primary particles in
theaggregates, which can beobtained from theTEM image.
Thus,

Thetensilestrength of graphitic NCA isestimated to beabout
4.5 ( 2.5 MPa, which is comparable to bulk values (3- 10
MPa).27

The peaks observed in the distribution of forces at 0.17
( 0.12 nN and 0.37 ( 0.18 nN may be related to other
processes that occur during NCA stretching, such as aggre-
gate detachments and the unfolding of aggregate kinks. The
two peaks may correspond to the detaching and unfolding
forces as follows. (a) Detaching force. Force is needed to
pull oneor moreaggregates from thenetwork or theagglom-
erateon thesubstrate. Agglomeratesareassembliesof aggre-
gates held together by weak bonds that may be due to van
der Waals forcesor ionic/covalent bondsoperating over very
small contact areas.2,28 Aggregatesareassembliesof primary
particles held together by strong bonds, probably ionic/co-
valent in nature. The two peaks occurring at lower forces in
Figure 4d may correspond to the force needed to detach an
aggregate from theagglomerate, which requires less force than
breaking an aggregate. (b) Unfolding force. Graphitic NCA
is an elastic chain, in which force-driven unfolding events
occur during stretching.10,11 Chain kinkson thescaleof a few
particlediametersareprobably straightened by rotation and/
or sliding at particle- particle interfaces, which are relatively
low-energy processes that lead to largechanges in the length
of the chain as kinks straighten. The rotation and/or sliding
process may be lubricated by the fluidity of the material

Figure 4. Typical force curves and histograms measured on bare
silicon and the silicon substrate coated with graphitic aggregates.
(a) A typical force curve on bare silicon measured in the same
way as the force curve in Figure 3. (b) A histogram of the forces
observed in force curves measured on bare silicon in 1300
experiments. The peak in the distribution of forces is at 30.13 (
7.69 nN. (c) Three typical force curves on the graphitic aggregate
surface. (d) A histogram of the forces observed in force curves
measured on the graphitic aggregate surface in 1300 experiments.
Three populations of forces are seen here at 0.17 ( 0.12 nN, 0.37
( 0.18 nN, and 0.80 ( 0.45 nN.
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between some of the particles.10 This process includes
overcoming the force of attraction, which may be van der
Waals in origin, between neighboring particleson thechain.

Theremay beother explanations for different forcedistri-
butions, such as the different primary particle sizes and de-
tailed structuresof each NCA. Satisfactory explanation of the
histogram in Figure 4d requires better understanding of the
structureof graphitic NCAs, thedynamicsof aggregatesunder
tension, and the process of chain stretching in the AFM.

As shown in Figure 5, the slope of the curve during
stretching, which may be related to the overall elastic
constant of theaggregatesunder tension, decreasesgradually
from region A to D. This can be explained by the decrease
in thenumber of aggregatesstretched astheaggregatesbreak
one by one; the last slope, slope D, in the sawtooth region
may show thestretching and breaking of the last singlechain
aggregateand makeit possible to estimatethetensilestrength
and Young' s modulus of a single chain aggregate.

The starting point of slope D may correspond to the
beginning of stretching of the last attached NCA, as illus-
trated by the inset schematics in Figure 5. Therefore, the
distancebetween thestarting point of slopeD and thesurface
of the substrate can be viewed as the original length (L0) of
the last chain. The length change (ä) can be estimated from
the displacement of the AFM tip during the chain stretch.

The Young' s modulus, E, of graphitic aggregates can be
estimated by dividing thestress, ó, by thestrain, � , during the
stretch of the last singlechain. Theslopeof the last breaking
event is constant, consistent with previous TEM studies11 in
which weobserved that for small strains theNCA response is
elastic. Stress isdefined astheproduct of dividing theapplied
load, F, by the specimen' s original cross-sectional area, A.
We have

F can be obtained from the force vs distance curve and A
from eq 2. Strain is calculated by dividing the change in the
chain length, ä, by the chain' s original length L0. We have

Using the force vs displacement curves and eq 5, the
maximum strain of graphitic NCAs in the experiments can
becalculated. Thevaluewasabout 20- 60%, consistent with
the results obtained in previous TEM experiments.11 There-
fore, the Young' s modulus of the chain

where F is the load applied to the chain, L0 and ä are the
original chain length and the change of the chain length,
respectively; d is the primary particle diameter of the
graphitic aggregates. F, L0, and ä can be directly obtained
from the diagram in Figure 5; d can be measured from the
TEM image of graphitic NCAs. Using eq 6, the Young' s
modulusof graphitic NCAswasestimated to be in the range
of 3.0 to 8.8 MPa, much smaller than the bulk value for
graphite (2.1 to 18.6 GPa),29 indicating the graphitic NCAs
are significantly more elastic than bulk graphite. This large
difference in valuesof mechanical propertiesat thenanoscale
has also been observed in other studies, for example, the
comparison of thebulk and nanoscalemechanical properties
of carbon nanotubes.30

In summary, the interaction of an AFM tip with individual
chain aggregates of graphitic nanoparticles deposited on a
silicon substrate was studied. The forces measured by the
cantilever were recorded and statistically analyzed. The
characteristic sawtooth pattern was interpreted as aseries of
stretching/breaking events of the aggregates. Calculated
tensilestrength (4.5 ( 2.5 MPa) based on thesawtooth events
compares well with the literature value. Estimated values of
Young' s modulus (3.0 to 8.8 MPa) of single aggregates are
significantly lower than literature bulk values. This work
reveals a method for determining the nanoscale properties
of single NCAs that has not been described previously and
that lends insight into the influence of their nanoscale
properties on the bulk values of elastomers.
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