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Surface tension effect on the mechanical properties of hanomaterials measured
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The effect of reduced size on the elastic properties measured on silver and lead nanowires and on polypyr-
role nanotubes with an outer diameter ranging between 30 and 250 nm is presented and discussed. Resonant-
contact atomic force microscopyAFM) is used to measure their apparent elastic modulus. The measured
modulus of the nanomaterials with smaller diameters is significantly higher than that of the larger ones. The
latter is comparable to the macroscopic modulus of the materials. The increase of the apparent elastic modulus
for the smaller diameters is attributed to surface tension effects. The surface tension of the probed material may
be experimentally determined from these AFM measurements.
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Materials with reduced size and dimensionality such asroscope head induces the cantilever vibration. By varying
thin films, nanowires, nanotubes, or metallic clusters mayhe frequency of the electric field, the resonance spectrum of
present exceptional properties compared to those of the cocantilevers can be fully characterized while the tip contacts
responding macroscopic materials. Thanks to these particuléine sample surface or not. When the tip is in contact with the
properties, these materials have given rise to a much interesample, the cantilever resonance frequencies shift to higher
Nanomaterials present many different challenges due to thewralues relatively to those of the free cantilever. Several stud-
small size such as their manipulation or the measurement aés demonstrated that the resonance frequency of a cantilever
their physical properties. The developments of scanningn contact with a surface strongly depends on the contact
probe microscopie$SPM’s) allowed the emergence of new stiffness®'’~2°The resonance frequency of a cantilever with
powerful means for material characterization at the microsthe tip in contact with a sample can thus be used to measure
cale and nanoscale. Especially, atomic force microscopthe local stiffness, if the “tip-surface” contact is correctly
(AFM) is widely used to study material* as well as nano- modeled. In the present experiments, the overall deformation
structure mechanical propertig® of the structures rather than contact deformation is respon-

The mechanical behavior of materials at the nanoscale isible for the observed shifts and elastic modulus of the nano-
often different from that at macroscopic scale. Though constructures can be quantitatively determirted.
tinuum mechanics applies when sizes are above the 10-nm Metallic wires and polymer tubes were synthesized using
range, surface effects may control the deformation propera template-based method within the pores of polycarbonate
ties. For structures with micrometer sizes, the mechanicalPC) track-etched membranésSilver and lead nanowires
properties are controlled by the elastic strain energy. At nawere electrochemically synthesized from solutions contain-
nometer length scales, due to the increasing surface-tang respectively AQN@ and Pb(BF),. Nanotubes of a con-
volume ratio, surface effects become predominant and caductive polymergpolypyrrole(PPy)] were electrochemically
significantly modify the macroscopic properties. Althoughsynthesized using the procedure extensively described
some authors recognized that surface effects could play elsewheré:?! To obtain nanomaterials with different outer
major role in the measured properties! few experimental ~ diameters, 2Qsm-thick membranes with pore size ranging
results exist concerning the influence of reduced size on thieetween 30 and 250 nm were used. For such diameters, con-
mechanical properties. Some authors have already proposéduum mechanics models are expected to remain valid.
to include surface contributions through a gradient elasticity After synthesis, the membrane was dissolved by immer-
approach?!® Cammarata clearly distinguishes surface ten-sion in a dichloromethane solution containing dodecyl! sul-
sion and surface energy concepts, which are often misundefate as surfactafft and the suspension was placed in an ul-
stood, and describes the effect of surface tension on the mé&asonic bath durig 1 h toseparate the nanostructures from
chanical properties of thin film¥. From experimental results the gold film previously evaporated on the backside of the
obtained on organic and inorganic nanomaterials, the presentembrane. The suspensions were then filtered through poly-
paper analyzes the size effects on the mechanical propertiggthylene terephthalgtéPET) membranes with pore diam-

Electrostatic resonant-contact AFM was used to determineters ranging between 0.8 angr. In order to remove any
the Young’s modulus of nanotubes and nanowires. Thigontaminant from the nanomaterial surface the samples were
method allows the excitation of the cantilever vibration with- thoroughly rinsed with dichloromethane. To minimize shear
out any modification of it and does not present the classicalleformations in the experiment, the ratio between the sus-
drawbacks and limitations of tapping mode, force modulapended length of the tube or bealm,and its outer diameter
tion, and force-curve measuremeftg® A sinusoidal exter- D should be higher than 1@Ref. 23. To achieve this, each
nal electric field applied between the sample holder and miseries of nanowires or nanotubes synthesized in a template
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- 35 eter. For large diametefs>70 nm for Ag,>100 nm for PB,
g 1407 A Ag I m the measured values are almost independent of the diameter
s 3 O Pb T30 @ and are close to the values reported in the literature for the
91207 I & bulk materials—i.e., 76 GPa for AgRef. 29 and 16 GPa for
3.1 T2 § Pb (Ref. 26. WhenD decreases down to 30 nm, the mea-
8 1007 2 sured elastic modulus continuously increases. The same be-
S 80 5 havior was previously observed for PPy nanotub¥stor
§ D the metallic nanowires with the smallest diameters, the mea-
W gl 4" I g sured modulu's is approximately twice the Young's modulus
T 10 of bulk materials(around 140 GPa for Ag and 30 GPa for
50 100 150 200 250 Pb). For the PPy nanotubes, the effect is even more pro-
Diameter (nm) nounced. The measured modulus increased by more than one

order of magnitude to reach a value about 120 GPaDfor
FIG. 1. Variation of the measured elastic modulus for }&ft  around 35 nm(Ref. 16.
scalg and Pb(right scal¢ nanowires as a function of the diameter. ~ Such an increase may originate from structural modifica-
The solid line corresponds to the elastic modulus of bulk silver andions of the materials for the smaller diameters, though the
the dotted line to the elastic modulus of bulk Pb. elastic modulus is known to be rather insensitive to the de-
fect concentration. Several reasons indicate that this could

membrane with a specific pore diameter was dispersed on"¥t be the case. First, we verified that the same modulus
corresponding PET membrane with a pore diameter satisfy/alues were obtained for PPy samples synthesized at two
ing this criterion. different temperature6-10 and 20 °Q. Indeed, it was pre-
The AFM experiments were performed with an AutoprobeV'°U5|y showe_d that the electrical conduc'qwty of PPy nano-
CP (Thermomicroscop@soperated in air with a 10@m tubes synthesized at lower temperature increases compared
scanner equipped with ScanMaster detectors correcting fdP that of those synthesized at room temperatiighis in-
nonlinearity and hysteresis effects. The cantilevers wer&€ase was attributed to a better alignment and a better struc-
standard SN, Microlevers with integrated pyramidal tips tural perfection of the polymer chams._The fact that we did
(typical apex radius of curvature between 30 and 50 and not o_bserve any effect of the synthe5|s te_mperatur_e for the
with free resonance frequencies around 100 kHz. The moddglastic modulus may rule out this explanation for this latter
lated electric field was applied between the sample holdeProperty. Moreover, AFM images show that the diameters
and AFM head using a function generatagilent Technolo- &€ Very constant along the rods and that their surface is
gies, model 331201 In order to avoid tip displacement on smooth. Therefore the size of the defects is expected to be
the ’ sample surface and to keep resonance peﬂna” compared to the tube diameter. Finally, transmission
symmetricaP* resonance spectra were recorded with Sma@lectron microscopy did not reveal any structural modifica-
peak-to-peak excitation amplitud®The cantilever deflec- tion between the smallest and largest nanotubes or nanow-
tion signal was measured using a lock-in amplifEG&G  'fes- , _ , .
Princeton Applied Research, model SR0Zhe signal gen- As deformation of the beam induces an increase of its
erator command and the data collection from the lock-in am@'€&, surface tension effects may also account for the ob-
plifier were computerized and data analysis was realized userved results. Therefore, a calculatlon_ of the stiffness of the
ing Igor Pro softwardWavemetrics suspended nanotubes due to the elastic modulus and surface
Large-scale images were first acquired to select nanomd€nsion is proposed. As the magnitude of the nanostructure
terials suspended over pores. Then an image at lower scafiéflection was always small compared to its diameter, the
was realized to determine the nanostructure dimensions—theory of small deflections of beams is applied to evaluate
i.e.,L andD. HereD was determined by measurement of thethe contribution of surface effects on the nanostructure
€., . _ 8 "
height relatively to the supporting membrane to avoid tipSt'ﬁ”es,Sz- The boundary conditions of the sng:spended
artifacts. The inner diameté,, of the PPy nanotubes was nN@nowires and nanotubes were previously determinaad
estimated using a previously established calibration curv&0'respond to those of clamped-ends beams. Assuming a
relating the outer and inner diametérs. force F applied at the beam midpoint and inducing a deflec-
The AFM tip was then located at the midpoint along thef“on 6, an expression for the total energlyof the bent beam
suspended length and resonance spectrum of the cantilever'fh
contact with the nanowire or nanotube was measured. Before 1
each measurement, the normal force applied by the cantile- U=—F&+ Ekt52+ yOAL(1-v), 1)
ver was canceled by zeroing its vertical deflection so that
only adhesion and electrostatic forces were applied. Thevherek, is the beam elastic stiffnes®,is the contour length
measurements were performed on series of Ag and P#fits sectionAL its length variationy is the Poisson’s ratio,
nanowires and PPy nanotubes with diameter ranging from 3@nd y is the surface tension of the material. For these
to 250 nm. The elastic modulus was deduced from the mealamped conditions, the elastic stiffnes&is
sured nanotube stiffness as described elsewfiere.
In Fig. 1, the measured values of the elastic modulus of " _19=E| 2
Ag and Pb nanowires are reported as a function of the diam- T
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whereE is the material Young’s modulus aridhe moment 400 4
of inertia of the section. In relatiofil), the first term is the 1 @ Experimental data
work of the applied force, the second one represents the elas- a00 1 — Linear fit

tic deformation energy of the bent beam, and the third one 1
corresponds to the deformation energy of the surface result- ]
ing from beam extension. The bending of a beam with both
ends clamped, so that no longitudinal displacement at the
ends is possible, results in an extension of its length and, I
hence, in an increase of the surface. The energy term dealing 100 1
with the surface increase takes into account the compressibil- 1
ity v of the material. For slight bending, the extension of the

bent beam is given by 00 0.1 02 03 04

Koppl/D (N M)
N
(&)
o
1

1 (L D*/1? (nm)
AL= —f y' (x)2dXx, (3

2Jo FIG. 2. Product of the apparent stiffness dri® of Ag nanow-
ires as a function ob3/L2. The solid line represents the fit of the

wherey(x) is the deflection curve of the beam with a con—gxpenmental daté®) based on relatiofs).

centrated load applied at the midpoint of the suspende

length?® Due to linearity, the surface deformation energy . Eq.(8), reporting the apparent stifiness multiplied
term has a quadratic dependence on the central deflectio :

B 2 .
giving rise to an additive surface contribution to the beamBy L/D versus the geometrical paramefet/L° should give

tiff A first imati it d that th a linear relation. A nonzero intercept with the ordinate axis is
stilinéss. As a irst approximation, 1t 1S assume a eexpected to be due to the surface tension contribution. This is
usual deflection curve of a clamped beam is not affected b

the surface tension contribution. For clamped boundary c0n¥3hown in Fig. 2 for Fhe Ag nanowires. Linear regression
ditions. the beam extension caﬁ be easily calculated and ea_llows the determination of the elastic modulus and surface
’ fension. For Ag, the so-obtained elastic modulus is equal to
pressed as 67.5+ 2.1 GPa comparable to the value of the modulus of
12 &2 silver[76 GPa(Ref. 25]. The same analysis of the results on
L= 5T (4) the Pb nanowires leads to a value of 16®8 GPa compa-
rable to the modulus of PL6 GPa(Ref. 26]. The regres-
Introducing relation(4) into relation (1), the following ex-  sions give also access to the surface tension of the probed
pression for the total energy of the bent beam is obtained: materials knowing their Poisson’s ratio. The value of the
surface tension for the Ag nanowires was of 3.09

1 > +0.33 Jm 2, determined with a Poisson’s ratio of 0.@ef.
U=—Fot5(katks) o, ®) 29). For the Pb nanowires, a value of 0:98.21 Jm 2 was
obtained using a Poisson’s ratio of 0.@Ref. 30.
where In the case of nanotubes, the apparent stiffness and tensile
24 O modulus are given by the expressions
SRR D*-D% 24 D+D;,
From the equilibrium condition, an apparent stiffness of the Kapp=37E R 3777(1 V) L (10
beam,k,pp, can be defined:
8 , D+Di,
Kapp= Ke+Ks. (6) Bapp= E+ g v(1-w)L Di_D* (11
n

If the apparent stiffness is interpreted as only due to elastic ) . ] )
properties of the material, an apparent elastic modulus can be Using relation(10), the fit of the experimental data from

deduced from the measured stiffness as was assumed in Ffgef- 16 gives a value of 0:60.3 GPa for the elastic modulus
1 to interpret the experimental data: of PPy. With a typical value of the Poisson’s ratio for poly-

mers of 0.4(Ref. 3)), a value of 0.33:0.01 Jm ? is deter-
mined for the surface tension. The obtained value for the
app— 19_2|kapp: E+707(1— e (7)) modulus is comparable to that reported in the literature for
PPy films though somehow low¢t.2 and 3.2 GPa for PPy
For nanowiresp = D andl = wD*/64. Expressionés) and films) 3232
(7) become In contrast to liquids, surface energy and surface tension
4 refer to two different concepts in the case of solids, which
D 241 D . J4:3 . ,
Kapp=37 5 E+ — ¥(1—-v) —, (8)  are often misunderstood.™ Surface energy is defined as the
L 5 L reversible work per unit area needed to create a new surface.
On the other hand, surface tension or surface stress is the
reversible work per unit area needed to elastically stretch a
preexisting surface. In our AFM experiments, as the sus-

L3 L?
E

8 L?
Eapsz-i-g'y(l—V)ﬁ. 9
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pended nanomaterials are deformed, the surface tension éver, expect that only small numerical factors will modify
solicited. It should be noted that there are very few experithis ratio, leading to comparable geometrical effects.

mental measurements of surface tension and most values re- The ratio between the apparent elastic modulus of the
ported in the literature arise from theoretical calculationssmallest nanomaterial and the corresponding macroscopic

These calculations predict that surface tension values are gfodulus of the material is much larger for the PPy nanotubes
the same order of magnitude and slightly higher than thahan for the metallic nanowires. In both cases, surface effects
surface energy valué$. explain the increase of the apparent elastic modulus. The

Wassermann and Vermaak have experimentally detefarger effect in the case of PPy nanotubes is essentially due
mined the surface tension value for silver from the measurel© the intrinsic lower elastic modulus of the material rather

ment of the lattice contraction in small Ag spheres as a func%t‘k?n t?l téwef actidmonal t'nr;.er sufrffacte eX|st|ntgb|n n"l’mé’tUbtef'
tion of their radius by electron diffractioft. The obtained ough detect concentration eliects cannot be ruled out to

value for the surface tension was equal to 14130 J m 2 explain the apparent modulus increase observed in our ex-
at 55°C. This value is similar to the present result (3 ngenmental data, we suggest that surface tension is mainly

+033Jm2). T knowled d able f responsible for the observed increase.
+0.33Jm’). To our knowledge, no data are available for " concjusion, the elastic modulus of metallic nanowires

the surface tension of Pb and PPy. It can, however, be NQjng holymer nanotubes with diameters ranging between 30
ticed that the obtalzped surface tension values (BO21 514 250 nm was measured using resonant-contact AFM. For
and 0.33:0.01Jm L respectively, for Pb and PPyare e smaller diameters, the measured elastic modulus signifi-
comparable to published values of the surface eﬂé@b@f cantly differs from that of the bulk materials. Calculation of
tween 0.5 and 0.6 J m for Pb(Ref. 36 and 0.145 Jm*for 5 apparent elastic modulus taking into account the surface
PPyCI(Ref. 37 films]. o _ , _ effect shows that the observed increase of the elastic modu-
From relations(2) and(5), it is possible to derive a ratio |5 with decreasing diameter is essentially due to surface
that could be used to predict the onset of the surface tensiqgnsijon effects. This model allows the calculation of the in-
effects. For nanowires, this ratio between the surface stiffynsjc elastic modulus and the surface tension of the probed
nessks and tensile stiffnesk; can be expressed as material from the measured apparent modulus. For Ag
k. 8 v L2 nanowires a fairly good agreement is obtained with the val-
5_9Y —(1- ). (12) ues published in the literature. In summary, we showed that,
in the case of metallic nanowires and polymer nanotubes, the
When this ratio is larger than 1, surface tension effectsg:fgﬁafe i?]l;lhheencs:lejgatzi t?n\églsuurpee dr?ntlg dﬁ:hhsdsﬁée?ﬁggpi'z\ﬂe
prevail. It is important to notice the dependence of this r"’Itiomeas?ﬁ/ements of it enables the evaluation of solid surface
on the geometrical dimensions of the probed nanostructur(?.ension
Depending on the suspended length, surface effects may '
arise for different diameters. Moreover, this ratio is estab- The authors gratefully acknowledge Dr. J.-P. Airaed
lished for a specific geometry of solicitatidgolamped ends, Professor D. Johnson for invaluable discussions. They ac-
central solicitation and therefore it is not an intrinsic mate- knowledge the FRFC and IUAP-V-P03/11 program for fi-
rial quantity. In others tests, surface tension effects couldhancial support. S.C. was financially supported by the FSR
show up for different geometrical conditions. We can, how-of the UCL. B.N. and S.D.C. are supported by the FNRS.
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