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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

(a) (b)

Figure 3.8. (a) Electrical resistance of PDMS-Ni composite as a function of the applied
compression rate and (b) time variation of PDMS-Ni composite resistance under di�erent
uniaxial applied pressures.

thick sample with a 10:1 PDMS composition and nickel content of 500 phr.

Reusability of the material and repeatability of the measurements are fundamental if the

composite should be used for sensor applications. Therefore it was tested how the electrical

resistance of the samples varies during ten cycles of compression and decompression from 0

to 2 MPa. Fig.3.9(a) reports the values of resistance obtained at the maximum compression

reached during every cycle from a 2 mm thick sample with a 10:1 PDMS composition and

nickel content of 500 phr, while Fig.3.9(b) shows the complete variation during all cycles.

The elastic behaviour of the material allows the composite to completely recover the initial

form and particles arrangement after every cycle, restoring the resistance value for the insu-

lating state. In contrast the maximum compression value shows some variation during the

whole measurement, there is a slight increase probably due to hysteresis phenomena during

the compression and decompression cycles. The four curves in Fig.3.9(a) evidence how the

e�ect of material creep increases raising the compression velocity and that faster rates re-

sult in higher values of resistance when the composite is compressed, as already reported in

Fig.3.8(a).
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

(a) (b)

Figure 3.9. (a) Maximum resistance values of PDMS-Ni sample obtained for 10 cycles of com-
pression and decompression at di�erent compression rate and (b) time variation of the elec-
trical resistance of PDMS-Ni composite during 10 cycles of compression and decompression
at a velocity of 0.2 mm/min (1 mHz).

3.5 Comparison of experimental and simulated piezoresistive

response

A detailed analysis of the pressure sensitivity dependence of the PDMS-Ni composite on

composition, shape and dimension allowed a selection of the best con�guration for pressure

sensor application. The composite with nickel content of 500 phr and PDMS copolymer-

curing agent 10:1 was selected to achieve the best compromise between piezoresistive re-

sponse and easiness in the fabrication process. The metallic �ller amount corresponds to

the 50% of the total volume and thus the material maintains a high deformability, even if

the quantity of metal particles is elevated. In contrast the 550 phr composites were sti�er

and di�cult to prepare because of the high metal volume.

In order to compare the experimental functional response under compressive pressure

with the theoretical model elaborated from those proposed by Zhang [7] and Lantada [8],

samples with a footprint of 10x10 mm2 and a thickness of 1 mm were prepared. All the pre-

pared composites presented an insulating behaviour in the uncompressed state with a value

higher than 1 G
 con�rming the absence of conductive paths. While under compression the

resistance strongly decreased even below 1 
 for pressure up to 2 MPa. Functional charac-

terization of a sample with an initial value of 14 G
 and a variation of resistance up to 9
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

Figure 3.10. Comparison between the experimental and theoretical values of the elec-
trical resistance of PDMS-Ni composite as function of compressive pressure. The theo-
retical values were obtained from equations (2.17) and (2.19), corresponding to Zhang
and Lantada models respectively.

orders of magnitude are shown in Fig.3.10. In the same graph the resistance values obtained

experimentally are compared with the data obtained from the simulation performed with

equations (2.17) and (2.19). Both the models agree with the experimental data, especially

with the one proposed by Lantada, which contains less approximations with respect to the

Zhang's model. The trend con�rms that the conduction mechanism is based on quantum

tunnelling e�ect. Some deviations, in particular at higher compression, can be observed

and attributed to the approximation used for the computation of the interparticle distance

without mechanical deformation. In fact, the nickel particles have a spread distribution of

dimension and their shape is not spherical, but presents a highly irregular surface. Moreover,

slight variations of this parameter induce large changes in the results obtained from both

the models.

Similarly sheets of PDMS-Ni composite with 1 mm thickness, 6 mm width, and a length

of 40 mm were used for the piezoresistive analysis under tensile pressures. The samples pre-

sented again an insulating behaviour in the undeformed state (>100 G
) and experienced

a decrease of electrical resistance of almost 10 orders of magnitude over a pressure range of

2.5 MPa, even if the larger variation was registered before 0.5 MPa. The comparison be-

tween the experimental data and the values obtained from the proposed theoretical model

are shown in Fig.3.11. At low pressures there is a good agreement between the experimental
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

Figure 3.11. Comparison between experimental and theoretical values of the electrical
resistance of PDMS-Ni composite as function of tensile pressure. The theoretical values
were obtained from equation (2.25).

and the theoretical values obtained from equation (2.25). Upon increasing the tensile stress,

the discrepancy between the two curves increases. This e�ect is mostly due to a change in

the mechanical behaviour of the composite. Since the theoretical model depends on em-

pirical parameters, such as Young's Modulus, the trend of the materials sti�ness a�ect the

model prediction. Indeed a minimum in the tensile modulus vs. pressure curve at 1.5 MPa

causes an increase in the value of the electrical resistance computed with the theoretical

model at the corresponding pressure. On the contrary this trend was not observed in the

experimental measurement.

3.6 Mechanical characterizations

The mechanical properties of PDMS-Ni composite (500 phr) were tested and compared

with the values obtained from samples of pure polymer. Some fundamental �gures of merit

are reported in Tab.3.2. The dimensions of the samples were chosen according to the spe-

ci�c mechanical characterization measurements. The �dog bone� samples for tensile modulus

analysis were prepared in accordance with the UNI 6065:2001 standard. The samples used

for compressive modulus analysis were prepared with a square footprint of 10x10 mm2 and
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

a thickness of 1 mm in accordance with UNI ISO 7743:2008 standard.

Determining the mechanical performance is fundamental not only for structural mate-

rials, but also for functional ones and for their integration into more complex systems i.e.

sensors and smart devices. For example in tactile sensors the knowledge of the mechanical

properties of the functional material is crucial for the design of electrodes, for the mechanical

coupling with the support material and for the interaction with the environment and other

components.

From the mechanical point of view, the most important aspect of elastomeric reinforce-

ment is the nature of the bonding between the �ller particles and the polymer chains [9].

One factor which is directly related to the adsorption of polymer chains onto �ller surfaces

are changes in the distribution of end-to-end vectors of the chains. The volume taken up by

the �ller particles causes related changes in the mechanical properties of the polymer host

matrix. An e�ect of the particle presence is the increase of the dimensions of the polymeric

chains when the �ller particles are smaller with respect to the dimensions of the network

chains. On the other hand, particles that are relatively large tend to reduce the chain di-

mensions [10].

The �ller size is only one of several parameters a�ecting the overall mechanical charac-

teristics of a composite system. The �ller type, shape and amount, as well as the e�cient

coupling of �llers and polymer matrix, strongly in�uence the mechanical properties of the

composites. Physical quantities such as compressive or �exural strength, hardness and

Young's modulus improve as the �ller content increases. At the same time the polymeriza-

tion shrinkage decreases. However, in some cases an optimum value can be achieved at a

certain �ller volume-fraction and then declines upon any further increase of the volume �ller

fraction [11]. Several empirical or semi-empirical equations have been proposed to predict

SAMPLE PDMS PDMS-Ni
Tensile modulus (MPa) 1.64 � 0.05 8.34 � 0.82
Ultimate tensile strength (MPa) 4.45 � 0.42 3.19 � 0.84
Ultimate tensile deformation (%) 146 � 8 26 � 4
Compressive modulus at 10% (MPa) 1.48 � 0.24 6.18 � 1.07
Compressive modulus at 20% (MPa) 1.56 � 0.13 8.83 � 1.61
Dynamic modulus (MPa) 2.99 28.98

Table 3.2. Mechanical properties of PDMS-Ni composite and pure PDMS samples.
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

the mechanical properties of polymer composite materials [11].

In the composite samples of the present work, where the particle �ller aspect ratio is

small, such as for spherical particles, the elastic modulus depends on the modulus of the

components and on the particle loading. Therefore the measured composite moduli are en-

hanced by adding particles to the elastomeric matrix since the modulus of Nickel particles

is much higher than the PDMS matrix one.

The Young's modulus is the sti�ness (the ratio between stress and strain) of a material

at the elastic stage of a tensile/compressive test. Since Young's modulus is measured at

relatively low deformation (as suggested by UNI ISO 7743:2008 in correspondence to 10 and

20 percent of compressive deformation) there is insu�cient deformation to cause interface

separation. Thus, the interface adhesion between the nickel �ller particles and PDMS poly-

mer matrix does not conspicuously a�ect the elastic modulus.

Otherwise, ultimate tensile strength (de�ned as the maximum stress that the material

can sustain under uniaxial tensile loading) strongly depends on the stress transferred be-

tween the particles and the matrix. For well-bonded particles, the applied stress can be

e�ciently transmitted from the matrix to the particles. However, for poorly bonded micro-

particles, strength reduction occurs by increasing the �ller amount [11].

Although the high surface area of spiky nickel particles guarantees an e�cient stress

transfer mechanism, in Tab.3.2 is possible to observe a slight reduction of the composite

ultimate tensile strength value in respect to the pure PMDS one and a relative marked

reduction of the corresponding ultimate deformation at break.

3.7 Electrical characterization

Current-voltage measurements were carried out on the PDMS-Ni composite in order to

investigate the more suitable voltage range to be used for sensor applications. The compos-

ite presented non-linear characteristics strongly dependent on the applied voltage and on

the deformation. The graphs in Fig.3.12 show the current-voltage characteristics measured

from -20 V to 20 V at di�erent compressive pressures. At low applied pressure, the current

has an exponential trend that is typical of a tunnel barrier [12].

Upon increasing the deformation, the current is expected to increase because of the

reduction in the interparticle distance and still having an exponential dependence on the
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

Figure 3.12. Current-voltage characteristics between -20 and 20V at di�erent applied com-
pressive pressures from 0 to 2 MPa.

voltage. In contrast after a certain voltage value the current decreases, until inverting the

behaviour and obtaining a negative slope. The current inversion point moves to low volt-

ages while increasing the compressive pressure on the samples and hence the conductivity.

Fig.3.13 shows a current inversion point variation from 18 V to 3 V while increasing the

pressure from 0.75 MPa to 2 MPa. This phenomenon could be attributed to an accumulation

of charges on the surface of the metal particles. The electrons cannot tunnel in the direction

of the current �ow, because of larger gaps, thus they are accumulated on the particles and

cause an increase in the local electric �eld [1]. This enhancement induces a rising in the

height of adjacent potential barriers thus decreasing the conductivity of the sample. The

negative slope in the I-V curve is reached when a su�cient number of tunnel gaps (therefore

also the tunnelling paths along the samples) are blocked to compensate the increase in the
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3 � Spiky nanostructured nickel particles as �ller of composites showing tunable electrical conductivity

Figure 3.13. Current-voltage characteristics between 0 and 20 V at di�erent applied
compressive pressures from 0.75 MPa to 2 MPa. The current inversion point of each
curve is showed by the arrow.

tunnelling probability with the corresponding voltage. The current has to be necessarily

high to inject enough trapped charges in the sample and to maintain or increase them.

The current-voltage characteristics also showed a dependence on the initial voltage value.

This behaviour was observed by applying an increasing voltage ramp to the sample and then

a decreasing one, as shown in Fig.3.14. The plotted curves, collected from -20 V and 20 V

and from 20 V and -20 V on a sample compressed by a pressure of 1.5 MPa, are symmet-

ric with respect to the origin. At the beginning of the measurement, the current �owing

in the sample is very high (above 1.5 A which is the limitation of the instrument), but it

instantaneously decreases because of the trapping charge phenomenon. Upon reducing the

voltage (in absolute value) the e�ect of the charges decreases till the exponentially trend of

the current is restored. Moving beyond the zero voltage, the current continues to rise by

increasing the electric �eld, until the distribution of charges on the surface of the particles is

restored. The value of the current (and therefore the voltage value) corresponding to these

charging phenomena are higher than the discharging ones.

The basic unit of this composite material is the tunnel junction composed by the insu-

lating dielectric material, the PDMS, placed between two electrical conductors, the metal

particles. Then a capacitance value can be attributed to the barrier, depending on the dis-

tance between the particles, the cross sectional area of tunnelling and the dielectric constant
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Figure 3.14. Current-voltage characteristics between -20 V and 20 V obtained with positive
and negative voltage ramps. The applied constant pressure on the samples was 1.5 MPa.

of the polymer. Since the composite sample is constituted by a countless number of tun-

nelling junctions, it can be modeled as a circuit composed by a parallel of a variable resistor

and a variable capacitor both dependent on the applied pressure. To con�rm this model

the equivalent circuit of the composite was characterized by applying a triangular voltage

waveform signal with peak amplitude of 25 V at di�erent frequencies and with various com-

pressive loads. In the case of samples simply in contact with the electrodes (pressure below

10 kPa), at low frequencies the current followed an exponential trend, showing the resistive

behaviour of the composite material (i.e. in the equivalent circuit the current �owing mostly

in the resistor). Upon increasing the frequency, the contribution of the capacitance became

more and more important till completely covering the e�ect of the resistor at 100 Hz by

returning a square wave as current signal (current �owing in the capacitor). By compressing

the sample, the contribution of the capacitance decreased and the resistance behaviour got

even more predominant, because the decreasing of the interparticle gap increases the tun-

nelling current. Evidences of this phenomenon are shown in Fig.3.15. The plotted current

signals were obtained by applying a triangular waveform to the samples at 100 Hz and 1

kHz and varying the pressure up to 0.25 MPa. Above this compression the capacitance

contribution was not signi�cantly appreciable.
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(a) (b)

Figure 3.15. Current-voltage characteristics for di�erent applied compressive pressures ob-
tained with a triangular voltage signal at a) 100 Hz and b) 1 kHz.

3.8 Electrical and functional response at di�erent tempera-

ture

Thermal expansion is a prominent e�ect in elastomeric polymers [13]. Dow Corning

declares a linear thermal coe�cient for Sylgard 184 as high as 3.1x10� 4K� 1. The in�uence of

the temperature on the PDMS-Ni composite is directly linked to the interparticle separation.

By increasing the temperature, the insulating layer between the metal particles expands

and the probability of tunnelling decreases. The nickel particles also su�er from thermal

expansion when heated up, but the e�ect is too small compared to the PDMS one that it

can be neglected. Evidence of this phenomenon can be observed in Fig.3.16. For these I-V

measurements the temperature was varied from 50 � C up to 175 � C keeping the compressive

pressure on the sample constant at 0.75 MPa. Similarity can be found between these graphs

and the current-voltage characteristics as function of applied pressure presented in Fig.3.12

since both the temperature and pressure modify the thickness of the PDMS layer. Indeed

an increase in temperature modi�es the I-V characteristics in the same way as a decrease in

the sample compression.

Since there is a temperature dependence in the I-V characteristic even the piezoresistive

behaviour of the composite material is subjected to changes. The analysis was performed

by evaluating the electrical resistance of the composite varying the uniaxial pressure from

0 to 2 MPa. The measurement was repeated at di�erent temperatures, ranging from 25 � C
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(a) (b)

Figure 3.16. Current-voltage characteristics at di�erent temperatures for a �xed applied
compressive pressure of 0.75 MPa.

to 175 � C with a step of 25 � C. Fig.3.17 shows the values of electrical resistance plotted as

a function of the temperature for �xed pressures of 0.5, 1, 1.5 and 2 MPa. As expected the

materials shows a PTC (Positive Temperature Coe�cient) e�ect or rather the resistance of

the composite is increasing exponentially heating up the samples, according to the tunnelling

mechanism of conduction.

Figure 3.17. Electrical resistance as function of temperature and uniaxial pressure.
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Chapter 4

An innovative PDMS-copper

piezoresitive composite for �exible

tactile sensor

In this chapter is presented the preparation and characterization of composite material

based on multi branched spiky copper particles dispersed into silicone matrix for piezore-

sistive tactile sensor application. The material showed giant variation of electrical resis-

tance under the application of both compressive and tensile forces with a sensitivity tunable

with variation on the process parameter as �ller amount and sample thickness. This phe-

nomenon is promoted by the characteristic shape of the particles, presenting multi-branched

microstructures covered by very sharp nanometric spikes on the surface. Furthermore this

morphology helps the polymer to intimately coat the �ller, avoiding physical contact be-

tween close particles and resulting in an insulating electric behavior when no mechanical

deformation is applied to the specimens. When the samples are subject to a compressive

strain, the gap represented by the insulating layer between the metal particles is reduced,

thus causing an exponential increase of the probability for the electrons to tunnel between

neighbouring particles. As a consequence, the electrical conduction of the specimens in-

creases of several orders of magnitude. In contrast under the application of a tensile stress,

the gaps between the particles in the direction parallel to the force increases, while the

interparticle layers on the perpendicular axes are reduced guaranteeing a decreasing of the

whole electrical resistance of the sample.
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4.1 Preparation of the composite

The copper powder used for this work was supplied by Pometon Ltd. (Type LT10). The

synthesis process is similar to the one employed for the preparation of the nickel-based com-

posite. The functional material was prepared by dispersing the conductive particles in the

PDMS copolymer and gently mixing at room temperature, in order to avoid the disruption

of the tips at the particle surface. Then the PDMS curing agent was added to the blend and

the obtained paste was then mixed manually again, poured in Poly(methyl methacrylate)

(PMMA) moulds, fabricated by milling techniques, and outgassed under vacuum for 1 hour

at room temperature. After all the air bubbles were eliminated, the mould was clamped

between two PMMA plates in order to obtain �at surfaces and the composite was thermally

cured at 75 °C for three hours.

Tab.4.1 reports the combinations of thickness and �ller amount exploited for the PDMS-

Cu composite. The quantity of copper particles ranges from 150 to 250 parts per hundred

resin (phr), because lower quantities do not exhibit piezoresistive properties in the investi-

gated pressure range, while highly �lled composites were di�cult to process and cure.

The PDMS composition investigated was only the 10:1 copolymer-curing agent weight

ratio, because on the basis of the observation reported in chapter 3 on nickel-silicone compos-

ites it guarantees an optimum sti�ness for the sensitivities requested in tactile applications.

In fact the mobility of the copper particles inside the elastomeric matrix directly a�ects the

piezoresistive behaviour of the composite. The probability of tunnelling of the electrons in-

creases when the insulating polymeric layer placed between two closed particles is deformed

and thinned by the external load. Since we used a bi-component PDMS, the Young's mod-

ulus of the obtained composite can be tuned by varying the copolymer-curing agent ratio

[1]. Then the sensitivity of the �nal material to the applied pressure would be lower for

compositions with a higher content of PDMS curing agent with respect to the reference

value (10:1 PDMS copolymer:PDMS curing agent), since a more cross-linked polymer with

higher sti�ness would be obtained [2].

This e�ect is further enhanced in composites with a lower content of copper particles,

because the thickness of the polymeric layer among metal particles increases.

73



4 � An innovative PDMS-copper piezoresitive composite for �exible tactile sensor

Thickness Copper content
0.5 mm 150, 200, 250 phr
1 mm 150, 200, 250 phr
2 mm 150, 200, 250 phr

Table 4.1. Variation of process parameters for the preparation of PDMS-Cu composite samples

4.2 Structural and morphological analysis

FESEM micrographs acquired on the as-received copper powder showed particles in the

range of 10-20 � m, having a highly irregular surface. The particles present multi-branched

microstructures covered by very sharp spikes (up to a few micrometers in length), as shown

in Fig.4.1.

FESEM characterizations on the cured composite showed that the mechanical mixing

step assures a uniform distribution of the metal particles inside the polymer matrix, avoiding

the formation of large aggregates and without signi�cantly changing the surface roughness

(Fig.4.2). Every conductive �ller is uniformly and completely coated by the polymer that

follows the particle morphology (as shown by the trace of a copper particle in Fig.4.2(a)

removed during the cutting in the FESEM preparation). In this way closer particles do not

touch each other guaranteeing an insulating behaviour (100s of M
 up to some G
) in its

undeformed state even if the metallic loading is elevate (around 50% in volume).

4.3 Functional characterization under compressive pressure

As similarly reported for nickel-based composite, the functional properties of PDMS-Cu

composite are also strongly dependent on the PDMS composition (as already described in

section 4.1), on the metal �ller content and on the sample �nal thickness.

Since the functional material is composed by a metal part and a polymer one, the varia-

tion of their mutual concentrations tunes the composite piezoresistive response, consequently

modifying the sensitivity of the �nal sensor. Higher metallic �ller quantity leads to a higher

pressure sensitivity since the tunnelling gap between neighbouring particles in the unde-

formed state is smaller than in composites with a lower metallic content (i.e. decrease the

thickness of the potential barrier). This gap is further reduced when the sample is com-

pressed. An example of the functional response of the PDMS-Cu is shown in Fig.4.3 for
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(a) (b)

Figure 4.1. FESEM images of copper powder at di�erent magni�cations. The scale bars
correspond to (a) 4 and (b) 10 � m

(a) (b)

Figure 4.2. FESEM images of PDMS-Cu composite. The scale bars correspond to 10 � m

samples with a thickness of 1 mm. All the compositions exhibit an insulating behaviour

without any applied load. The electrical resistance of the undeformed sample is higher than

100 M
, con�rming that the copper particles are completely covered by the polymer, as

already observed with FESEM analysis, and there are no conductive paths inside the com-

posite.

Under the application of a compressive pressure the resistance of the samples decreases

of several orders of magnitude. At 2 MPa the sample of 250 phr su�ers a variation of around
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Figure 4.3. Comparison between the experimental and theoretical values of the elec-
trical resistance of PDMS-Cu composite as function of compressive pressure and of
copper particles content. The theoretical values were obtained from equation (2.19),
corresponding Lantada model.

eight orders of magnitude while the 200 phr composition of seven orders and the 150 phr of

just three. The comparison of the functional response of the di�erent composites with the

behaviour computed with equation (2.19), reveals that the theoretical model well predicts

the piezoresistive response of the material for all the range of applied pressure.

As already stated in chapter 2 piezoresistive materials can be analyzed and compared

by evaluating their piezosensitivity and strain sensitivity. For the composite presented in

Fig.4.3 the calculated piezosensitivity was 0.0109/kPa for the 250 phr sample, 0.0061/kPa

for the 200 phr and 0.0037/kPa for the 150 phr one. These values are in line with piezore-

sistive composites made with PDMS or epoxy resin using nickel particles as �ller [3, 4]. The

strain sensitivity (gauge factor) values calculated for the 250 phr, the 200 phr and the 150

phr samples were 48, 42 and 27, respectively. These gauge factors are higher than the values

found for polymer composites prepared with zinc particles or other copper particles (� 30

or lower) [5, 6], but lower than those found for nickel based composites (� 200) [3, 6], where

the metal content is higher. The correlation between piezosensitivity and gauge factor is the

elastic modulus of the functional material, hence a composite with low gauge factor could

have a high piezosensitivity that is more interesting for our purpose of fabricating a tactile

sensor array.
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(a) (b)

Figure 4.4. Piezoresistive response under compressive pressure as function of sample thick-
ness of PDMS-Cu composites prepared with (a) 200 phr and (b) 250 phr copper content.

Shape and size of the copper-PDMS composite sheet are other fundamental parameters

able to a�ect the piezosensitivity of the sensor. In Fig.4.4 the functional responses of 10x10

mm2 PDMS-Cu composite samples fabricated with 200 phr and 250 phr composition with

di�erent thicknesses (0.5, 1 and 2 mm) are reported. The composite material presented

a highly nonlinear relationship between resistance and thickness. The deformation of the

samples is in fact strongly dependent on the initial condition of shape, dimension and compo-

sition, while the composite resistance in the undeformed state is the same for any thickness.

The value of resistance in the undeformed state is the same for all the specimens, while un-

der compression the pressure sensitivity is much higher for thinner samples. To support this

statement, the values of piezosensitivity and gauge factor for all these composite samples

are reported in Tab.4.2.

4.4 Functional characterization under tensile pressure

Variation of electrical resistance of the material was registered also under the applica-

tion of a tensile force. For these measurements the composite was prepared in strips 5 mm
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Composition Thickness Piezosensitivity Gauge factor
200 phr 0.5 mm 0.0090/kPa 41
200 phr 1 mm 0.0061/kPa 42
200 phr 2 mm 0.0039/kPa 35
250 phr 0.5 mm 0.0173/kPa 36
250 phr 1 mm 0.0109/kPa 48
250 phr 2 mm 0.0059/kPa 38

Table 4.2. Piezosensitivity and gauge factor of the PDMS-Cu composite samples
presented in Fig.4.4

wide, 40 mm long and 1 mm thick. When elongated in one direction, the strip of compos-

ite contracts in the directions perpendicular to the applied pressure by keeping the volume

constant. This would result in a thickening of the interparticle layers in the direction of the

applied force and a reduction of the gaps between the particles in the other two directions.

Since the copper particles are randomly distributed along the material and are not perfectly

aligned on planes, a deformation in the direction perpendicular to the force would mean a

redistribution of the particles in the composite that can create tunnelling paths along the

samples. Then the resistance of the strip would decreases exponentially with the applied

tensile deformation by following the tunnelling conduction mechanism. Evidences of this

phenomenon are reported in Fig.4.5(a) where a strip of composite prepared with 250 phr

composition was cyclical elongated and then relaxed at di�erent percentages, starting mono-

tonically from 10% up to 40%.

With respect to the PDMS-Ni, the copper-based composite presented an interesting

phenomenon during these characterizations. After the �rst deformation, the following mea-

surements show an enhancement of the electrical resistance circa in correspondence of the

end of the previous applied deformation. This behaviour is attributed to the presence of the

Mullin e�ect, a typical phenomenon observed in �lled rubbers [7]. Evidence of the Mulling

e�ect was measured also in stress-strain characterization (Fig.4.5(b)) since the mechanical

response of the composite strip was dependent on the maximum loading previously encoun-

tered.
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(a)

(b)

Figure 4.5. (a) Piezoresistive response under tensile stress and (b) stress-strain diagram of
PDMS-Cu composite as function of the maximum elongation.
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Chapter 5

Synthesis and integration of spiky

nanostructured gold particles as �ller

of polymeric composites

The use of highly pointed, spiky particles has shown a huge enhancement in electrical

conduction in tunnelling piezoresistive composites, since the charges accumulated at the

particle protuberances generate a very large electric local �eld [1]. When the composite

material is compressed, the electrons tunnel between the sharp tips at even higher distances

with respect to the spherical particles, which results in a larger reduction of the electrical

resistance [2, 3].

Indeed, the local charge density enhancement is well known for these highly irregular

metal spiky particles, which are widely used for the Surface Enhanced Raman Scattering

(SERS) e�ect [4, 5]. In general, this method allows the detection of single molecules as a

result of the enormous ampli�cation of the spectroscopic signals of the molecule upon cou-

pling with nanometer-sized particles [6, 7, 8]. In addition, the size-dependent properties of

the nanoparticles can be studied by SERS at the single-particle level.

Recently, much emphasis was put on controlling the shape of the metallic nanoparticles,

since the presence of nanosized sharp tips signi�cantly alter the local �eld enhancement

experienced by the adsorbed molecules and thus the SERS e�ciency. For this purpose, gold

nanostars were recently synthesized and studied as substrate for SERS [9, 10]. Moreover,

highly regular shapes of gold nanostars were obtained [11] in a water-free, room-temperature
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synthesis assisted by deep-eutectic solvents (DES). DES is an ionic solvent composed of a

mixture of quaternary ammonium salts with hydrogen donors, which shows a melting point

much lower than those of the individual components [12]. The authors report on the use of

choline chloride and urea in a 1:2 molar ratio, respectively, to form a eutectic mixture that is

liquid at room temperature [11]. The advantages of DES account for the high viscosity, po-

larity, thermal stability, ease of preparation and low cost of the products. In addition, DES

forms a highly structured �supramolecular� solvent, because of the extended hydrogen-bond

network in the liquid state. This feature is convenient to well control the shape of ordered

nanoscale structures, such as the aforementioned gold nanostars, without the addition of

gold seeds or capping agents.

We modi�ed the experimental parameters for the above synthesis, in order to investigate

the most reproducible and feasible reaction conditions for the preparation of highly spiky

gold nanoparticles. Indeed, the aim of the performed synthesis was to study the e�ect of

the reactant molar ratio and of the presence of water in the DES solution on particle mor-

phology. In particular, we investigate the relationship between the particle diameter, the

protuberance size and shape and the easiest and cost-e�ective reaction conditions.

Such sharp-pointed nanomaterials �nd promising application as conductive �llers into

polymeric matrices (in this work polydimethylsiloxane, PDMS) for the preparation of piezore-

sistive composites to be used as strain, pressure, and tactile sensors. Therefore, gold was

selected as the conductive �ller on the rationale that it has a high conductivity, three times

higher than that of nickel and comparable with the copper one, which are the metals nor-

mally used in tunnelling conductive composites, and because of the absence of oxidation

phenomena [2, 3]. In addition, the nanoscopic size obtained with this synthetic strategy

allows the preparation of thin composite �lms, which can easily be integrated into MEMS

(Micro Electro Mechanical System) devices.

In this chapter, we report deep investigation on the nanoparticles producted with the

DES syntheses and the preparation and characterization of a composite based on the synthe-

sized gold nanostars that show the most appropriate features in terms of tip morphology and

overall particle size, which thus demonstrate their e�cacy as �ller for tunneling conductive

polymer composites.
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5.1 Experimental Section

All chemicals, with the exception of polydimethylsiloxane (PDMS), were obtained from

Sigma Aldrich and used as received without any further puri�cation. The bicomponent

PDMS was obtained from Dow Corning Corporation (SYLGARD 184). The deep eutec-

tic solvent (DES) was prepared by combining urea (purity � 99.5%) and choline chloride

(ChCl, � 98%) at a molar ratio of 2:1. The two compounds were mixed at 100°C until a

homogeneous colorless liquid solution was formed. The resulting mixture was then cooled

down at room temperature.

For the gold nanostars synthesis in the presence of water, the DES was mixed with dou-

bly distilled water (from Millipore Direct-Q System) at a volume ratio of 1:1. Hydrogen

tetrachloroaurate trihydrate (HAuCl4�3H2O, 0.058 g, metal basis 99.99%) was dissolved in

DES (25 mL) or in the DES/water mixture (25 mL) and a dark yellow solution was ob-

tained. Separately, a second solution of DES (or DES/water) (25 mL) and L-ascorbic acid

(AA, 0.104, 0.156, 0.234, or 0.312 g) was prepared, with a �nal AA/HAuCl4 molar ratio

of 4:1, 6:1, 9:1, or 12:1, respectively). The second solution was then added to the �rst to

give a pale yellow mixture. The reaction time to completion was about 4 h with magnetic

stirring at room temperature. The precipitate product was then centrifuged at 5500 rpm

(2875 RCF) for 20 min and dispersed in doubly distilled water. This procedure was repeated

three times.

For the preparation of the PDMS+DES-6 composite, the gold nanostars were dispersed

in ethanol, and the PDMS copolymer was then added to the solution at a weight ratio of

1:1 (100 phr). The blend was mixed in an ultrasound bath at 70°C until all the ethanol

was evaporated. The PDMS curing agent was then added with a weight ratio of 1:10 with

respect to the co-polymer. The resulting paste was outgassed for 1 h under vacuum at

room temperature, in order to avoid the formation of air bubbles and to eliminate the last

traces of ethanol. Therefore, the composite mixture was poured in polymethylmethacrylate

(PMMA) moulds and thermally cured in an oven at 75°C for 10 h.

The morphological characterization and the energy-dispersive Xray spectroscopy of the

gold nanostars were carried out by �eld emission scanning electron microscopy (FESEM,

Zeiss SupraTM 40), equipped with a INCA Oxford Energy Dispersive X-ray (EDX) Spec-

troscopy detector. The X-ray di�raction patterns were obtained on a X'Pert Philips with

Cu-K� radiation at � = 1.5418 Å. The electro-mechanical characterization was performed
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Sample
Water con-
tent (%vol)

AA:HAuCl4
molar ratio

Dcore

(nm)[a]
Ht

(nm)[b]
Bt

(nm)[c]
Cs

(nm)[d]

DES-4 0 (Dry) 4:1 0 416 82 46.7
DES-6 0 (Dry) 6:1 350 146 172 44.3
DES-9 0 (Dry) 9:1 521 396 666 38.2
DES-12 0 (Dry) 12:1 709 555 331 35.1
DES-H20-4 50 4:1 232 121 173 36.6
DES-H20-6 50 6:1 314 112 227 31.2
DES-H20-9 50 9:1 395 97 154 42.1
DES-H20-12 50 12:1 433 37 10 34.9
a average diameter of the inner spherical core of the nanostar
b average height of the tip
c average lateral size of the tip at the base
d crystal size calculated from the Debye-Scherrer equation

Table 5.1. Summary of the prepared samples by varying the reactant molar ra-
tio (AA:HAuCl4) and the water content. The resulting morphological and struc-
tural features of the gold nanostars with special attention to the protuberances and
crystal sizes are also reported.

with a piezoelectric evaluation system (aixPES) supplied by aixACCT Systems GmbH,

which is able to measure currents in the picoampere range. The samples were placed in a

customized sample holder with the possibility of applying static uniaxial forces of up to 5

kN.

5.2 Synthesis results

The synthesis of gold nanostars was carried out by mild reduction of gold (HAuCl4�3H2O)

with L-ascorbic acid (AA) in the presence of DES, prepared from choline chloride and urea

in a 1:2 mixture. In particular, the �nal morphology of the obtained gold nanostars was

studied by variation of the reactant molar ratio, i.e. AA to gold source and by substitution

of 50% (vol) of the total DES volume with water, see Tab.5.1.

Under dry conditions, the obtained gold particles show sharp tips, as reported in Fig.5.1

from FESEM imaging. Tab.5.1 also reports on the size of the nanoparticles inner core

(Dcore), the height (Ht ), and length at the base (Bt ) of their protuberances, as an average

from measuring 50 particles per sample. By increasing the molar ratio of AA: HAuCl4,

the number, the height (Ht ), and the length at the base (Bt ) of the tips increases, to form
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Figure 5.1. Nanosized gold spiky particles, synthesized under dry conditions by using an
L-ascorbic acid (AA)/hydrogen tetrachloroaurate (HAuCl4) ratio of (a) 4:1, (b) 6:1, (c) 9:1,
(d) 12:1. The scale bar is 200 nm.

highly multibranched gold nanostars, as shown in Fig.5.1(d). Liao et al. [11] also observed

the formation of similar nanothorns by adjusting the content of water to higher than 10000

ppm. In our synthesis, indeed, we worked under dry conditions without monitoring the

amount of humidity in the synthetic batch, thus we could assume that all the processes

presented here performed under �dry conditions� should contain traces of water related to

the humidity of the air. However, we elaborate on the rationale of this choice, since we

want to study the most reliable and cost-e�ective process for the further development of

piezoresistive composite materials to be used as strain or pressure sensors.

In addition, the core size (Dcore) of the gold spiky particles also increases, starting from

single sharp pyramids for the lower AA:HAuCl4 ratio (where Dcore=0 for sample DES-4,

Fig.5.1(a)) to bulkier core sizes (Dcore=709 nm in the case of sample DES-12, Fig.5.1(d)). A

trend for this behaviour can be extrapolated by calculating the ratio between the core size
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(a) (b)

Figure 5.2. (a) The average core size (Dcore ) to tip height (Ht ) ratios of the gold nanopar-
ticles synthesized by both synthetic routes are plotted vs. the reactant molar ratio
(AA:HAuCl4) and �tted with an exponential model; (b) The average crystal size of the
gold nanoparticles calculated by the Debye-Scherrer model vs. the AA:HAuCl4 molar ratio.
Only the data related to the synthesis under dry conditions are �tted linearly. Filled squares:
samples prepared under dry conditions; empty squares: samples prepared in the presence of
50% (vol) water and 50% (vol) DES.

of the gold nanoparticles and their tip height, Dcore/Ht . By plotting these values vs. the

AA:HAuCl4 molar ratio (Fig.5.2(a), �lled squares), one can clearly observe an exponential

decay behaviour of the ratio Dcore/Ht with respect to the reactant molar ratio, as con�rmed

by the good �t with a mathematical model (dash-dotted line in Fig.5.2(b), see section 5.3

for further details).

Energy-dispersive X-ray spectroscopy (EDS) indicates that all the synthesized nanopar-

ticles are composed of only gold (Fig.5.3(a)) with a face-centered cubic (fcc) structure, as

indexed by the X-ray di�raction patterns reported in Fig.5.3(b).

The crystal sizes of the gold nanostars were calculated by the Debye-Scherrer model

applied to the XRD spectra of Fig.5.3 and are reported in Tab.5.1. The obtained values

for the dry syntheses show that the gold crystal size reduces almost linearly upon increase

in the AA:HAuCl4 molar ratio. This trend is shown in Fig.5.2(b) (�lled squares) and was

�tted with a linear equation (see section 5.3 for further details). Since the crystal size of the

nanoparticles is smaller than the dimensions of the particles reported in Tab.5.1, i.e. Dcore,

Ht and Bt , the gold nanostars should be polycrystalline.

According to the obtained trends, some assumptions can be tentatively drawn on the
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(a)

(b) (c)

Figure 5.3. Energy-dispersive X-ray spectroscopy (EDS) was carried out on all samples,
showing that the nanoparticles are constituted only of gold. (a) representatively shows
only the result obtained for sample DES-6. X-ray di�raction (XRD) patterns of spiky
gold nanoparticles synthesized (a) under dry conditions or (b) in the presence of 50(vol)
of water. A: DES-4; B: DES-6; C: DES-9; D: DES-12; E: DES-H2O-4; F: DES-H2O-6;
G: DES-H2O-9; H: DES-H2O-12.

formation mechanism of the gold nanostars under dry conditions. The star-shaped gold

nanoparticles are the result of the mild reduction of HAuCl4 by L-ascorbic acid at room

temperature in the DES. Several authors reported that the main role of the DES in the

synthesis is as liquid template [13] and as particle stabilizer [11]. It was also previously
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shown [14, 15] that an excess of L-ascorbic acid promotes the anisotropic growth, which

thus produces particles with a branched shape. It seems also that upon increasing the molar

ratio of L-ascorbic acid to gold source, the reduction e�ciency is higher, which thus increases

the nucleation rate of gold to form several crystal domains with a smaller size, as evidenced

by the increase in the number of protuberances. The �nal polycrystalline structure of the

gold spiky particles is the result of subunit growth and aggregation of several small crystal

domains.

By substituting half of the DES volume with water in the synthetic batch, particles with

a more pronounced spherical shape are obtained. This e�ect is even more evident upon

increasing the L-ascorbic acid to gold source molar ratio (Fig.5.4). Under these synthetic

conditions, the core size of the gold particles increases, but not as much as in the previous

synthesis batches with only DES as solvent (see Tab.5.1). In addition, as the molar ratio of

the reactants increases, the height (Ht ) and the length at the base (Bt ) of the tips at the

gold surface strongly decrease (Tab.5.1). As also observed under dry conditions, the num-

ber of the protuberances also increases because of excess of L-ascorbic acid. Interestingly,

with a ratio AA/HAuCl4 of 12:1, meatball gold nanoparticles of about 500 nm in diameter

are obtained with a rough surface. According to previous considerations, several small tips

(Ht=37 nm, Bt=10 nm) are present at the core surface (Fig.5.4(d)), and it seems that their

growth in height and lateral size is completely prevented. The particle morphology trend

can be summarized in Fig.5.2(a) (empty squares); the Dcore/Ht ratio grows exponentially

by increasing the AA:HAuCl4 molar ratio.

In contrast to the previous syntheses under dry conditions, the crystal sizes do not

follow a trend by varying the molar ratio of the reactants (Tab.5.1). Polycrystalline face

centered cubic (fcc) gold nanoparticles were also obtained in this case (Fig.5.3(c)) and are

constituted only of gold. As already discussed for the synthesis under dry conditions, by

increasing the molar ratio of AA to gold source, several crystal domains with a smaller size

are formed. Therefore, the number of protuberances at the particle core increases. This is

attributed to a higher nucleation rate of gold. However, it is also assumed that the presence

of water inhibits the e�ect of L-ascorbic acid in inducing anisotropic crystal growth. This

therefore results in a homogeneous growth of the gold nanoparticles, which leads to more

spherical shapes. Wang and Halas proposed that the nucleation sites grow into nanoscale

primary particles by di�usion capture of the remaining atoms [16]. These primary particles

then form aggregates, under appropriate reaction conditions, which leads to the formation
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Figure 5.4. Nanosized gold spiky particles, synthesized in the presence of water [50% (vol)
H2, 50% (vol) DES] by using an L-ascorbic acid (AA)/hydrogen tetrachloroaurate (HAuCl4)
ratio of (a) 4:1, (b) 6:1, (c) 9:1, (d) 12:1. The scale bar is 100 nm.

of larger spherical aggregates with nanoscale surface roughness.

5.3 Mathematical model of particles growth

The ratio between the core diameter (Dcore) and the protuberances height (Ht ) of the

synthesized gold nanoparticles was plotted versus the L-Ascorbic Acid to gold precursor

(AA:HAuCl4) molar ratio in order to establish a trend, as shown in Fig.5.2.

It was found that the values of Dcore/Ht can be �tted with an exponential equation (5.1):

Dcore

H t
=

�
Dcore

H t

�

0
+ A ekx (5.1)
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where x is the AA:HAuCl4 molar ratio, (Dcore/Ht )0 is the asymptotic value, A is the

exponential coe�cient and k the growth rate.

The calculated parameters are repoted in Tab.5.2, where R2 and � 2 are parameters to

evaluate the goodness of the �t.

(D core/H t ) 0 A k R 2 � 2

100 %vol DES
(dry condition)

1.276 � 0.007 1251 � 41.583 -1.128 � 0.003 0.998 8.428�10� 5

50 %vol DES � 50
%vol H 2O

1.981 � 0.458 0.025 � 0.030 0.497 � 0.099 0.991 0.178

Table 5.2. Fitting parameters obtained by applying the exponential equation to the
graph in Fig.5.2(a) of the main text.

It is noteworthy that the equation (5.1) describes an exponential decay of the Dcore/Ht

value by increasing the reactant molar ratio in the case of gold nanoparticles synthesized in

dry conditions (k = -1.128). In contrast, an exponential growth well describes the behaviour

of Dcore/Ht when the synthesis is carried out in the presence of water.

Concerning the variation of the crystal size versus the AA:HAuCl4 molar ratio, it was

found that the trend is well �tted by a linear regression (5.2) only in the case of dry condition

synthesis:

Csize = A + Bx (5.2)

where the �tting parameters are indicated in Tab.5.3, while in the case of presence of

water the crystal size values are completely random.

A B R 2

100 %vol DES (dry condition) 52,826 � 1,193 -1,516 � 0,143 0,99118

Table 5.3. Fitting parameters obtained by applying the linear regression to the crys-
tal size variation versus the reactant molar ratio, as reported in the graph of Fig.5.2(b)
(�lled squares) of the main text.
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5.4 Composite preparation and characterization

In order to prove that the morphology of the synthesized gold nanostars is very well

suited for the use as �ller in piezoresistive composites, the gold nanoparticles were dispersed

in polydimethylsiloxane (PDMS) with a weight ratio of 1:1 (inset of Fig.5.5). In particular,

the most suitable sample among the above syntheses for the preparation of the composite

was DES-6, because of its small dimension, spiky shape, and number of tips.

Figure 5.5. Electrical resistance of the PDMS+DES-6 composite as a function of uniaxial
pressure and its exponential �tting. In the inset, the FESEM image of the PDMS+DES-6
composite is shown. The scale bar is 10 � m.

The prepared composite, with a thickness of 100 � m, was tested under di�erent mechan-

ical pressures to evaluate the electric resistance (Fig.5.5). The composite (PDMS+DES-6)

exhibits a variation of up to ten orders of magnitude in the resistance under a uniaxial

pressure of 10 MPa, and therefore passes from a highly insulating state to a conductive one.

The experimental points collected during the measurements were �tted with an exponential

trend:

R(
) = 5:14 � 1011 exp(� 2:17P(MPa)) (5.3)
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which con�rms that the conduction mechanism in the metal-polymer composite could

be attributed to a quantum tunnelling mechanism. The �nal pressure applied to the sample

reaches high values, thus further optimization of the composition and �ller amount in the

PDMS matrix should be carried out. However, these results con�rm that, as proof of

principle, the gold nanostars, synthesized with the method presented above, can be a suitable

solution as �ller for piezoresistive composites. Their spiky morphology and sub-micrometer

size allows their further integration in MEMS technology for promising developments of

strain, pressure, and tactile sensors, as con�rmed by the results obtained from the prepared

PDMS-gold composite.
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Chapter 6

Evaluation of the conductive

nanostructured particles as �ller in

tunnelling piezoresistive composites

The properties of piezoresistive composite materials could be tuned by varying the na-

ture and the morphology of the particles, used as functional �ller, and the type of matrix

[1, 2]. By varying the type and amount of �llers, the composite can assume the electrical

properties of an insulator up to those of a good conductor. In the piezoresistive composites

based on tunnelling conduction mechanism, a small variation of the external load induces

a huge change of the electrical conductivity [3, 4, 5]. Without any mechanical deforma-

tion upon an applied bias, the prepared composites present an insulating electric behaviour,

while, when subjected to mechanical load, the polymer thickness reduces, thus decreasing

the tunnelling barrier. As a consequence, the probability of tunnelling phenomena increases,

resulting in a exponential reduction of the bulk electrical resistance. In these composites,

the shape and dimension of the �ller particles become as important as the �ller nature and

amount. In particular, the composites prepared with conductive particles presenting sharp

and nanostructured tips on the surface exhibit a huge variation of the electrical conduction

in response to a mechanical strain.

This chapter presents a comparison between three piezoresistive composite materials,

based on nanostructured conductive �llers in a polydimethylsiloxane insulating elastomeric
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matrix, shown in the previous chapters. Three di�erent metal �llers were tested: commer-

cial nickel (chapter 3) and copper spiky-particles (chapter 4) and synthesized highly pointed

gold nanostars (chapter 5). These particles were chosen because of their high electrical

conductivity and especially for the presence of nanosized sharp tips on their surface. These

features generate an enhancement of the local electric �eld increasing the tunnelling prob-

ability between the particles [6]. Di�erent �gures of merit concerning the morphology of

the �llers were evaluated and correlated with the corresponding functional response of the

composite. The aim is to understand how the morphological features of the nanostructured

particles in�uence the minimum and the maximum required amount of the �llers to obtain

similar piezoresistive performances among the di�erent composites. In this way, it could be

possible to select the best �ller and to easily tune the functional properties of the composites

in order to reach the required sensor sensitivity.

6.1 Methods of analysis

The nickel powder used in this work was supplied by Vale Inco Ltd. (type 123), copper

was obtained from Pometon (LT10) and the bi-component polydimethylsiloxane (PDMS)

was purchased by Dow Corning Corporation (SYLGARD 184). For the synthesis of the

gold nanoparticles, all the chemicals were obtained from Sigma Aldrich and used as received

without any further puri�cation. The synthetic procedure to synthesize shape-controlled,

highly pointed, and nanometric-sized gold nanostars and to prepare nickel, copper and gold

based PDMS composite are presented in the previous chapters (3, 4 and 5). All the compared

samples had a footprint of 10*10 mm2 and the thickness of 1 mm. The resistance of the

nickel and copper composites was circa 1 G
, in the absence of an applied pressure, while for

the gold composite was around 100 G
. The morphological characterization was carried out

by a �eld emission scanning electron microscope (FESEM). For each metal �ller, circa 100

particle tips where measured from the FESEM images in term of radius of curvature (Rt )

and aspect ratio between the tip height (Ht ) and its full width at half maximum (FWHM).

In order to evaluate the sharpness of the spiky particles, the ratio between the Ht and the

core particle diameter (Dcore) were also calculated.
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(a) (b)

(c)

Figure 6.1. Scanning electron microscopy images of di�erent PDMS-metal com-
posites and of nanoshaped-spiky particles in the insets, at di�erent magni�cations.
(a) Nickel, (b) copper, and (c) gold.

6.2 Comparison between the three piezoresistive composite

Here the piezoresistive performances of three metal conductive composites, with di�er-

ent �llers, i.e., nickel, copper, and gold are compared. The results are presented in terms of

electric resistance variation as a function of the applied mechanical pressure, obtained for

the optimized compositions of the �nal composites.

In the previous chapters, we tried indeed di�erent weight ratios between the �ller
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Figure 6.2. Electric resistance variation of the piezoresistive composites (with minimum �ller
amount) as a function of the applied uniaxial pressure.

amount and the polymeric matrix, ranging from 100 phr to 550 phr. In Fig.6.1, we iden-

tify the minimum weight amount per each kind of �ller, required to obtain an appreciable

and comparable tunnelling conduction e�ect between the di�erent composites. Therefore,

comparable electric resistance variations as a function of the applied mechanical pressure

(Fig.6.2) were obtained with a metal content of 300 phr for the PDMS-Ni, 175 phr for

PDMS-Cu, and 100 phr for the PDMS-Au composites (see also Tab.6.1). In contrast, lower

�ller to polymer ratios with respect to the previously indicated ones showed an insulating

behaviour.

In order to evaluate the strain sensitivity of the composites, we calculated the gauge

factor with the method reported in the work of Abyaneh and Kulkarni [5]. We obtained the

values of approximately 18 for the nickel-based composite, and about 10 for the copper and

gold ones. These gauge factors could be increased by enhancing the content of metallic �ller

in the polymeric matrix.

The three selected particles have di�erent size and shape, ranging from spiky micromet-

ric sized nickel particles (average diameter, 4.5 � m, Fig.6.1(a)), to elongated multi-branched

copper ones (average diameter, 12 � m, Fig.6.1(b)) up to gold nanosized stars (average diam-

eter, 450 nm, Fig.6.1(c)). It was already reported in the literature [3] that highly pronounced

and elongated tips at the particle surface increase the electric conductance throughout the
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Metal particles R t
a[nm] H t /FWHM b H t /D core

c Metal content
Ni 43 1.1 0.09 300 phr
Cu 975 3.6 0.37 175 phr
Au 17 2.3 0.34 100 phr

a average tip radius
b aspect ratio between the Ht and FWHM
c ratio between the Ht and Dcore

Table 6.1. Figures of merit of the nanoshaped-spiky �llers

composite, amplifying the electric �eld and, thus, the tunnelling probability among the spiky

�llers. It is therefore clear that the lower the curvature radius of the conductive tips, the

higher the tunnelling conductance e�ect in the composite.

Based on these FESEM images, we have therefore calculated the di�erent �gures of merit

describing the morphological features of our spiky particles (see Tab.6.1), as also schemati-

cally reported for clarity in Fig.6.3. Both nickel and gold show nanostructured tips with a

small Rt (43 and 17 nm, respectively). However, in the case of nickel, the tips are quite short

with respect to the particle micrometric size, thus the Ht/Dcore ratio results very low (0.09).

In contrast, very similar Ht/Dcore ratio are obtained for both copper and gold spiky-particles

(0.37 and 0.34, respectively).

Considering the obtained values of electric resistance, one can observe a strong rela-

tionship between the morphological data calculated here and the used �ller amount in the

�nal composite. First, the copper and gold-based composites have both shown remarkable

tunnelling conduction values at lower �ller amount (175 phr for PDMS-Cu and 100 for

PDMS-Au) with respect to the weight ratio used for the nickel-based composite (300 phr).

We attribute this e�ect to the higher Ht/Dcore ratio obtained for both copper and gold with

respect to the nickel one.

Additionally, another morphological parameter was calculated, that is the aspect ratio

between the Ht and its FWHM. Higher is this value, sharper and more slender is the tip.

We note that both copper and gold �llers have a higher Ht/FWHM ratio than the nickel

one.

The combination of both parameters, i.e., high Ht/FWHM and Ht/Dcore ratios, implies

the presence of sharp tips showing a pronounced height with respect to the core size of the

particles. This means that a lower amount of material in weight is required for obtaining
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similar conductance values, since the probability of the tip to form a tunnelling conduction

is higher with respect to massive, spherical shaped nanoparticles with the same size.

In addition, the gold-based composite requires an even lower �ller amount (100 phr)

than the copper one (175 phr) to obtain similar tunnelling conductance values. We note,

however, that the Ht/Dcore ratio of gold is slightly smaller (0.34) than those of copper (0.37)

as well as the Ht/FWHM ratios (2.3 for gold versus 3.6 for copper). Thus, the lower radius of

curvature of the gold tip shows to play here a predominant role in the tunnelling conduction

enhancement. Indeed, the Rt of gold is about 60 times smaller than that of copper. It is

therefore clear that, in the case of gold, the presence of either high Ht/Dcore and Ht/FWHM

ratios and small Rt is a fundamental prerequisite for obtaining high tunnelling conductance

value with a low �ller to polymer weight ratio.

On the contrary one can also compare the functional response of the composite as func-

tion of the highest metal loading reached. In this perspective, the use of gold as �ller

becomes not anymore favorable. In Fig.6.4 the piezoresistive characteristics were obtained

with a metal content of 500 phr for the PDMS-Ni (the 550 phr composite was too di�cult

to process and for this reason was not considered in this analysis), 250 phr for PDMS-Cu,

and 100 phr for the PDMS-Au composites. Gold based composites were prepared only with

the 100 phr composition because of the cost of the material, the time of synthesis and above

Figure 6.3. The scheme of the geometric parameters reported in Tab.6.1
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