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ABSTRACT 

The nanoscale piezoelectric and ferroelectric behavior of barium titanate/poly(vinylidene 

fluoride) (BT/PVDF) nanocomposite films has been investigated by means of atomic 

force microscopy (AFM). An uniaxial stretching step was first carried out to promote the 

polar β crystal phase of the PVDF matrix, as confirmed by infrared spectroscopy and 

piezoelectric force microscopy (PFM) analysis. Fragmentation of the original polymer 

crystalline structure upon drawing, as evidenced by the presence of nanometric 

crystalline blocks did not damage the composite film, thanks to the strong interfacial 

cohesion between ceramic and polymer brought by nitrodopamine functionalization of 

the BT inclusions. By scanning the composite surface using PFM, highly piezo-active 

regions were evidenced and attributed to the BT nanoparticles that could not be identified 

on the AFM topography images. The precise manipulation of the ferroelectric 

polarization states in these individual BT grains embedded into the PVDF matrix has 
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been successfully achieved, confirmed by the local electromechanical deformation 

simultaneously detected. Reversible switching of the out-of-plane polarization orientation 

spatially confined into the particles was evidenced. The ability of the contact PFM tool to 

both directly visualize individual piezoelectric nanofillers dispersed into a polymer 

matrix and monitor the polarization states is demonstrated, thus highlighting the 

versatility of PFM for the advanced characterization of electroactive nanocomposites. 

 

 

KEYWORDS: PVDF; BaTiO3; Piezoelectricity; Ferroelectricity; Atomic force 

microscopy. 

 

 

1. INTRODUCTION 

During the past decade, an increasing effort was brought to the development of 

functional ceramic-polymer composites owing to the beneficial impact on specific 

properties, such as high dielectric constant and breakdown field, low permittivity loss, 

mechanical flexibility and weight reduction when both components are associated. Based 

on such functional composites, numerous innovative high performance devices have 

reached the market such as sensors, acoustic transducers, micro/nano electromechanical 

systems (MEMS/NEMS) or high-charge storage systems [1,2,3]. In the case of advanced 

electroactive devices, a commonly privileged strategy is to use a polar polymer matrix 

filled with piezoelectric inorganic particles [4]. Poly(vinylidene fluoride), PVDF, a semi-

crystalline polymer, is widely considered in this approach [5]. PVDF displays five crystal 

polymorphs (α, β, γ, δ, ε) related to different chain conformations [6]. The non polar α-

phase is the more stable, while the polar β-phase exhibits the largest dipolar moment and 
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thus the better electroactive properties [7,8]. This latter phase may be obtained by 

stretching a film originally in α-phase [9], by addition of specific nucleants [10,11], by 

solvent casting [12] or through the synthesis of PVDF copolymers [13]. Introducing 

piezoelectric ceramic particles with superior dielectric constants (εr > 103) into polymer 

matrices, like PVDF-based polymers with εr of 10, is a widely-investigated strategy to 

produce high-performance piezoelectric composites [14,15,16,17,18]. Additionally, 

chemical functionalization of the ceramic surface was demonstrated to improve the 

interfacial cohesion between these inclusions and the organic matrix thus ensuring an 

efficient stress transfer [19,20]. Besides, in a context of environmental concern, 

piezoelectric inorganic fillers without toxic element are targeted. With the aim to fulfill 

these requirements Barium Titanate, BaTiO3 (BT) appears as a good candidate owing to 

its high electromechanical coupling coefficients, excellent dielectric constants and large 

piezoelectric coefficients up to 460 pC/N in bulk [21]. In this framework, probing the 

response of such inclusions at the nanoscale is a crucial step for optimizing macroscopic 

performance of devices based on such piezocomposites. In order to investigate 

electromechanical phenomena at the nanoscale, advanced modes of atomic force 

microscopy (AFM) are powerful tools. Some studies were carried out on piezoelectric 

ceramic-polymer composite materials by means of AFM methods 

[22,23,24,25,26,27,28]. For example, the switching capability of BaTiO3/P(VDF-TrFE) 

composites was studied by Valiyaneerilakkal et al. by means of piezo-force microscopy 

(PFM) over micrometric regions [22]. Silibin et al. have reported the existence of a broad 

region (∼40 nm) of transient behavior at the interface between P(VDF-TrFE) matrix and 

barium lead zirconate titanate inclusions, as experimentally assessed by PFM and 

confirmed by a theoretical approach. It was attributed to inhomogeneous stress 
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distributions originating from a strong difference between the thermal expansion 

coefficients of the two components [27]. More recently, Shvartsman et al. have reported 

on the local investigation of (Pb,Ba)(Zr,Ti)O3 particles incorporated in P(VDF-TrFE) 

matrix by means of Kelvin probe force microscopy (KPFM) and PFM as a function of 

temperature [23]. They showed that the discontinuity of the surface potential and the 

polarization at the interface between inorganic compounds and polymer matrix allowed 

the study of the evolution of the poled states in these composites. 

Nevertheless, to date no direct visualization associated to polarization manipulation of 

individual piezoelectric nanofillers incorporated into a piezoelectric polymer matrix have 

been described. Along these lines, the present study deals with the characterization of the 

nanoscale piezoelectric and ferroelectric behavior of stretched BT/PVDF nanocomposites 

by means of the PFM technique. In particular, the spontaneous electromechanical 

response and the ferroelectric polarization control of single BT nanoparticles 

functionalized with nitrodopamine are investigated. It is worth noting that the choice of 

PVDF as the polymer matrix instead of P(VDF-TrFE) further bring the opportunity to 

assess by PFM the coexistence in the stretched composite of both the β polar phase as 

well as the non polar α phase. 

 

2. MATERIAL AND METHODS 

2.1 Materials 

BT nanoparticles with an average diameter of the order of 200 nm were purchased from 

Inframat. Poly(vinylidene fluoride) (PVDF, Kynar® grade 720) was provided by 

Arkema. N,N dimethylacetamide (DMAc) was purchased from Sigma-Aldrich. 
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2.2 Composite elaboration 

The synthesis of nitrodopamine and nanoparticle functionalization with nitrodopamine 

were performed according to the procedure reported previously [19] which follows the 

procedure described by Song et al. [29]. Briefly, BT particles dispersed with 

nitrodopamine into deionized water were stirred for 18h at 40°C, then collected by 

centrifugation, rinsed with water and dried under vacuum. Nanocomposites with 

functionalized nanoparticles (called BT-f in the following) were elaborated as also 

described in ref [19]. Briefly, PVDF was dissolved in DMAc and a fraction of BT-f 

nanoparticles was added. The mixture was magnetically stirred and poured into glass 

cups to allow solvent evaporation. The material was then melt-compounded using a twin-

screw micro-extruder and compression molded into a film of 100 µm thickness. 

Dumbbell shaped samples were cut off in the film and stretched at a draw temperature of 

90°C up to a strain ε = 100% to promote the PVDF polar β crystal phase and thus enable 

the polymer to display a piezoelectric response. Note that the study is focused on 

composites with 10 wt% BT-f content since the latter composition is fully representative 

of the nanoscale behavior in the loading range between 5 and 30 wt%. For the sake of 

comparison, the neat PVDF sample was processed under similar conditions. The 

composites are denoted BT0/PVDF for pristine PVDF and BT10f/PVDF for composites 

with 10 wt% BT-f content. 

 

2.3 Characterization 

The BT nanoparticle shape and size distribution, as well as composite morphology were 

investigated by field emission scanning electron microscopy (FE-SEM) using a JEOL 

JSM-7800F LV equipment operated at an acceleration voltage of 3 kV and 15 kV 
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respectively. The samples were coated with carbon prior to performing microscopy 

analysis. 

X-ray diffraction particle characterizations were performed on an Ultima IV Rigaku 

Bragg-Brentano diffractometer (Cu Kα radiation, λ = 1.5406 Å). The diffraction scans 

were carried over the [15-90°] 2θ-range with a step of 0.02° and a counting time of 

1s/step. 

The PVDF crystal structure in composites was assessed by Fourier transform infrared 

(FTIR) spectroscopy. Spectra were collected in ATR mode (Attenuated Total Reflexion) 

with a Perkin Elmer spectrometer. Data acquisition was performed on 16 scans, the 

spectral resolution is 2 cm-1. 

The surface morphology of the stretched composites was characterized using the AFM 

technique in alternative contact (or Tapping™) mode. The nanoscale piezoelectric and 

ferroelectric responses were probed by using the dual AC resonance tracking (DART) 

method [30] of the PFM technique in environment conditions by using a MFP-3D 

(Asylum Research/Oxford Instruments, USA) microscope. Pt/Ir-coated silicon tips and 

cantilevers with a stiffness of about 4 N.m-1 were used as the conductive probe. More 

specifically, PFM imaging was used by applying AC probing voltage to the AFM tip to 

detect spontaneous electromechanical and switching responses of the samples, while 

poling experiments were performed by firstly applying high DC voltage to locally 

manipulate the domains. PFM in spectroscopic mode was used by recording remnant 

piezoresponse loops (at zero bias) after a continuous AC signal superimposed on an 

intermittent DC bias voltage was applied to the samples to promote electromechanical 

response at the expense of the electrostatic contribution [31]. 

 

3. RESULTS AND DISCUSSION 
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The SEM observation of BT nanoparticles is reported in Fig. 1a. The particles present a 

size distribution from 100 to 340 nm with an average diameter of 190 nm. Fig. 1b shows 

the powder X-ray diffraction pattern of the BT powder and peak indexation from the 

phase identification. It reveals that the crystal structure is tetragonal (P4mm space group 

n°99 a = 3.999 Å = b; c = 4.034 Å, ICSD card n°67520), as expected, thus suggesting 

piezoelectric behavior. 

The crystal phase of PVDF in composites was analyzed by FTIR spectroscopy. The 

spectra are presented in Fig. 2a. The unstretched BT0/PVDF exhibits three characteristic 

bands at 766, 795 and 976 cm−1 associated to the non-polar PVDF α-phase (Fig. 2a(1)). 

As expected, after drawing, the signature of PVDF polar β-phase is confirmed by the 

presence of new bands at 840 and 1279 cm-1 in both BT0/PVDF and BT10f/PVDF 

composites (Figs. 2a(2) and (3)), thus confirming the electroactive capacity of the 

stretched polymer matrix. 

SEM observations of the BT10f/PVDF surface are presented in Fig. 2b. The high applied 

voltage allows to probe a large interaction volume of the composite. BT-f nanoparticles 

appear homogeneously distributed in the PVDF matrix. Moreover nanoparticle 

functionalization results in a good interfacial adhesion between the ceramic nanoparticles 

and the polymer matrix. The latter results from local interactions in nanocomposites in 

which the catechol group of nitrodopamine grafts to BT nanoparticles to form a 

metalocycle and in the meantime the nitro group interacts with PVDF by hydrophobic – 

hydrophobic interaction. The stretching process does not induce any cavitation and a 

polymer layer around the BT particles is always visible, as illustrated in Fig. 2b(2). Such 

evidence for a strong interfacial resistance and an uniform functionalization around 

particles has already been reported in previous work [19]. 



8 
 

 

The surface morphologies (AFM height images) of the BT0/PVDF and BT10f/PVDF 

samples are shown in Fig. 3a and c. At the nanoscale level, both samples display a 

fibrillary structure characteristic of stretched PVDF. The white arrows indicate the 

stretching direction. The root mean square surface roughness measured over 60×60µm² 

scan area is 540 and 460 nm for BT0/PVDF and BT10f/PVDF, respectively. These high 

values reflect the mechanical stretching process undergone by the samples. Figs. 3b and 

3d display a zoom-in to the previous images showing crystalline blocks resulting from 

the fragmentation process of the α-crystal phase during the fibrillar transformation upon 

stretching. Similar AFM images have already been reported by Thomas et al. on 

stretched polybutene [32]. The occurrence of crystal fragmentation is in agreement with 

the description of the plastic deformation mechanism in PVDF as described in ref [33]. 

Crystal fragments are larger in BT10f/PVDF than in the case of BT0/PVDF. The 

difference may arise from the good interfacial adhesion between the functionalized 

particles and the polymer matrix which limits lamellar fragmentation. Overall no 

evidence for cavitation is provided. Moreover, the AFM image does not show the 

presence of any particles at the extreme surface of the BT10f/PVDF composite 

suggesting a continuous PVDF coating as previously observed at the mesoscale by SEM 

(Fig. 2b(2)). 

 

The electromechanical performances of the BT/PVDF piezocomposites were then 

evaluated. In a previous study, the macroscopic piezoelectric coefficient d33 was found to 

be –6 pC/N for the stretched BT10f/PVDF composite [19]. The negative sign of d33 is 

indicative of the fact that the polymer matrix dominates the macroscopic piezoelectric 

activity at such BT content. To better understand the role played by the nanofillers on the 
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resulting piezo-activity of the composites, direct probing of the BT particles embedded 

into the matrix is required. Thus, as a first step PFM measurements in imaging mode 

were performed on the composites. Figs. 4b and c show the out-of-plane (OP) amplitude 

and phase PFM images recorded over the surface of the BT0/PVDF film in the pristine 

state by applying an AC voltage of 3 V. Several contrasts are observed from both 

amplitude and phase signals suggesting piezoelectricity and ferroelectric activity into the 

PVDF matrix. These features are in agreement with the presence of the polar β-phase 

induced by the mechanical stretching of the original α-phase, as already proven by FTIR 

analysis (Fig. 2a(2)). Figs. 4e and f present OP amplitude and phase PFM pattern 

measured on the BT10f/PVDF composite under the same applied AC probing voltage 

conditions. Strong piezoelectric active regions are detected, as clearly evidenced by the 

bright contrasts seen over the scanned area on the amplitude pattern. The associated 

phase signal show different contrasts, indicating various ferroelectric polarization 

directions. For clarity, a zoom of a specific bright region is depicted in Fig. 4h. The 

bright contrast seen on the PFM phase signal (Fig. 4i) and associated to the same area 

reveals a polarization component oriented upwards relative to the sample surface. The 

lateral sizes of these highly electroactive heterogeneities are in the range 100 - 300 nm. 

Interesting is the nonexistence of such nanoscale features on the corresponding AFM 

topographies shown in Figs. 4d and 4g, which rules out a morphological correspondence 

to such PFM contrasts. Comparison of the profile curves of the AFM topography with 

the associated PFM amplitude signal shown in Fig. 4j further confirms the absence of 

correlation. Moreover, since areas surrounding these highly electroactive zones display 

amplitude and phase signal levels similar to those of the BT-free sample (Figs. 4b and c), 

it may be concluded that these neighboring regions are the β-crystal phase of PVDF. 

Therefore, this β-PVDF matrix is not responsible for the particular strong enhancement 
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of the PFM activity. We may thus assume that BT nanoparticles lying just below the 

surface and coated by a thin PVDF layer are probed by the PFM tip. Such below surface 

inclusions, as previously observed in Fig. 4e, would account for the strong 

electromechanical activity. According to this assumption, the superficial polymer layer 

prevents the direct observation of the nanoparticle from the AFM topographic signal 

whereas the PFM technique, owing to the very high electric field beneath the tip, allows 

for the detection of its electroactive response. Larger as-grown OP piezoresponse of the 

ceramic inclusions compared to the surrounding piezo-polymer matrix was previously 

reported [27] but not with such a high level of deformation for these particles. This 

behavior may be explained by the interfacial cohesion improved by nitrodopamine 

functionalization of the BT fillers, allowing for greater efficiency of the stress transfer 

[19] in the present study. Moreover, in ref [27] the piezoelectric ceramic fillers embedded 

in P(VDF-TrFE) matrix presented micrometric size compared to our nanosized particles, 

and they were directly visible on the AFM topography image. 

Furthers investigations were undertaken to unambiguously attribute the origin of these 

highly active piezoelectric regions to the presence of BT nanoparticles. First, PFM 

piezoloops in remnant mode were measured over the surface of the BT10f/PVDF 

composite both in the areas previously identified and around them. The typical recorded 

PFM phase and amplitude loops are illustrated in the Figs. 4k and l. Regardless of the 

probed region, the amplitude signal shows a well-defined butterfly-shape in relation to 

the inverse piezoelectric effect (Fig. 4k), while the phase piezoresponse loops display an 

hysteretic response with two opposite polarization states (Fig. 4l). These results confirm 

the local piezoelectric and ferroelectric capability of the BT10f/PVDF composite, as 

previously revealed by the PFM imaging contrasts. It is worth noting that the coercive 

voltage Vc is very different depending on the probed area. Indeed, by placing the tip over 
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a bright area, marked by the green cross on the PFM image in Fig. 4h, the measured Vc is 

about 22 V, whereas a value of the order of 42 V is determined when probing the regions 

outside bright features (marked by the red cross on the Fig. 4h). This higher Vc voltage 

value needed to switch the polarization is in good agreement with the presence of a 

ferroelectric polymer compound for which the bulk coercive field is known to be large 

(50 MV/m) [34]. In fact, in conventional inorganic piezo-/ferroelectric compounds such 

as BT, the reversal polarization is due to the ionic displacement, while a rotation of the 

molecular chains occurs in ferroelectric organic materials. Such an opening loop was also 

obtained on BT0/PVDF, meaning that a similar response of the PVDF β-phase occurs 

regardless of the presence or not of ceramic particles. Furthermore, it is worth noting that 

in addition to the β polar crystal regions, non-polar PVDF components (i.e. α-phase and 

amorphous) coexist, corroborating the FTIR results previously reported in Fig. 2a. Thus 

the complex nature of the probed volume under the tip may also explain the difficulty to 

efficiently switch the β crystalline lamellae by the electrical field. The much lower Vc 

value measured on the bright regions in Fig. 4e may be associated to more homogeneous 

crystalline structure, as it is the case for a piezoelectric inorganic compound. 

Furthermore, the piezoelectric loops exhibiting the higher deformation amplitude are the 

ones recorded over the bright regions, as demonstrated by the amplitude loop presented 

on the Fig. 4k corresponding to the location highlighted by the green cross on the PFM 

amplitude image. Indeed, approximately twice as much piezoelectric deformation is 

measured under similar probing AC voltage (VAC = 3 V). In this context, although 

reliable values of piezoelectric coefficient determined by PFM technique are difficult to 

assess (complicated calibration procedure, inhomogeneous field beneath the tip, poor 

surface/tip contact, laser spot position, AFM probe nature, …), comparison of the relative 

values deduced from the amplitude loops may be done with confidence since all PFM 
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loops were acquired the same day under similar experimental conditions. As a 

consequence, through these local spectroscopic measurements, we can reasonably 

attribute the highly active piezoelectric zones to the BT nanoparticle inclusions into the 

polymer matrix. 

Further investigations of the polarization switching behavior were achieved by means of 

poling experiments on both BT0/PVDF and BT10f/PVDF samples. First, a stretched 

pristine PVDF layer was probed in PFM imaging mode and the results are presented in 

Figs. 5a-c. Then, a 3×3 µm² selected area was scanned by applying ±130 V to the 

probing tip (see dashed square zones in Fig. 5d). As seen on Fig. 5f, clear opposite bright 

and dark contrasts are obtained for the OP PFM phase signal, related to the upwards and 

downwards polarization respectively. These contrasts confirm the polar state of the 

probed PVDF region, in agreement with the presence of the PVDF β-phase assessed in 

Fig. 2a(2), and demonstrate the efficiency of the ferroelectric switching phenomena in 

such stretched PVDF layer. Only a few areas are not fully polarized which are mainly 

attributed to the amorphous fraction and/or to the remaining fraction of α-crystal phase. 

Corresponding OP PFM amplitude image depicted on Fig. 5e reveals strong deformation 

for the two created domains, as evidenced by the very bright contrasts. This is due to the 

specific orientation of the hydrogen and fluorine atoms along the carbon chain axis which 

promotes higher deformation in the OP direction. Whatever the direction of the 

polarization vector (namely upwards or downwards), the piezoelectric vibration 

amplitude detected by the tip presents similar values suggesting relatively homogeneous 

electromechanical behavior of the sample. Domain walls seem to be identified by the fall 

of the piezosignal due the to the change in polarization between the two polarized regions 

(highlighted by blue arrows), but these areas are larger than typical domain walls 

previously detected by PFM in fluoropolymers [35]. The written domains seem to be 
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limited by the crystalline blocks. Indeed, as revealed on Fig. 5f, zones of uniform 

polarizations are irregular and are correlated to the surface features where distinct 

nanosized crystals fragments are observed (Fig. 5d) suggesting a single crystalline block 

switching. Thus, although both modification of conformation and dipole rotation around 

the PVDF chain are linked, owing to the covalent bonding of the chains, the nanometric 

probing tip from which the electric field is induced allows to polarize an unique 

crystalline block (previously described) without switching the polarization of the nearby 

fragments, as already reported by Rodriguez et al. [36]. 

Then poling experiments were conducted on the specific areas of the BT10f/PVDF 

nanocomposite where the presence of BT particles was highlighted by PFM imaging. A 

DC electric pulse was applied in order to investigate the local switching of the 

polarization. The OP PFM amplitude and phase signals in the as-grown state 

simultaneously recorded with the surface morphology are presented in Figs. 6a-c. 

Application of +70 V voltage pulse at the location indicated by the blue cross on the Fig. 

6d leads to a clear change in PFM phase contrast, namely from dark (Fig. 6c) to bright 

(after applied pulse, Fig. 6f) contrast, revealing the OP switching of polarization inside 

the BT particle. Subsequent application of a negative pulse (–70 V) induces a back-

switching of the polarization, as demonstrated by the dark contrast obtained on the PFM 

phase response in Fig. 6i similar to that observed for the original un-poled state. The 

corresponding vibration amplitude images show only bright contrast (Figs. 6b, e and h) 

which means that homogeneous piezoelectric deformation occurs regardless of the 

upwards or downwards polarization state. Besides, we note that the switching 

phenomenon is spatially confined to the nano-region previously assigned to the inorganic 

particle, further confirming detection of the BT particles. This result demonstrates the 

ability to identify nanometric inorganic materials embedded into a polymer matrix by 
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means of the contact PFM method. Also, the voltage needed to fully switch the 

polarization into the BT particle is much lower than the one required in the neat PVDF 

phase (70 V vs. 130 V, respectively) which is in agreement with the piezoresponse loops 

previously presented and expected for such ferroelectric ceramic and polymer systems. 

The nanometric size (i.e. about 340×270 nm²) and the irregular shape of the manipulated 

regions compare well with SEM data obtained on BT powder as shown in Fig. 1a, thus 

attesting the accurate detection of such piezoelectric particles by PFM technique and the 

local control of their ferroelectric polarization by poling. This had not been evidenced by 

KPFM in the work of Shvartsman et al. where higher inorganic grain sizes (∼1 µm) were 

incorporated into the polymer matrix [23]. This result is significant considering: i) the 

nanosized powder of our particles (about 190 nm), ii) the relatively low BT particle 

content (10 wt% vs. 40 vol% in [23]), iii) the presence of the particles beneath the sample 

surface, and iv) the very low dielectric constant of the PVDF matrix (about 10) as 

compared to the BT compound (about 2000). Indeed, in the latter case the fillers are 

submitted to an effective field much lower than the electric field induced by the AFM tip, 

resulting in a decrease of the piezoelectric response (although one must keep in mind the 

much higher piezoelectric coefficient of the BT particles as compared to that of PVDF, 

d33 ∼100 pC.N-1 vs. |d33| ∼30 pC.N-1 [37]). 

 

As a result, though PFM is a contact method, our results demonstrate its sufficient 

sensitivity to evidence nanosized inorganic particles dispersed into a polymer matrix, 

even in the particular case of complex stretched systems. This direct visualization of the 

inclusions combined to their well-controlled ferroelectric polarization will allow to 
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accurately determine the contribution of such nanofillers to the macroscopic performance 

of the future piezocomposites systems. 

 

4. CONCLUSIONS 

We have investigated the local piezoelectric and ferroelectric behavior of electroactive 

nanocomposites made of functionalized BT nanoparticles dispersed into a PVDF matrix 

by means of the PFM technique. A stretching step was performed to promote the PVDF β 

polar crystal phase in the film, as confirmed by FTIR analysis. An homogeneous 

distribution of BT particles into the polymer combined to a good interfacial adhesion 

between both components was obtained thanks to nitrodopamine functionalization. The 

AFM surface morphology investigation has shown the nanometric crystalline blocks 

resulting from the fragmentation of crystalline lamellae upon drawing. PFM experiments 

have shown piezo-activity of pristine PVDF film in agreement with the presence of the β 

polar phase induced mechanically. In addition, local poling tests have revealed the 

efficiency of the ferroelectric switching phenomena in such stretched PVDF film. In the 

case of the BT10f/PVDF composite, highly piezo-active regions unlike those of the 

surrounding polymer were evidenced by PFM imaging, in complete accordance both in 

size and in shape with nanosized BT fillers. Then, by precisely placing the AFM probe 

over these specific electromechanical zones attributed to the BT inclusions, manipulation 

of the ferroelectric polarization state has been successfully achieved. These results have 

demonstrated the ability of the PFM tool to directly image individual piezoelectric 

nanometric fillers embedded into a polymer matrix and to control polarization as well, 

allowing for in-depth study of electroactive composites on the nanoscale. 
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FIGURE CAPTIONS 

Fig. 1. Characterization of the BT particles. (a) SEM image of commercial BT particles 

and (b) powder X-ray diffractogram on tetragonal BT nanoparticles. 

Fig. 2. Structural characterization of the composites. (a) FTIR spectra of (1) unstretched 

BT0/PVDF, (2) stretched BT0/PVDF and (3) stretched BT10f/PVDF composites. (b) 

SEM image at 15 kV of the surface of stretched BT10f/PVDF composite at 2 different 

magnifications: (1) ×1000 and (2) ×10000 (stretching direction is horizontal). 

Fig. 3. Surface morphology of the stretched samples. AFM morphologies of (a, b) 

BT0/PVDF and (c, d) BT10f/PVDF composites recorded over 60×60 µm² and 5×5 µm² 

scan regions. White arrows refer to the stretching direction. 

Fig. 4. Local electromechanical activity of the samples. Images of the (a, d, g) AFM 

topography, PFM (b, e, h) amplitude and (c, f, i) phase signals for the (a-c) BT0/PVDF 

and the (d-i) BT10f/PVDF composites. The profiles curves of the AFM topography and 

the PFM amplitude corresponding to the dashed yellow lines are shown in (j), showing 

no-correlation between both signals. Remnant PFM loops (k) in amplitude and (l) in 

phase recorded over the surface of the BT10f/PVDF sample. The red and green crosses in 

the PFM amplitude image presented in (h) refer to the red and green piezoresponse loops, 

respectively. The scan size is 5×5 µm² for (a-f) and 1×1 µm² for (g-i). 
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Fig. 5. Local manipulation of the ferroelectricity in the pristine PVDF sample. 

Topography (a), PFM amplitude (b) and PFM phase (c) images in the as-grown state, and 

topography (d), PFM amplitude (e) and PFM phase (f) images after applying ±130 V in 

order to create artificial domains into the BT0/PVDF sample. Blue arrows in (e) show the 

created domain wall. The scan size is 5×5 µm². 

Fig. 6. Local manipulation of the ferroelectricity in BT10f/PVDF composite. Topography 

(a), PFM amplitude (b) and PFM phase (c) images in the as-grown state. Topography (d), 

PFM amplitude (e) and PFM phase (f) images after applying a DC pulse of +70 V at the 

location symbolized by the blue cross in (d). Topography (g), PFM amplitude (h) and 

PFM phase (i) images after applying subsequently a DC pulse of –70 V at the same 

location indicated in (d). The specific PFM contrasts evidence the reversible and 

confined switching of the polarization inside the inorganic particle. The scan size is 

500×500 nm². 

 
















