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Abstract 
 

In this paper the occurrence of a direct piezoelectric effect has been discovered for the 

first time in a metakaolin based geopolymeric mortar. Unlike any other known 

piezoelectric material (quartz single-crystal, PZT, PVDF), wherein the formation of 

local electric dipoles is due to the elastic deformation of the non-centrosymmetric 

crystalline structures, a new and different piezoelectric mechanism was observed in 

geopolymers. It is due to a complex interplay that involves not-framework cations, 

framework and water contained in the material pores. In particular, the model proposed 

by authors attributes the piezoelectric effect to the charge imbalance and local dipoles 

generated under compressive stress by the migration, within the network of 

interconnected pores of geopolymer, of the  hydrated Na+ cations, coordinated in a 

charge balancing arrangement with the aluminum tetrahedra. The absence of a charge 

generation in dehydrated samples and the inexistence of a converse piezoelectric 

response confirmed that quartz impurities present inside the material don’t contribute to 

the direct piezoelectric effect, thus due only to ionic mobility. Furthermore, an 

anisotropic behavior of the effect was observed and the measured charge coefficient in 
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the predominant direction was found to lie in the range (4÷40) pC/N, depending on the 

water content in geopolymers. 
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1. Introduction 

To date an increasingly number of smart materials have been designed, developed and 

applied in a variety of biomedical and electromechanical devices. Among them, 

piezoelectric materials have received great attention due to their technological impact. 

The most common used piezoelectric materials are lead zirconate titanate, a 

piezoelectric ceramic, or piezoceramic known as PZT [1,2] and piezoelectric polymers 

based on poly(vinylidene fluoride) [3]. PZT piezoelectric effect is due to the elastic 

deformation of its non-centrosymmetric crystalline structure, while in PVDF it is due to 

its molecular structure and orientation [4]. Natural piezoelectric materials also exist and 

include tourmaline, quartz, topaz, cane sugar and Rochelle salt. Hardened cement pastes 

have also shown a stress dependent voltage ascribable to the electrical double layer 

peculiar of their microstructure [5,6,7]. To the knowledge of the authors, no works have 

been focused on studying the piezoelectric properties of geopolymers. 

Geopolymers are recent developed ceramic materials produced by alkaline activation of 

thermally activated natural materials like metakaolin [8]. These sources are dissolved in 

an alkaline activating solution and subsequently polymerize into a network thus 

hardening at low or room temperatures. Geopolymers show very interesting properties, 

whether used pure, with fillers or reinforced [9]. They can find applications in many 

fields such as in the civil engineering, as fireproof building materials, in automotive and 
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aerospace industries, non-ferrous foundries and metallurgy, ceramics and plastics 

industries, radioactive and toxic waste management, art and decoration etc [10, 11, 12, 

13].  Many studies have been carried out on their structural characterization, on the 

investigation of geopolymerization mechanism, on how the raw material selection and 

processing conditions affect their fresh state, microstructure, chemical and mechanical 

behaviour [14, 15, 16, 17].  

In this paper we show, for the first time, that geopolymers present a direct piezoelectric 

effect, by proposing a physical-chemical model for the explanation of the observed 

phenomenon. The discovery of the piezoelectric activity in geopolymers, low cost and 

eco-friendly materials [14], paves the way for several interesting applications, e.g. 

sensors, transducers, self-monitoring of civil infrastructures or energy harvesting [18]. 

 

2. Materials and Methods 

2.1 Materials  

Metakaolin having a D10 of 0.51 µm, a D50 of 1.59 µm and a D90 of 9.74 µm, 

based on a volume distribution, was provided by Doldes Massara S.r.l. Sodium silicate 

solution was provided by Condea Augusta S.P.A. The weight composition of 

metakaolin , as determined by X-ray fluorescence, is: Al2O3 (42 %), SiO2 (53.2 %), K2O 

(0.3 %), Na2O (0.1 %), Fe2O3 (1.5 %), TiO2 (1.9 %), Loss of Ignition at 995°C (1.0 %). 

The weight composition of sodium silicate solution is: SiO2 (29.5 %), Na2O (13.8 %), 

H2O (56.7 %). Silica sand passing 500 m was used as filler. Deionized water was used 

throughout the experiments to avoid the effects of unknown contaminants in water. 

Na(OH) 99.9% pure was purchased by Sigma-Aldrich. 
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PZT piezoceramic samples (PIC181, hard) were purchased by Physik Instrumente (PI) 

for the measurement setup verification. 

 

2.2 Geopolymer synthesis and curing 

Geopolymers were synthesized by activating metakaolin with the alkaline silicate 

solution [8]. In order to guarantee good mass transfer and dissolution rate, the maximum 

extent of metakaolin reaction and aluminium incorporation in geopolymer matrix, the 

following molar ratios SiO2/Na2O=1.62 and H2O/Na2O=12.25 have been used to 

prepare the alkaline silicate solution. Firstly, the sodium hydroxide solution was 

obtained by dissolution of NaOH pellets in ultrapure water, with container kept sealed 

wherever possible to minimize contamination by atmospheric carbonation and prevent 

water evaporation. The solution was stirred until the NaOH pellets had dissolved and 

the solution became clear. Once cooled down it was poured into sodium silicate 

solution. The so obtained alkali activator solution was covered, sealed, stirred and 

allowed to cool back down to room temperature. Finally, the activator solution was 

added to metakaolin powder and the slurry was mechanically vigorously mixed for 10 

minutes. The last step involved sand addition and mechanically mixing for 5 min. The 

slurries were, afterwards, rapidly casted into open and dismountable Teflon moulds in 

order to obtain cubic samples of dimensions 20 mm × 20 mm × 20 mm. 

All samples were placed on the vibration table to remove entrained air. In order to 

prevent the moisture loss, the moulds were sealed from the atmosphere and cured for 24 

h at 50°C. The sealed specimens were then stored at ambient temperature and pressure 

for four weeks to complete curing.  

The final theoretical composition of geopolymers, in terms of oxides, is equal to Na2O-
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3.86SiO2-Al2O3-5.22H2O. Al/Na molar ratio was fixed equal to one because sodium 

balances the negative framework charge carried by tetrahedral aluminium, thus acting as 

structure forming agent. SiO2/Al2O3 molar  ratio was fixed to 3.86 in order to minimize 

geopolymer porosity thus increasing mechanical performance [19]. The Water/Binder 

(W/B) weight ratio was fixed at 0.56 to obtain a good mortar workability. Sand/Binder 

(S/B)=1.5 has been used to prevent microcracks due to shrinkage. 

In order to check data repeatability, four batches of five specimens each were 

realized and tested. 

 

2.3 Chemical characterization 

Phase identification of prepared geopolymeric pastes was carried out recording X-

Ray diffractograms, using CuKα radiation in 2θ = 5°- 50° range (Philips PW 1730/10 

generator equipped with a PW 1050/70 vertical goniometer, λ = 1.5404 Å), with step of 

0.02° and a scan rate of 1°/min  

Thermogravimetric  analysis was performed on a Netzsch STA 409 analyzer, at a 

heating rate of 10°C/min in air from 20°C to 820°C. 29Si MAS-NMR, 27Al MAS-NMR 

and 23Na MAS-NMR analysis were performed on a Bruker 600 spectrometer. For 29Si 

(119.2 MHz), at 3 µs (θ = π/4) pulse was used with a repetition time of 30 s, for 27Al 

(156.37 MHz), at 2 µs (θ = π/4) pulse was used with a repetition time of 1 s, for 23Na 

(158.74 MHz), at 4 µs (θ = π/4) pulse was used with a repetition time of 1 s.  

 N2 adsorption/desorption plots of powdered geopolymer paste were carried out in 

micromeritics ASAP 2020 instruments. Before the analysis, all samples were pretreated 

in vacuum condition at 200° C for 12 h.  The specific surface area was calculated using 

the Brunauer–Emmet–Teller method. Mesopore diameter distributions was determined 
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with the Barret–Joyner–Halenda (BJH) method  using the desorption data. 

 

2.4 Direct piezoelectric characterization  

The direct piezoelectric characterization was carried out by means of a quasi-static 

method [20]. Schematic representation of the setup realized for the direct piezoelectric 

characterization with the adopted reference system, referred to the casting process, is 

reported in Figure 1. The mechanical input was imposed by means of an electro-

mechanical Instron biaxial testing machine (ElectroPlus E10000) provided with a 10 kN 

load cell. Samples were tested under cycling compression load with a static pre-load of 

1.25 kN and a frequency of 3 Hz. A light dependence of the charge coefficient from pre-

load and frequency was observed and the chosen values of 1.25 kN and 3 Hz are those 

for which the higher coefficient was measured. The steel loading plates were electrically 

isolated by means of mika foils 300 µm thick and two copper foils, with the same 

dimensions of the sample surface and 200 µm thick, were used as electrodes. An HBM 

digital charge amplifier (CMD600), with a measuring range of 50-600000 pC, was used 

to measure the produced electric charge and a HBM Universal DAQ amplifier 

(QuantumX MX 840B) to real-time data recording. The HBM software catmanEasy-AP 

was used for data acquisition. After the acquisition of the sinusoidal signal of both of 

the applied load and the produced electric charge, the charge coefficient, dii (where i 

varies from 1 to 3, depending on the analyzed direction, according to the adopted 

reference system), was obtained as the ratio between the charge and the load amplitude. 

In particular, the charge amplitude was measured after the stabilization of the charge 

signal. In Figure 1 raw data referred to a test performed with a load amplitude of 250 N 

are reported. 
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The reliability of the measuring system was verified by testing commercial PZT 

piezoelectric ceramic materials of known charge coefficients, characterized by means of 

standard dynamic procedures [21] by the supplier company. The quasi-static 

characterization with the realized setup led to the same values of the charge coefficient 

declared by the supplier (as shown in “Supplementary Information” documentation), 

with the advantage that, compared to standard procedures, it is easier to implement. 

Contrary to dynamic procedures in fact it doesn’t need of a particular sample geometry 

(that must be such that only a pure fundamental resonance mode is produced) and a high 

frequency (in the range of the resonance response). 

 

Figure 1.  Schematic representation of the setup realized for the direct piezoelectric characterization with  

                 the adopted reference system. 

 

2.5 Converse piezoelectric characterization 

For the converse piezoelectric characterization samples were electrically excited with 

an AC voltage of 10 V amplitude at frequencies ranging from 50 mHz to 10 Mz by 

means of a function generator (HAMEG HM8030-6). Samples were clamped with a 

pre-load of 1.25 kN and electrically isolated by means of mika foils, whereas copper 

foils were used as electrodes. The output strain was measured by means of stain gauges 
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glued on samples and a HBM strain gauge bridge amplifier (QuantumX MX 1615), 

with  the catmanEasy-AP software, was used to real-time data recording.  

 

3  Results and Discussion 

Figure 2 shows results about the direct piezoelectric characterization along direction 3. 

 

 

Figure 2. Charge amplitude AQ versus load amplitude AP for four batches of five samples tested along 

direction 3, which is that normal to mold’s open surface. The continuous black line represents the average 

curve in the linear region whose slope represents the charge coefficient d33. 

 

In particular, four batches of five specimens were tested with different load amplitude 

values. In Figure 2 the different curves refer to different batches whereas each point of 

the curve represents the average value of the five samples of each batch. 

It is worth noting that the material exhibits an initial linear behavior followed by a 

stabilization to a plateau value, associated to charge saturation. The continuous black 

line in Figure 2 represents the average curve in the linear region whose slope represents 

the charge coefficient d33, equal to (4.02 ± 0.49) pC/N. Experimental data about the 



     

9 

 

mechanical or electromechanical characterization of ceramic materials are usually quite 

scattered because of the randomly porous nature of such materials and the standard 

deviation value of the charge coefficient measured for geopolymers is low enough to 

highlight the good repeatability of the carried out measurements. 

Also d11 e d22 were determined, but, since the piezoelectric activity along directions 1 

and 2 was found to be really weak, their values are negligible because they can be 

confused with the experimental noise. Such results highlight then the presence of an 

anisotropic behavior of the piezoelectric effect in geopolymers. 

Since piezoelectricity is related to the generation of electrical dipoles within the material 

microstructure, several analysis were carried out by authors on the produced 

geopolymer mortar in order to understand the observed phenomena and to propose a 

chemical-physical model able to explain the piezoelectric mechanism in such a material.  

Even if geopolymers are X-ray amorphous, XRD analysis is usually carried out to check 

the presence of any undesired crystalline phases developed during curing that could 

affect mechanical properties, such as zeolites, or already present in the parent materials 

as impurities, like quartz or crystalline kaolinite. In particular, these last, having a non-

centrosymmetric structure could contribute to the generation of electrical dipoles during 

mechanical stress [18]. Figure 3 (a) shows the XRD patterns of metakaolin raw powder 

(lower curve) as well as that of the synthesized geopolymer (upper curve). Metakaolin 

exhibits a pronounced broad hump centered at approximately 22° 2 with few peaks, 

indicating that it contains essentially amorphous silica and alumina and Quartz ( PDF n° 

01-083-2468) and Muscovite (PDF n° 00-002-0055) impurities as crystalline phases. No 

diffraction peaks of its parent material, kaolinite, were detected. After reaction with 

sodium silicate solution, XRD pattern shows a shift of the centre of the original broad 
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hump from 22° 2 to approximately 28° 2, that can be considered the typical 

distinguishing feature of the geopolymeric materials [14]. All sharp peaks from 

crystalline phase in parent material are still present in the geopolymer diffraction pattern, 

thus confirming that they behave as inactive fillers in the geopolymer binder. Quartz 

could indeed contribute, even if unlikely to occur, since the crystal need to be cut and 

loaded along its symmetry directions [22], to the generation of electrical dipoles during 

mechanical stress, thus to piezoelectric activity. The obtained geopolymers show a 

dense and homogeneous microstructure, as revealed by SEM analysis shown in Figure 3 

(c), that conventionally is considered as a strong indicator of high strength. 

 

Figure 3. a)  XRD patterns of metakaolin and geopolymer pastes (q= quartz, m= muscovite); b) 27Al-

NMR, c ) SEM  of geopolymer mortar d) 23Na-NMR  of geopolymer paste. The symbol * denotes 

spinning sidebands 
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Figure 4.  29Si-NMR of geopolymer paste 

 

In order understand the structural properties and the formation process of the produced 

geopolymer and detect a possible generation of electric charge imbalance, solid state 

29Si- MAS-NMR, 27Al- MAS-NMR and 23Na- MAS-NMR analyses were carried out.  

Geopolymers can be generally described as a three dimensional amorphous network 

built from TO4 (T=Si,Al) tetrahedral, joined at the corners with oxygen. The single 

negative charge associated with aluminium (III) in tetrahedral co-ordination is usually 

balanced by extraframework cations present in framework cavities [23]. Furthermore, 

recent papers have regarded them as amorphous analogues of zeolites [23,24], because 

the presence of deformed six-, eight- and ten-membered rings results in the possibility 

of replacing the extra-framework cations by ion exchange [25]. 

29Si- MAS-NMR is used to  differentiate the connectivity range of SiO4 tetrahedra and 
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in the determination of substitution of Al for Si tetrahedra. 29Si MAS-NMR decomposed 

spectrum of geopolymer gel, as reported in Figure 4, exhibits a broad spectrum, 

indicative of short-range ordering, centered at -94 ppm,  reflecting the incorporation of 

Al into the coordination sphere of the Si and comprising all five possible silicon 

Q4(mAl) species. The consistency of the decomposition has been assessed with respect 

to the nominal composition of geopolymer [26]. 

27Al- MAS-NMR spectrum of geopolymer, shown in Figure 3 (b), provides additional 

and important structural informations, because peaks related to the various 

coordinations of oxygen around Al atoms are clearly defined. It exhibits a dominant line 

at 63 ppm due to tetrahedral aluminum sites, as expected for a true geopolymer [27]. 

The absence of the resonance line at 28 ppm due to Al(V) clearly shows that almost all 

Al(V) contained in metakaolin is consumed during the geopolymerization process. The 

really weak 27Al- MAS-NMR line at about 8 ppm is due to the presence of octahedral 

Al(VI) aluminum sites and their amount (0.46%) can be attributed to negligible amount 

of unreacted metakaolin. 

The 23Na-NMR spectrum of geopolymer, shown in Figure 3 (d), exhibits a signal at –10 

ppm, that is associated with the presence of partially hydrated cation Na+, coordinated 

with the aluminium replacing the silicon in a charge balancing arrangement. 

The detected presence of the partially hydrated cation Na+ in charge balancing 

arrangement is a key factor for the piezoelectric effect explanation in geopolymers. In 

fact hydration reduces the cation–lattice electrostatic  interaction through cation–water 

interaction, thus resulting in a weaker bonding that promotes the Na+ migration away 

from the framework wall during mechanical loading and therefore creates the charge 

imbalance. Analogue mobility of non-framework cations, by hydrating at ambient 
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conditions or under pressure, in presence of water has been widely studied  in zeolite 

[28,29,30].  

The presence of water inside of the geopolymer structure is therefore another key factor 

for explaining the observed piezoelectricity and it has been measured through 

thermogravimetric analysis. The mass loss (TG) and derivative mass loss (DTG) curve 

are reported in Figure 5 (a). The weight loss, of about 8%, has two maximum rates 

around 50 °C and 100 °C and it is completed at 200 °C. It is associated to the 

dewatering process and it can be attributed to the removal of free water in the pores (up 

to ≈100 °C) or physically adsorbed water, e.g. capillary encapsulated water up to 

≈200 °C.  A residual of 91% remained at 820 °C. The thermogravimetric analysis 

showed than that water is present in geopolymer pores. In order to study the textural 

properties and the pores morphology of geopolymer paste, N2 adsorption-desorption 

isotherms was carried out and results are reported in Figure 5 (b). The geopolymer paste 

shows a type IV isotherm with a H3 hysteresis loop characteristic of slit-shaped 

mesoporous structure. The specific surface area, with a value equal to 34.2 m2/g, was 

calculated using the Brunauer–Emmet–Teller (BET) method. The total pore volume 

equal to 0.1888 cm3/g was derived from the amount of vapor adsorbed at a relative 

pressure close to unity. Mesopore width distributions was determined with the Barret–

Joyner–Halenda (BJH) method using the desorption data. The pore size distribution of 

the specimen, reported in Figure 5 (c), is observed to be bimodal. It can be explained as 

a consequence of the pores interconnectivity and it is expected to favor water mobility 

under the mechanical loading.  



     

14 

 

 

Figure 5. a) Thermogravimetric data of geopolymer paste: mass loss and mass loss derivative (DTG) 

curves; b) N2 Isotherms of geopolymers paste; c) Pore width distribution  (BJH desorption) of 

geopolymer paste. 

 

 

On the bases of results of microstructural and chemical characterizations reported above 

one can propose a plausible model (schematically shown in Figure 6) able to explain the 

detected direct piezoelectric effect in geopolymers. It arises from its dense and 

homogeneous microstructure with a distributed and interconnected slit-shaped 

mesoporous porosity which embeds evaporable free or physically adsorbed water and 

extraframework, mobile, hydrated alkali Na+ cations. Piezolectric effect is thus 

promoted by the migration of mobile hydrated cations under compressive loading in the 

pores of the geopolymeric matrix, thus creating a charge imbalance and local dipoles. 

The mechanism is coherent with the one proposed for explaining the piezoelectric effect 

in cement pastes [7, 31]. Similarities occur in the elements that determine and control 

the observed phenomenon, i.e. the presence of porosity, water and the transportation of 

mobile ions. What differs is the nature and the origin of ions. In Portland cement, the 
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main hydration product is C–S–H. It is in contact with a high pH electrolyte solution, 

containing  Ca(OH)2 (Portlandite), that promotes the dissociation of its surface silanol 

group (SiOH) and the successive physical adsorption of mobile calcium ions. The 

mechanism of surface charge creation (Electric Double Layer) is thus responsible of the 

charge imbalance and local dipoles under mechanical loading. In the case of 

geopolymers, instead, as evidenced by all the analysis carried out, it is due to the 

presence of the non-framework and hydrated Na+ cations that balance the single 

negative charge associated with aluminium (III) in tetrahedral co-ordination. 

 
 

Figure 6. Schematic representation of the chemical-physical model proposed for the explanation of the 

direct piezoelectric effect detected in geopolymers. The lower magnification represents the porous 

structure of the material, characterized by partially saturated pores, filled with free and physically 

absorbed water. The higher magnification shows the amorphous network built from SiO4 and AlO4
- 

tetrahedrons, joined at the corners with oxygen. The single negative charge associated with aluminium 

(III) in tetrahedral co-ordination is balanced by the non-framework and hydrated Na+ cations. The sample 

loading causes a distancing between cations and framework (indicated by dashed circles), fostered by 

hydration that reduces the cation–lattice electrostatic interaction. This distancing causes a charge 

imbalance and the formation of local dipoles which represent the cause of the piezoelectric effect. 
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The piezoelectric model proposed by the authors is thus mainly based on the ionic 

mobility phenomenon fostered by the water presence. In order to confirm such model 

and exclude the presence of other phenomena that could contribute to the electric charge 

generation during mechanical loading as, for example, the elastic deformation of  quartz, 

some specimens were dried in oven under 50 °C until no weight decrease was measured. 

This thermal treatment allows to greatly decrease the water content without altering the 

geopolymer structure. During dehydration of geopolymer,  pores undergo to a shrinkage 

process, while Na+ cations and framework generate strong electrostatic interactions as a 

consequence of the reduced dielectric screening of water, thus inhibiting cations 

migration [32, 33] . 

It was observed that a completely dried sample (weight increment of 0 % in Figure 7) 

doesn’t exhibit any direct piezoelectric effect, thus excluding any other source of 

piezoelectricity and confirming the validity of the ionic mobility based model proposed 

by the authors. Subsequently, the samples were stored under controlled humidity 

environment, thus allowing them to re-absorb water and the charge coefficients were 

measured for different water contents. From Fig. 6, it can be observed that the charge 

coefficient in the predominant piezoelectric direction, d33 (black square symbols), 

increases for increasing values of water content (values more than 40 pC/N were 

measured in conditions of high hydration, not reported in Figure 6). 

An converse piezoelectric characterization was also carried out on the geopolymeric 

samples. They were electrically excited with an external AC voltage signal in a broad 

frequency spectrum, but any strain was measured by strain gauges glued on samples, 

thus confirming that any potentially non-centrosymmetric structures, in particular quartz, 

contribute to the direct piezoelectric effect. 
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In Figure 7 it can also observed that, as previously stated, the direct piezoelectric effect 

in geopolymers is anisotropic. In particular, the direction perpendicular to the mold’s 

open surface, defined as direction 3 in Figure 1, is that along with the higher 

piezoelectric activity was measured, whereas along directions 1 and 2 the effect is 

almost negligible and becomes to be influent for high water contents. 

 

Figure 7. Charge coefficients measured for different water contents along three different directions. 

 

The observed anisotropy with respect to the piezoelectric effect in geopolymer mortar 

can be ascribed to its porous nature. Anisotropic behaviors, in fact, are generally found 

and extensively studied in natural porous argillaceous materials (rocks) [34, 35], due the 

preferential orientation of clay platelets during sedimentation [36]. Several authors (von 

Engelhardt & Gaida, 1963; Meade, 1964) have also reported that compaction increases 

that preferential orientation. Direct consequence of this preferred orientation is an 

anisotropy of tortuosity, that along with constrictivity can generate an anisotropy of 

effective diffusion and its variation by several factors by varying the direction [37]. As 

evidenced by scanning electron microscope  analysis (SEM, FEI model Inspect) 

reported in Figure 8, metakaolin, the parent material used to produce geopolymer 
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mortars, also presents a layered  microstructure with particles dominantly plate in shape. 

Morover, N2 adsorption-desorption isotherms (Figure 4 (b)) show that the geopolymer 

paste presents a type IV isotherm with a H3 hysteresis loop characteristic of slit-shaped 

mesoporous structure, thus confirming a pore structure that arises from parent clay 

platelets layered structure. 

   

Figure 8. SEM analysis of Metakaolin,  

 

Furthermore recent research works have focused their attention to the contribution of 

poroelastic behavior to the mechanical properties of cementitious mortars and concrete 

[38, 39, 40] and to their anisotropic behaviors [41, 42], because porosity structure 

deeply influences fluid motion and the character and intensity of interactions between 

fluid and skeleton [36]. The variables that  influence the anisotropy in piezoelectric 

effect measured in geopolymers stem, therefore, from several phenomena, such as 

direction of casting, curing conditions, water/binder ratio, volume fraction, geometry, 

dimensions and interconnections of the pores, degree of saturation and preferential 
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orientation of metakaolin platelets. Due to the complexity of the involved phenomena, 

further investigations are necessary to develop a deterministic model. 

In this paper authors attributed the observed electromechanical coupling to a direct 

piezoelectric effect. However the electromechanical coupling is not only related to 

piezoelectricity. It could indeed occur through different mechanisms such as 

electrostriction, flexoelectricity and Maxwell stress.  

Concerning electrostriction and Maxwell stress effect, related to the strain produced by 

the application of an external electric field, because it was verified that  the application 

of an external electrical field doesn’t produce any strain in geopolymers, such material 

can’t present these properties.  

About flexoelectricity, it occurs in liquid crystals or in solids with a crystal symmetry 

and it is defined as the polarization produced by a strain gradient. This strain gradient is 

generally produced by bending stress. In this work geopolymers were tested by means 

of compression tests that produce a homogeneous strain on the material, therefore the 

electromechanical coupling can’t be related to flexoelectricity because any strain 

gradient was imposed on the tested samples. 

For these reasons authors attributed the observed electromechanical coupling to a direct 

piezoelectric effect. 

4 Conclusions 

 

The presence of a direct piezoelectric effect has been discovered for the first time in a 

metakaolin based geopolymeric mortar and a chemical-physical model for the 

explanation of the observed phenomenon is proposed in this paper. 

In particular, this model ascribes the piezoelectric effect to the charge imbalance and 

local dipoles generated under compressive stress by the migration, within the network 
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of interconnected pores of geopolymer, of the  hydrated Na+ cations, coordinated in a 

charge balancing arrangement with the aluminum tetrahedra. The absence of a charge 

generation in dehydrated samples and the inexistence of a converse piezoelectric 

response confirmed the validity of the proposed model by demonstrating that 

piezoelectricity is not necessarily related to the deformation of a non-centrosymmetric 

structure.  

Furthermore, an anisotropic behavior of the effect, related to the porous structure of the 

material, was observed and the measured charge coefficient in the prevalent direction 

was found to lie in the range (4÷40) pC/N, depending on the water content in 

geopolymers. 

The discovery of the piezoelectric activity in geopolymers paves the way for several 

interesting applications. Due to its promising application in the field of structural 

components, geopolymer can allow the real time self-monitoring of civil infrastructures. 

The use of such a material could eliminate or reduce the need for embedded or attached 

devices, which are expensive, limited in durability and, as in the case of lead zirconate 

titanate, have negative environmental impact due to the presence of lead. Furthermore, 

they have low cost production and components of various shapes and dimensions can be 

easily fabricated. Geopolymers indeed do not need to be cut along particular directions 

like quartz crystals, neither to be polarized like piezoceramics or piezopolymers 

materials.  
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