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Abstract 

 

Some maintenance and repair protocols in civil engineering structures make use of 

fibre-reinforced thermosets as composite materials. The thermosets were mainly room 

temperature curing bio-based epoxies. The properties of the resulting mechanical 

composites are directly in relation to reinforcement type but also to viscoelastic matrix 

properties and reinforcement/matrix interactions. The most important factor is the cross-

linking density resulting from the manufacturing process, since it controls the properties 

of the overall assembly. Therefore, the degree of cure has to be monitored and assessed 

during the initial phase of deployment: it guaranties the strength of the repair for the 

damaged civil engineering structure. 

 

Laboratory techniques for the cure monitoring are not always transferable to field 

applications. The environment conditions are much different and sometime more 

aggressive. The samples’ size are, most of the time, smaller than the real-application 

patches. The efficiency for on-site supervision hence rely on the development of robust 

sensors and of analysing tools. 

 

The here-reported works is two-fold. It first contributes to the development of 

embedded distributed piezoelectric sensors as a solution for both the initial cure 

monitoring and the lifetime follow-up of the composite-material integrity. Secondly, a 

compared study is led on the cure mechanism of an epoxy-amine resin associated to 

carbon fibre reinforcements and to bio-sourced fibre components. 

 

Sensors’ interaction with their environment, the measurement quality and the 

measurement range have to be assessed under various climate-controlled configuration. 

The sensors’ network interactions and the sensors’ distribution in the structure have also 
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to be considered: monitoring strategies vs. targeted applications might hence lead to 

different choices. 

 

The first technique used in this work is based on the measurement of the electrical 

impedance of piezoelectric ceramics. The change in the impedance spectrum, which is 

linked to the changes of matrix viscoelastic properties as cure progressed, is used to 

understand the different steps of the epoxy cure regarding molecular motion, viscosity, 

density and their consequences on the mechanical properties of the material. In addition, 

in a second phase, distributed piezo elements are used either as sensors or as emitters. 

 

 

1.  Introduction 
 

Thermoset resin based composites are increasingly used as a repair and/or 

reinforcement method for civil engineering structures structural rehabilitation due to 

their high specific stiffness and strength and their non-corrosive behaviour especially 

when reinforced with carbon or natural fibres.  

 

The properties of the resulting mechanical composites are directly in relation to 

reinforcement type but also to viscoelastic matrix properties and reinforcement/matrix 

interactions. The most important factor, which can control the properties of the matrix 

and of the reinforcement-matrix interface, is in particular the cross-linking density 

resulting from the manufacturing process that is linked to the degree of cure. The cure 

of a thermoset is a complex process, which leads to a three-dimensional 

macromolecular network. The final morphology of the three-dimensional network, 

which determines the properties of the material, depends on this transformation. 

Therefore, there is a growing need for sensors, which provide real-time, in situ 

monitoring of the manufacturing process. This study proposes to perform the in-situ 

follow-up of the cure mechanism of an epoxy-amine resin using piezoelectric elements 

embedded at different locations in a composite reinforced with flax fibres. The 

technique used in this work was based on the measurement of the electrical impedance 

of piezoelectric ceramics. The change in the impedance spectrum, which is linked to the 

changes of matrix viscoelastic properties as cure progressed, was used to understand the 

different steps of the epoxy cure and their consequences on the mechanical properties of 

the material. 

 

 

2.  Composite materials to be monitored 
 

The thermoset resin system is designed for ambient and low temperature cure. The 

DGEBA epoxy prepolymer is a low molecular weight “green” epoxy resin made from 

bio-based epichlorhydrine (EnviPOXY®530 from SPOLCHEMIE). The hardener used 

is Cardolite NX5619 which is a solvent-free, low viscosity phenalkamine curing agent 

made through the Mannich reaction of cardanol from cashew nuts, formaldehyde, and 

amines. Resin and hardener were mixed in stoichiometric ratio. The glass transition 

temperature of the reactive mixture, Tg0 was -39°C determined from DSC heat flow 

curves (midpoint), recorded at a heating rate of 10 K/min (DSC1 device from 



 3 

METTLER-TOLEDO). In this work, the curing was carried out at room temperature 

(23°C). 

The reinforcement is a quasi-unidirectional flax fabric made of untwisted rovings 

(LINCORE® FF FLAX FABRIC) supplied by DEPESTELE Group The weft and warp 

ratio is 9/91 and the areal density is 200 g/m2. 

 

 

3. Characterization techniques and embedded monitoring tools 
 

3.1 Dynamical mechanical analysis 

 

Dynamical mechanical analysis (DMA) was performed for a better understanding on 

piezoelectric results. This technique provides convenient and sensitive determination of 

thermo-mechanical properties of polymers and reinforced polymers at solid or liquid 

state as a function of frequency and temperature. It consists in either applying a 

sinusoidal force to a material and measuring the displacement or applying a 

displacement and measuring the displacement. The displacement is lagged behind the 

force by a phase angle δ due to the viscoelastic characteristics of the polymers [1]. From 

the force and displacement measurements, the complex stiffness can be deduced, 

where  is the storage stiffness and is the loss stiffness. The loss factor is 

the ratio of loss stiffness to storage stiffness . Knowing the sample 

geometry either complex tensile (E*) or shear modulus (G*) can be obtained depending 

on the loading mode. This method is particularly appropriate to analyse the relaxation 

processes ((main or α-) and sub-Tg) of polymer-based materials [2]. 

 

DMA can also provide valuable information for monitoring curing progression of 

thermoset as the material changes from viscous liquid state to infusible cross-linked 

solid (3D-network) [3-4]. This transformation may involve two main transitions: 

gelation when the viscous liquid prepolymer is transformed in an infusible, insoluble gel 

or rubber-like material and vitrification which corresponds to rubber–glass transition. At 

vitrification the rate of the cure reaction may be reduced due to molecular mobility. This 

phenomenon occurs only if the reactive mixture is cured at a temperature lower than the 

infinite glass transition temperature of completely cross-linked system. This occurs 

when the glass transition temperature (Tg) equals the cure temperature. Gelation is a 

isoconversion event and therefore it is frequency independent, conversely vitrification 

which is frequency dependent. 

 

In this study, DMA was performed in the two ways using a DMA50 of 01dB Metravib:  

 

• Perpendicular samples (30x10x2 mm
3
) machined into a rectangular plate 

cured at room temperature (RT) at various cure times were used to 

evaluate the complex modulus and the α-relaxation temperature. 

 

• Isothermal curing at RT was undertaken on DMA using a resin 

impregnated flax fabric sample. 
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3.2 In situ monitoring method 

 

The technique used in this work was based on the measurement of the electrical 

impedance of piezoelectric PZT ceramic disk embedded in the composite materials. The 

PZT sensor is 0.2 mm thick disk with a diameter of 7 mm (Figure 1). 

 

 
 

Figure 1. Piezoelectric disk [https://www.steminc.com] 

 

A first UD fabric layer was arranged on a wooden mould coated with wax (release 

agent). The resin was then applied by using a squeegee and a paint roller to ensure a 

good wetting of the reinforcement with the resin and removing excess resin and 

entrapped air. Once the first layer was fully impregnated the second reinforcement ply 

in which two piezoelectric disks were placed is applied and impregnated. Figure 2 

shows the plate after manufacturing.  

 

 

 
 

Figure 2: Flax reinforced epoxy composite material with embedded PZT disk 

 

 

The PZT sensors were connected to an impedance analyser and the impedance was 

monitored as a function of time at room temperature (RT) at 4 kHz.   
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4.  Results for the specific curing characterization 

 
4.1 Thermomechanical analysis of cured composites 

 
It is well known that the measurement of α-relaxation temperature which is associated 

to Tg can be used as an accurate indication of cross-link density of a thermosetting. The 

thermomechanical properties were analysed using DMA on composites after curing at 

room conditions (23°C, 50% HR) at various cure times (12 hours, 2 and 8 days).   Tests 

were carried out in tension-compression mode at controlled dynamic displacement (±5 

µm) in the linear viscoelasticity domain within a temperature range of -50 at 150°C 

(heating rate = 1 K/min) at a constant frequency of 1 Hz. 

 

Typical plots of the storage modulus E' and the loss factor tan δ versus temperature 

were given in Figure 3a and 3b respectively. The onset of the modulus drop and the 

maximum of tan δ were shifted towards high temperatures and the area under the curve 

of loss factor was reduced with curing time at RT.  

 

 

Figure 3: Temperature dependence of (a) tan δ and (b) E’/E0’ response at F=1 Hz 

for flax reinforced composites at various curing states: ( ) 12 hours; ( ) 2 days; (  ) 

8 days; ( ) 8 days + sweep until 150°C 
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These features were consistent with a progressive decrease in chain motion due to a 

degree of crosslink increase with curing time. These Figures show also that the cure rate 

above 2 days curing was greatly slowed down. Unlike what was usual, the modulus at 

rubbery plateau increases continuously with temperature in all the cases, even if the 

amplitude of this phenomenon decreases with curing time. 

 

These analyses pointed out that after curing and stabilization 8 days at room 

temperature a full degree of curing was not achieved. Another temperature sweep was 

carried out in the RT - 150 °C temperature range on 8 days cured samples which 

confirmed the non-fully cured state after curing at RT during a little more than one 

week. Indeed, the α-relaxation increases by about 25°C. Nevertheless, a slight increase 

in storage rubbery modulus vs temperature occurred again for post-cured samples. 

 

4.2 In situ curing monitoring 

 

Once the impregnation process was completed, the impedance (Z) was monitored at 4 

kHz every 10 min at room temperature (23°C). A comparison of normalized change in 

impedance vs time obtained on two different plates manufactured two weeks apart, 

shows the high reproducibility that was achieved (Figure 4). 

 

The variation of impedance versus time had a sigmoidal shape. At the very early 

beginning, a slight increase in impedance appeared.  Beyond this lag-time, the 

impedance increased sharply, and then levelled off until it reached a quasi-asymptotic 

value. There was no obvious definition at which gelation occurred using such 

measurements. 

 

At the very beginning, the thermoset mixture was composed of low-molecular 

prepolymers.  As the reaction proceeded, chain extension occurred to produce relatively 

high molecular weight reaction products resulting in an increase in impedance. Gelation 

which corresponded to the first appearance of an infinite cross-linked network was 

associated in this study to the time at which the first significant increase in stiffness. As 

mentioned previously, vitrification was associated with the transition from a rubbery 

modulus to a glassy modulus. 

 

Above vitrification, the mobility of the reacting groups was restricted with the reduction 

of free volume. Thereby, this phenomenon led to an extremely slow reaction, as the 

reaction became diffusion-controlled. Therefore, vitrification was associated to the 

instant at which the impedance reached an almost constant value. Beyond, the 

impedance continued to increase slowly long after the vitrification: the reaction 

dramatically slowed, since the cure mechanism was controlled by the molecular 

diffusivity, but did not come to end. 

 

These features were consistent with α-relaxation results obtained on composites at 

increasing cure times until about one week and after post-curing. The α-relaxation 

temperature can continue to increase long after the vitrification.  Nevertheless, the final 

cross-linking was limited because of the low temperature of cure. 
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Figure 4: Normalized impedance vs time during cure at RT of two different plates 

(arrows indicate gelation and vitrification) 

 

 

Results from impedance correlate with results from DMA tests performed on a sample 

cut from the flax fabric (22 mm × 13 mm (length and width)) and impregnated by epoxy 

resin. Test conditions were tension/compression mode at controlled static (5 µm) and 

dynamic displacement (±1 µm), frequency: 30 Hz and room temperature (Figure 5).  

The variation of storage stiffness K’ versus time showed a similar sigmoidal feature 

than impedance. Compared to DMA, impedance measurements appeared, in particular, 

to be more sensitive to changes in properties occurring after the vitrification has 

occurred when the cure mechanism became controlled by the molecular diffusivity and 

the crosslinking formation rate was dramatically low.  The difference may be because, 

for DMA, the loading was applied, for practical reasons (correct clamping of the fabric 

before polymerisation) in the direction of the reinforcement. 

 

 
 

Figure 5: Normalized impedance and storage stiffness vs time during cure at RT 
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5.  Conclusion 
 

The technique used in this work is based on the measurement of the electrical 

impedance of piezoelectric ceramic micro-patches embedded in a composite material. 

The change in the impedance spectrum, which is linked to the changes of matrix 

viscoelastic properties as cure progressed, was used to understand the different steps of 

the epoxy matrix cure. 

 

The results showed that the piezoelectric transducers are well suited to in-situ monitor 

the reaction progress during isothermal curing of flax reinforced epoxy materials. Tests 

on moisture effect on natural fibre reinforced epoxy are in progress. 

 

Moreover, after curing, the sensor may be used as damage detector and wear sensor. In 

order to assess the efficiency of such a system and especially the optimal placement of 

the set of piezopatches for both curing observance and health monitoring, tests were 

performed based on three-point bending measurements and scanning electron 

microscope. 
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