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ABSTRACT 

In this paper the monitoring of ultrasonic parameters of a thermosetting resin during an isothermal 

curing process is described. The ultrasonic properties are studied within the context of the 

monitoring of composite plate production by resin transfer molding (RTM). These ultrasonic 

characteristics can be related directly to cure kinetic models. An ultrasonic method, based on the 

measurement of the elastic constant and associated mechanical loss has been developed to identify 

the variations of the phase transformation. To study the reaction kinetics, the time dependence of 

the elastic coefficient is modeled using a Weibull distribution. The approximate time derivative 

form of this Weibull model makes it possible to find the relationship between ultrasonic parameters 

and the chemical Kamal model. The ultrasonic monitoring of a cooling process was also performed 

to study the temperature sensitivity after curing. Thanks to experimental measurements of the 

ultrasonic velocity and attenuation, the power law coefficient variations and their temperature 

sensitivity can be examined. The resulting viscoelastic Cole-Cole parameters were estimated and a 

frequency-temperature (f, T) model was proposed. 
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I. INTRODUCTION 

Organic matrix composites are materials composed of fibers, continuous or non-embedded, in a 

polymer matrix and may be either thermoplastic or thermosetting. In aeronautics, the most common 

is the carbon/epoxy composite used for its good mechanical strength and temperature resistance. 

The use of sensors to monitor the physical and mechanical properties during manufacture is a 

topical issue. Among various techniques of non-destructive testing and evaluation (NDT&E), 

ultrasonic methods are used to measure velocity and attenuation of various materials. As an 

example, the relationships between grain distribution and attenuation [1, 2] have been investigated, 

the correlation between the viscoelastic properties and the volume fraction of porosity [3, 4, 5] has 

been widely studied, or the on-line optimization and prediction of the final properties have been 

implemented on the resin transfer molding (RTM) process [6]. More precisely, the polymerization 

or cure monitoring has been investigated in the recent decades [7, 8, 9, 10, 11, 12, 13], but few of 

these have related ultrasonic properties and chemical characteristics. Usual methods include 

differential scanning calorimetry (DSC) [14, 15, 16, 17, 18], dynamic mechanical analysis (DMA) 

[18, 19, 20] and dielectric analysis [20]. Thus, ultrasonic methods are suitable for industrial 

applications even if studies of the relationships between ultrasonic properties and chemical 

characteristics are still in progress. Lionetto [21] and McHugh [22, 23] have compared various well-

assessed techniques (calorimetry, rheology, low frequency dynamic mechanical analysis) with 

ultrasonic methods. They demonstrated that the ultrasonic parameter variations can be related to the 

phase transformation (onset of cross-linking reaction, cure reaction rate, etc). This approach can be 

reinforced by a more specific study of the ultrasonic information. A modeling of the frequency 

dependence of the longitudinal ultrasonic wave attenuation in thermosetting resin makes it possible 

to identify viscoelastic parameters. In this context, Challis et al. [24, 25] have demonstrated that a 

Cole-Cole model successfully simulates wave propagation in cured resin. Relations between the 

attenuation power law and Cole-Cole parameters were developed and validated experimentally in a 

limited set of experiments at constant temperature of the viscous silicone oils [26, 27]. In this paper, 

a method is proposed to measure the ultrasonic characterization for the monitoring of thermosetting 

curing. Both time of flight and spectral methods are compared to determine the longitudinal wave 

velocity cL and attenuation L parameters. The variations of elastic constant c33 and mechanical loss 

m help to identify different stages of the cross-linking reaction. The influence of the set-point 

temperature on the ultrasonic parameters was investigated. The elastic constant c33 was modeled 

with a Weibull distribution. The relation between the Kamal chemical model [15, 16] and an 

approximation of the Weibull model was developed [28]. To identify the influence of temperature 

after curing, a cured epoxy during a cooling process was monitored. The low-temperature 

sensitivity of the ultrasonic parameters was investigated, i.e. when the temperature is lower than the 
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glass transition temperature (Tg). The attenuation dispersion is modeled by a power law [26, 29, 30, 

31, 32], which takes into account the attenuation sources related to the length of the polymer chains, 

similarly to the grain size in metals [1, 2]. The temperature sensitivity of the power law parameters 

makes it possible to identify the temperature dependency of the ultrasonic velocity dispersion 

according to Szabo [31] and O’Donnell et al. [32] models. Moreover, the viscoelastic Cole-Cole 

parameters were estimated [26] as a function of the temperature. These models are compared in 

very good agreement with experimental spectral results and a frequency-temperature (f, T) model 

[33] was developed for the ultrasonic parameters. 

This paper is divided into three parts: the first describes the theoretical equations and the proposed 

experimental setup for the monitoring of an epoxy resin. The second part is focused on the 

isothermal cure monitoring results, variations in the mechanical properties during the 

polymerization and the model-fitting kinetics of isothermal cure. Lastly, the sensitivity of the 

ultrasonic parameters of a cured epoxy is monitored during a low velocity cooling. 

 

II. SETUP 

A. Theory 

Cure monitoring is of primary interest for industrial applications such as the resin transfer molding 

(RTM) process. This topic [21] has led to various studies involving ultrasound and chemical 

reaction kinetics [34]. Compression properties along the propagation direction in the inspected 

materials can be identified thanks to the longitudinal waves. During a preliminary study the two 

first round-trip echoes in the epoxy resin were considered [28]. Nevertheless, this method is 

restricted in terms of longitudinal wave characteristics, due to the signal-to-noise ratio, i.e. high 

values of attenuation during the polymerization. As illustrated by Figure 1, an epoxy resin is 

monitored during its polymerization. This melt is introduced for inspection and monitoring between 

two blocks of aluminum, mimicking a mold. The spectrum S1(f) corresponds to the first round-trip 

echo in aluminum only s1(t), whereas the spectrum S2(f) corresponds to the first round-trip echo in 

aluminum and epoxy s2(t). These spectra are given by: 
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where S0(f) is the emission signal, kAlu = /cAlu(f) + jAlu(f) and kEpo = /cEpo(f) + jEpo(f) are the 

complex longitudinal wavenumbers in aluminum and epoxy, respectively, dAlu and dEpo are the 

thicknesses of the aluminum block and epoxy layer, respectively, REpo/Alu is the complex reflection 

coefficient between the epoxy and aluminum layers, TEpo/Alu is the complex transmission coefficient 
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from the epoxy to the aluminum, and TAlu/Epo is the complex transmission coefficient from the 

aluminum to the epoxy. Those transmission and reflection coefficients are theoretically complex 

and frequency dependent. Thus, the theoretical acoustic impedance is usually denoted as 

ZL(f) = .cL(f), where the complex longitudinal wave velocity includes losses, i.e. 

cL(f) = cL(f).(1 + j.c(f)), with cL(f) the frequency dependent longitudinal wave velocity and 

c(f)  L(f).cL(f)/ the frequency dependent loss coefficient. In the context of this study, the 

longitudinal wave velocity dispersion does not exceed 0.1% and the loss coefficient is less than 2%. 

Therefore, in the following, for practical aspects based on verified assumptions [26, 27], the 

longitudinal acoustic impedance is simply denoted as ZL = .cL. 

From the time response point of view, the longitudinal wave velocity in the epoxy layer cEpo and 

longitudinal attenuation Epo can be expressed as a function of the characteristics of the round-trip 

echoes , i.e. maximum amplitude ratio max(s2)/max(s1), and delay t between s1(t) and s2(t), 

respectively: 
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, where ZEpo = EpocEpo. and ZAlu = AlucAlu. 

The transfer function T(f) = S2(f)/S1(f) contains information on both longitudinal ultrasonic 

properties of the epoxy layer, i.e. longitudinal wave velocity cEpo(f) and longitudinal attenuation 

Epo(f). As a result, the transfer function argument Arg(T) and modulus |T(f)| give the following 

frequency dependencies: 
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Figure 1: Experimental setup for the ultrasonic and temperature monitoring of the second layer between the two 

aluminum blocks. 

 

B. Experiment 

The experimental setup is made up of a contact transducer used successively as emitter and receiver 

(Olympus Panametrics
®
). Its center frequency is f0 = 5 MHz and its bandwidth is f6,r = 80%. The 

transducer emits in a three layered Aluminum/Epoxy/Aluminum (Alu/Epo/Alu) structure, with 

thicknesses equal to dAlu = 120 mm, dEpo = 7.6 mm, dAlu = 120 mm, respectively (Figure 1). The two 

first round-trip echoes s1(t) and s2(t) are used to evaluate the ultrasonic properties of the second 

layer, i.e. the epoxy resin (Resoltech
®

) and its longitudinal wave velocity cEpo and longitudinal 

attenuation Epo. The transducer is excited using a broadband impulse generator (Sofranel
®
) and the 

echoes are acquired using a digital oscilloscope (Yokogawa
®
 DL9140-5G/s 1GHz) on 125k points, 

with a sampling frequency fs = 2.5 GHz and averaged on Nav = 1024 acquisitions. These echoes are 

acquired automatically, with an acquisition period of 10 minutes. The temperature order is 

programmable and regulated by a heating oven (Kelviron
®
). The epoxy resin melt (Resoltech

®
) is 

prepared by mixing the resin (Inclupox A) and the hardener (Inclupox B) in 100/45 mass 

proportions. The homogenization procedure consists in a melt during 2 min, a degasing of 10 min 

using a void pump. This operation is repeated twice in order to remove the air incorporated during 

the melt. The aluminum blocks are greased to guarantee a straightforward unmolding. A sealing 

joint prevents the epoxy resin to flow out of the gap between the two aluminum blocks. The 

massive three-layered structure is thermostated in the heating oven before the epoxy resin is poured 

in the gap between the aluminum blocks. A Pt100 temperature sensor is immersed in the epoxy 

resin in order to record the exact temperature of the epoxy resin during the polymerization. 
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III. RESULTS 

A. Isothermal cure 

1. Time-of-flight characterization 

Figure 2 (left) shows the first two round-trip signals s1(t) and s2(t) during polymerization at a 

setpoint temperature T = 35°C, in the aluminum (Alu) block only and the (Alu/Epo), respectively. 

Local temperature in resin is measured using a Pt100 sensor. Figure 2 (right) also shows the signals 

s1(t) and s2(t) at the beginning (right top) and the end (right bottom) of the reaction. 

 

 

Figure 2: Round-trip echoes s1(t) and s2(t) in dB scale during polymerization at a setpoint temperature T = 35°C, in the 

aluminum (Alu) block only and the (Alu/Epo), respectively (left). Round-trip echoes s1(t) and s2(t) at the beginning 

(right top) and the end (right bottom) of the polymerization at a setpoint temperature T = 35°C. 

 

The amplitude of the signal s1(t) reflected by the aluminum decreases slightly during 

polymerization. The amplitude of the first round-trip echo s1(t) is proportional to the reflection 

coefficient REpo/Alu = ZAlu  ZEpo/ZAlu  ZEpo which decreases as the acoustic impedance of the 

epoxy resin ZEpo = EpocL,Epo increases during the polymerization. The delay corresponding to the 

second round-trip echo s2(t) is between 49 µs and 45 µs, giving a variation of the ultrasonic velocity 

in the order of 1000 m/s during the polymerization. For a period of polymerization tacq  13 h the 

amplitude of the signal s2(t) reaches its lower level, i.e. the attenuation is maximum. That 

corresponds to the phase transformation of the polymer. 
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The ultrasonic measurements can be related to the elastic properties, through the complex c33 

viscoelastic coefficient which is the (3, 3) component of the viscoelastic [cij] matrix. This 

viscoelastic coefficient can be related to the ultrasonic longitudinal properties, i.e. c33 = ρ.cL
2
, with ρ 

the density and cL = cL.(1+jc) the complex longitudinal velocity: 

 
2

33 33.(1 ) .(1 2 )m L cc c j c j              (4) 

where c33  ρcL
2
, and m  2LcL/. This approximated expression is correct when the extent of 

attenuation L per wavelength λL is small, i.e., LλL/(2π) = LcL/  3.10
–2

 << 1. 

 

2. Polymerization stages 

The mechanical property variations during the polymerization are illustrated by Figure 3. The 

elastic constant c33 (GPa) and mechanical loss m (%) are monitored during the polymerization 

versus the acquisition time tacq (h). From these curves, some typical parameters help to identify the 

different stages of the crosslinking reaction. Different stages can be identified using the tangent 

method: the liquid viscous stage (1), the glassy transition stage (2), the saturation solid stage (3). 

These stages are identified from the elastic constants. Two horizontal tangents are plotted from the 

start and the end of the monitoring. A third tangent is plotted at the inflexion point (tifx), i.e. 

(dc33/dtacq)(tifx) = [dc33/dtacq]max. This latter intersects the two starting and ending horizontal tangents 

at the gelation (tgel) and saturation (tsat) times, respectively. 
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Figure 3: Evolution of the elastic properties as a function of time during the polymerization: elastic constant c33 (GPa) 

() and mechanical loss m (%) (), at a setpoint temperature T = 35°C. 
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As a result, the glassy solid time (tgs) is evaluated as the average of the gelation and saturation times 

tgs = (tgel + tsat)/2 on the wave velocity curves. Stage (1), from tacq = 0 to 7 h, is the liquid viscous 

state characterized by a slight increase of the elastic constant. Stage (2), from tacq = 7 to 25 h, is the 

glassy transition stage and can be decomposed in two parts. The gelation stage (2a) is characterized 

by the rapid increase in the elastic constant from the gelation time (tgel) to the glassy solid time (tgs). 

In this zone, the crosslinking density increases greatly, with a reduction in the mobility of the chains 

of molecules. The vitrification stage (2b) is characterized by a decrease in the reaction kinetics, i.e. 

[tgs; tsat]. The saturation solid stage (3) starts at the saturation time (tsat) and corresponds to the end 

of the polymerization, i.e. negligible polymerization kinetics. The mechanical loss peak occurring at 

the time (tvit) nearly matches that of the inflexion point (tifx) and that of the glassy solid time (tgs). In 

this vitrification transition zone, i.e. tacq  [tgel; tsat], the vitrification reaches its maximum around 

(tvit, tifx, tgs), depending on the chosen definition. The increase in the overall elastic constant during 

the monitoring is around 5.5 GPa, indicating that the transition from viscous liquid to glassy solid 

results in significant changes in the elastic properties. This change can be related directly to the 

polymer concentration P(tacq)  [0; max], defined by a law giving P(0) = 0 and P() = max. 

 33 33,0 33, 33,0( ) ( ). ( )acq acqc t c c c P t           (5) 

where c33,0 and c33, correspond to the elastic constants in the epoxy resin in the initial and final 

states, respectively. 

 

3. Setpoint temperature sensitivity 

The temperature sensitivity of the polymerization of the epoxy resin at a thermostated low 

temperature was investigated. The ultrasonic properties are monitored as a function of time, for 

three setpoint temperatures at T = 30°, 35, and 40°C. The main effect that can be observed is that 

the reaction kinetics appear to increase with the setpoint temperature (Table 1): 

 

Table 1: Experimental parameters obtained from c33 at the setpoint temperatures T = 30, 35 and 40°C. 

T (°C) tvit (h) tifx (h) tgel (h) tsat (h) tgs (h) 

30 15.9 17.9 9.54 31.1 20.3 

35 14.0 14.0 7.10 24.9 16.0 

40 9.94 9.94 5.38 19.9 12.6 

T (°C): thermostated setpoint temperature; tvit (h): vitrification time; 

tifx (h): inflexion time; tgel (h): gelation time; tsat (h): saturation time; 

tgs (h): glassy solid time. 
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This is illustrated both on the curves of the elastic constant c33 (Figure 4 (a)) and mechanical loss m 

(Figure 4 (b)). As a result (Table 1), the glassy solid time can be evaluated by the average of the 

gelation time and saturation time tgs = (tgel + tsat)/2 on the elastic constant curves (Figure 4 (a)) at 

20.3, 16.0 and 12.6 for the three setpoint temperatures at T = 30, 35, and 40°C, respectively. As a 

comparison, the glassy solid time tvit is evaluated on the mechanical loss curves (Figure 4 (b)) at 

15.9, 14.0 and 9.9 for the three setpoint temperatures at T = 30, 35, and 40°C, respectively. These 

characterization results are in good agreement, even if slight differences can be observed. 

 

B. Interpretation 

1. Model-fitting kinetics of isothermal cure 

A basic approach to the polymerization reaction consists in a first order differential equation 

describing the polymer concentration P. It involves a polymerization kinetic constant kP, here noted 

as the classical time constant  = 1/kP: 

 ( ) 1
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acqP t e 


            (6) 

Nevertheless, due to the complexity of the reaction and diffusion process, the variable kP is not 

constant [22, 35, 36]. When taken into account, these considerations lead to a variation of the 

corresponding time constant. Moreover, it is observed experimentally that the polymerization 

kinetic starts slowly ([dc33/dtacq]t
acq

 = 0  0), which translates the complex polymerization reactions 

and interactions [15, 16, 37, 38]. Various models were developed [22, 35, 36], but their numerous 

parameter inputs are not always convenient. A closer approach to the first order solution (equation 

(8)) leads to consider the complexity of reaction kinetics, using the Weibull distribution: 
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       (8) 

where  and k are the Weibull distribution parameters, fitted to model the polymerization reaction, 

in accordance with the canonical solution to the first order differential equation. 

The identification was performed with consideration to the half polymerization duration t50, 

previously defined as t50 = .(ln(2))
1/k

, and a second identification point, i.e. t95 = .3
1/k

. It leads to 

(, k) estimated Weibull parameters. These estimates are used as input parameters for the LMS 

fitting procedure. 
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(a) (b) 

  

(c) (d) 

Figure 4: Evolution of the properties as a function of time tacq (h) during the polymerization. (a) elastic coefficient c33 

(GPa) and associated Weibull fit (solid lines), (b) mechanical loss m (%), (c) time derivative of the elastic coefficient 

dc33/dtacq (GPa/h) and (d) reaction conversion  (%) at a setpoint temperature T = 30°C (), 35°C () and 40°C (X). 

Experimental results (dotted lines with markers) versus Weibull fit (solid lines). 

 

Thus, an identification of the Weibull parameters obtained experimentally for the setpoint 

temperatures T = 30, 35 and 40°C (Figure 4 (a)) was done. The Weibull function (equation (7)) 

makes it possible to determine the analytical expressions of the inflexion time tW,ifx, the gelation 

time tW,gel and saturation time tW,sat from the (, k) Weibull parameters: 
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where PW'(tacq) is the time derivative of the Weibull function PW(tacq) (equation (7)). The numerical 

values of these characteristic parameters, i.e. the Weibull inflexion time tW,ifx, the Weibull gelation 

time tW,gel, the Weibull saturation time tW,sat (equation (9)) and Weibull glassy solid time 

tW,gs = (tW,gel + tW,sat)/2 are summarized in Table 2, and show a good agreement with experimental 

results in Table 1: 

 

Table 2: Weibull parameters fitted from c33 at the setpoint temperatures T = 30, 35 and 40°C. 

T (°C)  (h) k tW,ifx (h) tW,gel (h) tW,sat (h) tW,gs (h) 

30 24.3 2.38 19.3 8.31 33.3 20.8 

35 19.9 2.12 14.7 5.57 27.8 16.7 

40 15.7 2.06 11.4 4.15 22.1 13.1 

T (°C): thermostated setpoint temperature;  (h): first Weibull parameter; k: second Weibull 

parameter; tW,ifx (h): Weibull inflexion time; tW,gel (h): Weibull gelation time; tW,sat (h): Weibull 

saturation time; tW,gs (h): Weibull glassy solid time. 

 

The experimental time derivative of the elastic coefficient dc33/dtacq and the corresponding Weibull 

fit dc33,W/dtacq (resulting from equation (8)) are compared in good agreement. As an illustration, 

Figure 4 (c) shows two properties that can be observed on the ultrasonic properties monitored for 

thermostated polymerization: the inflexion time tifx and the value of the maximum 

[dc33/dtacq]max = [dc33/dtacq](tifx). This latter corresponds to the maximum slope of the elastic 

coefficient as a function of time c33(tacq), which is characteristic of the polymerization kinetics. 

 

2. Degree of reaction conversion 

The degree of reaction conversion α can be related to ultrasonic measurements, and to the polymer 

concentration P model (equation (7)) through the elastic coefficient c33: 
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where c33,0 and c33, are the minimum and the maximum values of this coefficient during the 

polymerization, respectively. As an illustration, the elastic coefficient c33 (Figure 4 (a)) is calculated 

from the fitted Weibull model (equation (8)). The evolution of the reaction conversion during the 

polymerization (equation (10)) (tacq) (Figure 4 (d)) is plotted for the setpoint temperatures T = 30, 

35, and 40°C. The evolution of the reaction rate during polymerization d/dtacq allows us to identify 

experimentally the inflexion time tifx = {17.9, 14.0, 9.94} h decreasing with temperature, while the 
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maximum reaction rate [d/dtacq]max = {4.25, 4.65, 5.43} %/h increases with the setpoint 

temperatures T = {30, 35, 40} °C. Curing reactions of epoxy resins are most frequently studied with 

a DSC technique in isothermal and/or non-isothermal modes. For isothermal cure, the fractional 

conversion of epoxy , is frequently modeled by the autocatalytic Kamal model [15, 16, 38]: 

  1 2( ) ( ) (1 )m n

acq

d
k T k T

dt


            (11) 

In this model k1(T) is the non-autocatalytic rate constant corresponding to the initial reaction rate 

constant, k2(T) is the auto-catalytic reaction rate constant associated with the catalytic species 

formed during the cure, and m and n are the orders of the non-autocatalytic and autocatalytic 

reactions, respectively. Each rate constant ki(T) follows the Arrhenius equation: 

 ( ) .
aiE

RT
i ik T A e



           (12) 

where Ai is the pre-exponential factor, Eai is the activation energy and R = 8.314 J.mol
–1

.K
–1

. In 

equation (11), the slope at the origin corresponds to [d/dtacq]α = 0 = k1 (Table 3): 

 

Table 3: Kinetic parameters for the setpoint temperatures T = 30, 35 and 40°C. 

 Chemical model Approximated Weibull model 

T (°C) k1 (h
–1

) k2 (h
–1

) m n k/ (k – 1)/k (k + 1)/(2k) 

30 0.00138 0.0974 0.551 0.826 0.098 0.579 0.710 

35 0.00329 0.109 0.513 0.849 0.106 0.528 0.736 

40 0.00764 0.121 0.501 0.862 0.131 0.514 0.743 

k1 (h
–1

): non-autocatalytic rate constant; k2 (h
–1

): autocatalytic rate constant; m: order of the non-

autocatalytic reaction; n: order of the autocatalytic reaction; (k/): approximated autocatalytic rate 

constant relative to the Weibull model; (k – 1)/k: order of the non-autocatalytic reaction relative to the 

Weibull model; (k + 1)/(2k): order of the autocatalytic reaction relative to the Weibull model. 

 

This first rate constant k1 is inserted into equation (11) and then {k2, m, n}, are estimated using a 

least-squared procedure. As summarized in Table 3, the rate constant k2 is much greater than k1, 

indicating that the autocatalytic reaction is much faster than the non-autocatalytic reaction. As a 

result, the Kamal model can be approximated by: 

 2 ( ). .(1 )m n

acq

d
k T

dt


            (13) 

This result can be compared to the Weibull model by developing the analytical expression of 

d/dtacq versus  (equation (10)) as follows: 
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  (14) 

These two expressions are in good agreement, since the parameters are in the same order of 

magnitude. As an illustration, for k = 2 and  = 20 we can approach the Kamal parameters 

n  (k + 1)/(2k)  3/4 , m  (k – 1)/k  1/2 and k2  k/  1/10. The Arrhenius plots of 

ln(ki) = ln(Ai) – Eai/(RT) versus 1/T for i = {1, 2} are used to estimate the pre-exponential factors Ai 

and the activation energies Eai (Table 4): 

 

Table 4: Activation energies Eai and pre-exponent factor Ai for autocatalytic and non-autocatalytic reaction. 

Ea1 (kJ.mol
–1

) Ea2 (kJ.mol
–1

) A1 (h
–1

) A2 (h
–1

) 

135 17.7 2.59.10
20

 108 

 

The auto-catalytic activation energy Ea1 is greater than the auto-catalytic activation energy Ea2. The 

resulting identified pre-exponent factor of the auto-catalytic activation energy is much larger than 

the non auto-catalytic one A1 >>> A2. The values {k1, k2, m, n} are inserted in equation (11), and the 

d/dtacq corresponding to the Kamal model (equation (11)) are compared to the time derivative of 

Weibull model (equation (10)) in Figure 5 (a). Clearly, the Weibull model predicted from ultrasonic 

experimental data is in accordance with the predicted Kamal model for each setpoint temperature 

T = 30, 35 and 40°C. Nevertheless, even if they are in very good agreement, these models are 

formally different, the Kamal one (equation (11)) resulting from a chemical reaction kinetics 

approach, and the Weibull one (equation (14)) being an empirical approach. As illustrated by Figure 

5 (b), the comparison between the approximated Kamal model (equation (13)) and the first order 

series development of the Weibull model (equation (14)), shows that the temperature tendencies are 

respected, but these approximations underestimate the time derivative of fractional conversion 

d/dtacq, relative to the exact Kamal and Weibull models. Moreover, these approximated models do 

not fit well with each other. Therefore, a further series development was performed, and the second 

order series development of the Weibull model shows (Figure 5 (c)) a very good agreement with the 

exact expression (equation (14)). As a result (Figure 5 (c)), the approximated Kamal model 

(equation (13)), which is formally identical to the second order series development of the Weibull 

model (equation (14)), can adequately describe the reaction kinetics, since the chosen sets of 

parameters for {k2, m, n} are those deduced from the second order approximation of the Weibull 

model, i.e. {k/, (k – 1)/k, (k + 1)/(2k)}, as summarized in Table 3. 
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(a) (b) 

 

 

(c)  

Figure 5: Comparison of d/dtacq (%/h) versus  (%) according to the (a) Weibull (dotted lines with markers) model 

and fitted Kamal model (solid lines) ; (b) approximated Kamal model (solid lines, equation (13)) and first order series 

development of the Weibull model (dotted lines with markers, equation (14)); (c) exact Weibull model (dotted lines 

with markers, equation (14)) and second order series development of the Weibull model (solid, equation (14)). 

 

These characterization results were carried out in a relatively low temperature range. It must be 

noticed that the isothermal temperature set T = {30, 35, 40} °C is lower than the glass transition 

temperature which was estimated around Tg  58°C. The ultrasonic velocity was monitored during a 

low temperature polymerization process. The time dependence of the ultrasonic measurement of the 

elastic constant c33 was identified to fit with a Weibull model. Moreover, a second order series 

development of the Weibull model was identified in very good agreement with the Kamal chemical 

model if the auto-catalytic activation energy parameter k1(T) is neglected. As a conclusion for the 

isothermal cure in the previously described context, the maximum value of the time derivative of 

the fractional conversion of epoxy dα/dtacq increases with temperature, i.e. it accelerates the 

chemical reaction kinetics. 
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C. Ultrasound characterization of cured epoxy 

To study the influence of temperature on the ultrasonic parameters, a cured epoxy during cooling 

was monitored. The sample was cured at a setpoint temperature T = 35°C. The temperature was 

measured locally on the sample with variations from 46°C down to 28°C. In this temperature range 

the cured epoxy is still in the glassy state, so the thermal factor alone can be studied. At a 

temperature higher than the glass transition temperature, the phase transformation is added to the 

thermal factor which makes our study more complicated.  

1. Time-of-flight characterization 

The change of ultrasonic velocity cEpo and attenuation Epo (Figure 6) as a function of the 

temperature is calculated by the time of flight method (equation (2)). This Figure 6 shows that 

ultrasonic velocity increases while temperature decreases. This negative temperature dependence 

was also observed in previous studies, such as viscous silicone oils [33] or [27]. At low 

temperature, when the epoxy is in the glassy state (T ≤ Tg), there is no movement of the polymer 

chain segments, and only vibrations and rotations of bonds can occur. In this area, the material has a 

strong glassy behavior as it is still rigid. If the temperature is increased and approaches the glass 

transition temperature (Tg), the movements of sliding chains begin, the material becomes rubbery 

and less elastic, reducing the ultrasonic velocity. The dissipation is greater at high temperatures. 

This explains the increase in attenuation Epo (equation (2)) with temperatures (Figure 6). 

 

 

Figure 6: Temperature sensitivity of longitudinal wave velocity cEpo (m/s) and ultrasonic attenuation Epo (Np/m) 

(equation (2)). 
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2. Frequency dependence characterization 

The signal processing of the round-trip echoes s1(t) and s2(t) shows the tendency of the ultrasonic 

parameters. Nevertheless, the spectral method makes it possible to extract the ultrasonic dispersion 

properties versus frequency. The complex spectra of useful roundtrip signals s1(t) and s2(t) are used 

to calculate the attenuation dispersion versus frequency αEpo(f) (equation (3)). A first approach 

consists in considering the attenuation with a linear frequency dependence. Thus, the attenuation 

can be fitted by a linear law: 

 
, ( )Epo l a

c

f
f

f
 

 
  

 
          (15) 

where a (Np/m) is the attenuation constant at fc (Hz) which is the centroid frequency of the second 

echo s2(t). In a more accurate approach validated for a wide variety of materials [29, 30], the 

attenuation can be modeled on a finite bandwidth by a power law dependence as follows: 

 , 0( )

p

Epo p

c

f
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f
 

 
  

 
          (16) 

where 0 (Np/m) is the attenuation constant at fc (Hz) and 1  p  2 is a real positive number. In 

order to take into account viscoelastic parameters, the Cole-Cole model approximates the ultrasonic 

attenuation in the following form [26]: 
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       (17) 

where 0 (Pa.s) is the Newtonian dynamic viscosity at low frequency,  is the relaxation time and  

(between 0 and 1) is an indicator factor of the width of the distribution of relaxation times. The 

approximate equation (17) is only valid if  >> 1 and assumes that  = 1/(2πfc). From the 

identification of the equations (16) and (17) the relationship between the viscoelastic and ultrasonic 

parameters can be written as: 
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          (18) 

When analyzed in log scale, the linear law Epo,l(f) (equation (15)) shows adequate tendencies, but 

the accuracy of the modeling is quite resctricted. This led to consider an extended modeling using 

the power law fit Epo,p(f) (equation (16)). Therefore, the power law fit to the experimental 

measurements and the identified Cole-Cole model (equation (18)) are compared in Figure 7 (a). The 

comparison between the linear and power law models shows that the power law is more suitable 

than the linear model. The identified Cole-Cole model is able to take into account the change of 
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temperature but within a restricted temperature range, i.e. T = {30, 35, 40} °C. Indeed, the Cole-

Cole model overestimates the attenuation for T = 44°C. The power law parameters (0, fc, p) 

sensitivity with temperature allows us to identify the ultrasonic velocity dispersion according to 

Szabo [31] which is compared with experimental spectral results and illustrated by Figure 7 (b). 

 

  

(a) (b) 

Figure 7: Frequency dispersion of the longitudinal (equation (3)) (a) attenuation Epo(f) (dashed lines with markers) and 

the associated power law fit (equation (16)) (solid line) and Cole-Cole model (equation (17) and (18)) (dotted line) and 

(b) wave velocity cEpo(f) (dashed lines with markers) compared with Szabo model [31] (solid line). 

 

The variations of the ultrasonic parameters (0, fc, p) and viscoelastic parameters (0, , ) as a 

function of the temperature are presented (Figure 8 (a), (b) and (c)). First, the temperature 

dependence of the centroid frequency fc (Figure 8 (a)) is calculated on the spectrum of the second 

echo S2(f) (equation (1)). The relaxation time  = 1/(2πfc) decreases with temperature when the 

material changes from the rubbery state to the glassy state (Figure 8 (a)). Second, the temperature 

dependence of the attenuation parameters (0, p) is based on the spectral method Epo(f) (equation 

(3)) fitted by the power law (equation (16)), and is illustrated by Figure 8 (b) and (c). As a result, at 

the beginning of the cooling, the temperature is T  46°C and the centroid frequency is 

fc  2.98 MHz; at the end of the cooling, the temperature is T  28°C and the centroid frequency is 

fc  3.16 MHz. The corresponding power parameters are p  1.10 and 1.14 for T  46°C down to 

28°C. On the one hand, the centroid frequency fc and the power coefficient p are weakly sensitive to 

the temperature, i.e. less than 5% variation for T  [28; 46]°C. On the other hand, the attenuation 

coefficient 0 (Np/m) increases significantly with temperature, i.e. more than 35% variation for 

T  [28; 46]°C. The temperature dependence of the (0, ) Cole-Cole parameters are then deduced 

(equation (18)) and illustrated by Figure 8 (b) and (c). The attenuation coefficient 0 (Np/m) and 
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dynamic viscosity 0 (Pa.s) also increase with temperature, i.e. during the cooling, the dissipation 

and viscosity decrease when the epoxy passes from the rubbery to the glassy state. 

 

 
 

(a) (b) 

 

 

(c)  

Figure 8: Temperature sensitivity of the (a) centroid frequency fc (MHz) and relaxation time τ (ns), (b) attenuation 

constant 0 (Np/m) and dynamic viscosity 0 (Pa.s), (c) cofficients p and . 

 

3. Approximated frequency-temperature model 

Based on the experimental results, we can identify the (f, T) dependence of (Epo, cEpo) ultrasonic 

parameters in restricted frequency and temperature ranges, i.e. f  [2; 5] MHz and T  [28; 46]°C, 

respectively. A good approximation (Epo,f,T, cEpo,f,T) is obtained if we consider the average values of 

the center frequency fc  3.1 MHz and power parameter p  1.15. As a result, the attenuation 

depends on the frequency as a power law (equation (16)), and on the temperature as a quadratic law 

(equation (19)). In the same way, the velocity depends linearly on the frequency, and on the 

temperature as a quadratic law: 
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   (19) 

where 0 = 148 Np/m is the attenuation and c0 = 2460 m/s is the ultrasonic speed at the reference 

temperature Tref = 30°C. Using a LMS fitting procedure, the fitting coefficients are aT,  1.45.10
–3

, 

af,c  3.58.10
–9

, aT,c  –7.4.10
–5

, bT,c  –2.8.10
–3

. As a result, the frequency and temperature 

dispersion maps of the velocity cEpo(f, T) (Figure 9 (a)) and attenuation Epo(f, T) (Figure 9 (b)) 

illustrate the fits defined in equation (19). The comparison between the experimental results and the 

(f, T) model (equation (19)) is shown in Figure 9 (c) and (d). It is clear that the (f, T) model is able 

to describe the variation of ultrasonic parameters in this temperature and frequency range. 

 

  

(a) (b) 

  

(c) (d) 

Figure 9: Frequency and temperature dispersion maps of the (a) velocity cEpo,f,T(f, T) and (b) attenuation Epo,f,T(f, T) 

(equation (19)). Comparison between experimental measurements (solid line) and the (f, T) model (dashed line) for the 

(c) velocity cEpo(f) and (d) attenuation Epo(f), for T = {30, 35, 40, 44} °C. 
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IV. CONCLUSION 

In the aim of achieving an accurate monitoring of thermosetting resin during an isothermal curing 

process, an experimental setup has been developed. The formulation of the ultrasonic 

characteristics, i.e. longitudinal wave velocity and attenuation, was adapted to this study. The 

ultrasonic characteristics of the cure kinetics are directly related to the elastic constant c33 and 

mechanical loss m. Therefore, in order to improve the curing process, the phase transformation 

(liquid viscous stage, glassy transition stage and saturation solid stage) was monitored and studied. 

As a result, the time dependence of the elastic constant c33 was modeled by a Weibull distribution, 

allowing the study of the reaction kinetics and the directly related degree of reaction conversion α. 

The analytical form of the second order series development of the Weibull model was identified in 

very good agreement with the Kamal chemical model, in the case where the auto-catalytic 

activation energy parameter k1(T) is negligible. This analytical approach first makes it possible to 

link the ultrasonic properties (cEpo, Epo) to the elastic properties (c33, m), leading to the 

identification of the phenomenological properties (tgel, tvitr, tsatur). Then, the Weibull parameters 

(k, ) are fitted and related to the usual chemical parameters (k2(T), m, n). 

In order to study the influence of the temperature after curing, the ultrasonic parameters were 

monitored during a cooling process. The frequency dispersion of the ultrasonic parameters was 

identified as a very sensitive indicator. The power law dispersion of the attenuation was identified 

as more suitable than the linear or Cole-Cole models. The attenuation power law parameter 

sensitivity to the temperature made it possible to identify the ultrasonic velocity dispersion 

according to Szabo. The Cole-Cole dispersion parameters were estimated through the power law 

parameters, thus identifying of the viscoelastic behavior. In the investigated area of frequency and 

temperature ranges, f  [2; 5] MHz and T  [28; 46]°C, an approximated analytic (f, T) model was 

proposed and validated experimentally, both for the attenuation and velocity dependencies. 
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