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A B S T R A C T   

Due to their capability to evaluate the microscopic mobility of polymers, dielectric sensors are increasingly used 
for in-situ cure monitoring of thermoset composites. More than a dozen cure correlation methods have been 
proposed in literature to date, each of which focuses on a specific dielectric parameter. However, the wide va-
riety of techniques have not been compared nor robustly evaluated for accuracy and repeatability. This study 
collects dielectric signal data (dissipation factor, impedance, ionic conductivity/viscosity, loss factor, and 
permittivity) during cure of an out-of-autoclave thermoset prepreg and conducts a systematic evaluation of the 
five dielectric parameters to prove that the parameters can be used interchangeably and, in some cases, can 
deliver complementary information. By correlating features of dielectric graphs to both experimentally measured 
and numerically simulated cure state events, a master list of correlation techniques is presented. The proposed 
techniques have improved accuracy and repeatability in comparison to the existing analysis techniques.   

1. Introduction 

Advanced thermoset polymer composites have been implemented by 
a range of industries due to their combination of excellent properties and 
wide variety of manufacturing techniques [1–14]. Fibre reinforced 
polymer (FRP) composites research is currently focused on enabling 
high quality and high complexity parts [15,16], with much emphasis on 
optimising the processing conditions for fabrication [17–19]. Composite 
parts are susceptible to a variety of quality issues due to high levels of 
manufacturing uncertainty stemming from variation in the raw mate-
rials and processing conditions [20,21]. A major challenge in optimising 
composites processing techniques is accounting for the impact of system 
variability on the final product output. Quality control requirements 
commonly dictate that components must achieve a specified state of 
resin cure, as the completion of the polymer conversion process is 
directly linked to the mechanical performance of the final product [22]. 
As the complexity and scale of composite parts increases it becomes 
more challenging to meet this threshold. Much research is being con-
ducted on using different types of sensors for in-situ cure monitoring as a 
method of demonstrating compliance to quality requirements. In-situ 
sensor networks are also an appealing technology for enabling active 
control of the manufacturing process. By having direct knowledge of the 
material state, processes parameters can be updated live which allows 

for process optimisation. 
A range of sensor types have been investigated for their ability to 

monitor this thermoset cure state including thermocouples, ultrasonic 
sensors [23–25], fibre optic sensors [26–28], and dielectric sensors 
[29–31]. The capabilities and limitations of these sensors have been 
extensively reviewed [32,33]. A recent review on these four common in- 
situ cure monitoring sensors has explored the different methods for 
correlating monitored parameters to cure state information [34]. Ther-
mocouples monitor the change in temperature, which can then be used 
as an input to a kinetic model for a given resin system to understand cure 
state. Ultrasonic sensors monitor the change in attenuation of ultrasonic 
waves as they propagate through the material, showing clear phase 
transformations as the matrix crosslinks and changes in density. Fibre 
optic sensors, depending on the type, will monitor how light refraction 
or strain changes in response to a cross-linking matrix. Dielectric sen-
sors, however, are one of the most promising methods of in-situ cure 
monitoring as they have identified not just phase transitions, but degree 
of cure (DoC) and glass transition temperature (Tg) progression. The 
reader is encouraged to use this review as a supplement for the brief 
summary of analysis techniques provided here, and in particular for the 
current state of the art for dielectric analysis. 

The dielectric sensor operates by generating a time varying electric 
field which fluctuates at a set frequency or range of frequencies. 
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Dielectric analysis (DEA) is then conducted by monitoring changes in 
the electrical behaviour of the polymer during cure and relating these 
events in the electrical behaviour to physical material changes. A cur-
rent is generated in response to the sensor’s applied excitation voltage, 
which results in a total electrical impedance of the material. This mea-
surement is composed of resistive and capacitive components, which 
originates from ion movement and dipole rotation within the material 
under test. As the material cures and the polymer chains crosslink, the 
ion and dipole movements are restricted. By monitoring these changes 
as the cure time progresses, it is possible to identify major curing events 
such as the onset of the cure reaction, point of minimum resin viscosity, 
and end of the cure reaction. 

Many researchers have investigated methods of conducting DEA, 
however each have used different parameters and methods to correlate 
dielectric information with material cure state information. Commonly, 
analysis is completed by evaluating signal change as time progresses 
(time-spectrum) or signal change across a range of frequencies (fre-
quency-domain) [35–37]. A summary of key time-spectrum analysis 
techniques is presented in Table 1. This material presented in this study 
displays frequency-independent behaviour at the investigated fre-
quencies due to the impact of ion migration dominating the dielectric 
signal [38]. For this reason, this paper will focus on time-spectrum an-
alyses and their correlations with thermodynamic transitions and re-
actions of the material under test. To date, the existing methods have not 

been compared side by side to evaluate their accuracy and repeatability. 
This paper presents a systematic approach to correlating dielectric sig-
nals to material cure state information for the cure of Solvay CYCOM® 
5320-1 carbon fibre/epoxy prepreg. Cure characterisation for 5320-1 
has been completed by [39] and further refined by [40]. The kinetic 
model used here, via Convergent RAVEN, is based on the Kratz model 
[39]. A thorough evaluation is presented for multiple cures, with 
consideration of all dielectric parameters and their correlations to 
simulated and analytical test results. As all five dielectric parameters are 
calculated based on the materials’ dielectric behaviour, specifically 
capacitive and resistive response, this paper hypothesises that the 
dielectric parameters can be used interchangeably for the monitoring of 
thermoset cure reactions. Based on this, a final set of correlation tech-
niques is proposed, including validation and verification of existing 
techniques and proposed modifications and updates for future 
implementation. 

2. Methodology 

2.1. Materials and sample preparation 

This study used Solvay CYCOM® 5320-1 carbon fibre/epoxy pre-
preg, for which the material definition is stated in Table 2. Prepreg 
squares measuring 80 mm by 80 mm were laid up in a [0,90]s config-
uration, with a NETZSCH IDEX 115/60T interdigitated dielectric sensor 
and a K-type thermocouple embedded at the midplane as shown in 
Fig. 1. The four-ply configuration was chosen to ensure good contact 
between the sensor and the epoxy. It should be noted that the sensor has 
a penetration depth of 115 μm, which is within the first ply placed above 
the electrodes. Additional thermocouples collected thermal data on the 
top of the vacuum bag, under the tool, and in the air approximately 100 
mm above the top of the bag. A secondary panel, also 80 mm by 80 mm, 
with layup scheme [0/90]4s was manufactured without any embedded 
sensors to produce Dynamic Mechanical Analysis (DMA) test specimens. 
This layup sequence was chosen in accordance with the ASTM standard 
for DMA testing of composites [41]. Both laminates were fabricated on a 
15 mm thick steel tool and vacuum bagged in accordance with the 
manufacturers recommended vacuum bagging schematic [42]. Five 
replicates of this assembly, designated IDEX1 through IDEX5, were 
cured in an oven under vacuum using a modified version of the manu-
facturers recommended cure cycle. The cure profile started from 
ambient conditions and increased at 2–2.5 ◦C/min to 180 ◦C, followed 
by a 2-hour dwell at 180 ◦C, and subsequent cooling back to ambient 
temperatures. The data collected from these panels follows the data flow 
indicated in Fig. 2. The following sections detail the methods used to 
complete the dielectric analysis, cure simulation, and analytical testing. 

2.2. RAVEN simulation 

Convergent RAVEN software was used to simulate the cure of the 
prepreg based on the temperature profile collected from the mid-plane 
thermocouple. This thermocouple was selected for simulation as it 
corresponds to the location of the embedded IDEX sensor. A 0D cure 
profile was run using the built-in material card for the CYCOM® 5320- 
1/IM7-12K Tape based on the Kratz cure kinetics model [39] and using 
the thermocouple data taken from the midplane of the laminate. Cure 

Table 1 
Overview of existing dielectric correlation methods, including the method used 
and the cure feature that is output from the method. Methods are indicated by 
the dielectric parameter with DISP indicating the dissipation factor (D), IMP 
indicating the Impedance (Z), COND indicating the ion conductivity (σ), LOSS 
indicating the loss factor (ε˝), and VISC indicating the ion viscosity (ρ).  

Name Method Cure Feature Sources 

DISP-1 First local maximum of 
dD
dt 

Cure start 
[47] 

DISP-2 Plateau onset (
dD
dt

= 0) Cure completion 
[47] 

DISP-3 tanδ = 1 defined as the crossover point 
between loss and permittivity 

Gel point [49] 

IMP-1 Onset of the first plateau after the 
minimum value of impedance at 1 kHz 

Gel point [30,45] 

IMP-2 Onset of the second plateau after the 
minimum value of impedance at 1 kHz 

Vitrification [30,45] 

IMP-3 Linear regression to determine 
relationship between log(Impedance) 
and degree of cure over the isothermal 
range 

Degree of cure 
progression 

[52] 

COND- 
1 

Global maximum of the conductivity Minimum 
viscosity 

[31,53] 

COND- 
2 

Inflection after the peak of the 
conductivity 

First indication 
of gelled material 

[31,53] 

COND- 
3 

Plateau onset (
dσ
dt

= 0) Vitrification 
[31,53] 

COND- 
4 

Tg =
logσ0 − logσt

logσ0 − logσ∞
Tg∞With the 

conductivity at the start (σ0) and end 
(σ∞) of the isothermal region, 
conductivity at time t (σt), and the 
measured glass transition temperature 
(Tg∞) 

Tg progression 
[46] 

LOSS-1 α =
logε˝0 − logε˝t

logε˝0 − logε˝∞
With the loss factor 

at the start (ε˝0) and end (ε˝∞) of the 
isothermal region, and the loss factor at 
time t (ε˝t). 

Cure index 
[54] 

VISC-1 Plateau onset (
dρ
dt

= 0) Cure completion 
[48,55] 

VISC-2 α =
logρt − logρmin

logρmax − logρmin
αmWith the 

viscosity at time t (ρt), minimum 
viscosity (ρmin), maximum viscosity 
(ρmax), and the measured degree of cure 
(αm) 

Degree of cure 
progression [30]  

Table 2 
Solvay CYCOM® 5320-1 prepreg definition and properties [42].  

Property Value 

Resin CYCOM® 5320-1 
Fibre Hexcel IM7 12 K 
Prepreg Areal Weight (gsm) 145 
Resin Content (%) 33 
Form Unidirectional Tape  
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features were identified for each IDEX panel in accordance with Fig. 3. 
The final degree of cure shown in (a) is identified as the end value of the 
degree of cure curve. The vitrification point shown in (b) is identified as 
the crossover point between the Tg and temperature, and the final Tg also 
shown in (b) is identified as the end value of the Tg curve. The start of 
cure and end of cure both found in (c) is indicated by the start and 
ending of the cure reaction rate. The time at minimum viscosity shown 
in (d) is indicated by the global minimum, and the gel point also shown 
in (d) is indicated by the inflection of the viscosity curve. The loga-
rithmic scale for (d) should be noted. 

2.3. DSC measurements 

Differential Scanning Calorimetry (DSC) was conducted using a TA 

DSC25. Approximately 5–10 mg of material cut from each IDEX panel 
was tested under a dynamic ramp rate of 5 ◦C/min from 25 to 280 ◦C. 
The actual laminate degree of cure was calculated by integrating under 
the heat flow-time curve and dividing by the total heat of reaction for 
5320-1, which is indicated as 561.8 J/g per Convergent RAVEN. 

2.4. DMA measurements 

Dynamic Mechanical Analysis (DMA) was conducted using a TA HR- 
2 Hybrid Rheometer. Test coupons were cut by waterjet from the [0/ 
90]4s panel to dimensions of 8 mm wide by 45 mm long with a tolerance 
of ±2 mm. They were dried in an air circulated oven at 120 ◦C for a 
minimum of 16 h, and then held in a sealed container with desiccant 
prior to testing. They were tested by a dynamic ramp rate of 5 ◦C/min 
from 25 to 280 ◦C with a displacement of 50 μm oscillating at 1 Hz 
frequency. The Tg was calculated in accordance with ASTM D 7028 [41] 
by the storage modulus (E’) onset, and the degree of cure was calculated 
using this value and the DiBenedetto equation. 

2.5. Dielectric analysis 

2.5.1. Data collection 
Dielectric data was collected using NETZSCH IDEX 115/60T inter-

digitated sensors and the NETZSCH DEA 288 Ionic data analyser. The 
sensor collected parameter data for frequencies between 1 Hz and 10 
kHz with 4 frequencies set logarithmically per decade. The resistive (R) 
and capacitive (C) responses of the material under the time varying 
electric field were used to calculate the five dielectric parameters. 

The complex permittivity (ε*) is a measure of the polarizability of a 
material under a time-varying electric field. It is composed of a relative 
permittivity (ε’) calculated via Equation (1) and a loss component (ε“) 
calculated by Equation (2) [43]. 

Fig. 1. Cure setup including (a) schematic of sensor placement within the midplane of the laminate and (b) image of sensor placement within the laminate and 
laminate placement within the oven. Note that placement of TC Reader and DEA Reader shown in (a) are located outside of the oven. 

Fig. 2. Schematic of data flow from data collection to analysis.  
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ε′ =
Cd
ε0A

(1)  

ε˝ =
d

RωAε0
(2) 

The dissipation factor (D), also known as tanδ, can be calculated in 
Equation (3) as the ratio of the dielectric loss (loss component) and 
permittivity (storage component) [44]: 

D = tanδ =
ε˝
ε′ =

1
ωRC

(3) 

The ionic conductivity (σ) is a material property related to the bulk 
dielectric conductance (G), which is the inverse of the resistance (R). It is 
also related to the ion viscosity (ρ) by an inverse relationship demon-
strated in Equation (4) [37]. It should be noted that the ion viscosity is a 
term which is used to represent the frequency independent resistivity 
(ρDC), which here will be represented as ρ for simplicity. Within 
dielectric analysis it is common to represent the log of the ionic con-
ductivity, which is referred to as the LIC. 

ρ =
1
σ =

RA
d

(4) 

Impedance (Z) is calculated in Equation (5) with i representing the 
complex number [37]. 

Z =
1

1
R + iωC

(5) 

Equations (1)–(5) utilise the shape factor (A/d) driven by the elec-
trode spacing and sensing area, permittivity of free space (ε0 = 8.854 ×
10− 12 F m− 1), and electrical excitation frequency (ω). It should be noted 
that the shape factor is commonly applied to a parallel plate 

configuration, however it has been documented to be a relevant scaling 
factor for other configurations such as interdigitated electrodes, as are 
used in this paper. 

Logarithmic scaling is commonly used for all dielectric parameters to 
isolate the effects of ion mobility and dipole rotation. For example, the 
permittivity represented in log scale takes the format of Equation (6). 
This allows for the separation of the capacitance from the constant 
variables which do not impact the curing: the electrode Ad ratio and the 
permittivity of free space. By evaluating the logarithm of the dielectric 
parameters, the direct impact of curing on the capacitance and re-
sistivity can be isolated. 

logε′ = log
Cd
ε0A

= logC+ log
d

ε0A
(6) 

Data was processed using NETZSCH Proteus® software. Signals were 
smoothed up to software setting 6–8 to minimise signal noise. Data 
collected at a frequency of 1 Hz was used for all correlations, excepting 
all dissipation factor methods and IMP-1 and -2, as it most appropriately 
fits the timescale of the cure reaction for this out-of-autoclave epoxy. It 
should be noted that resin systems which cure more quickly, in the 
manner of minutes or seconds, may benefit from higher frequency 
measurements in order to accurately capture the cure events. Higher 
frequencies showed significant signal noise, and sufficient smoothing of 
these curves reduced the accuracy of the measurement. 1 Hz measure-
ments generally had the best resolution and required minimal smooth-
ing of the signal. As this material system displays a strong, frequency- 
independent conductive behaviour it is acceptable to perform the ana-
lyses on a single frequency. Cure state correlations on IDEX3 were 
repeated for 10 Hz, 100 Hz, and 1 kHz frequencies to verify that the 
results are aligned with 1 Hz measurements. It was confirmed that the 
choice of frequency for these methods does not impact the results. The 1 

Fig. 3. Method of determining cure states using Convergent RAVEN, indicated with red arrows. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Hz frequency was deemed inappropriate for the dissipation factor as it 
did not have reliable behaviour at low frequencies. Below 100 Hz the 
signal produced a double peak shape, which distorted the application of 
the analysis methods. Thus the 100 Hz frequency was selected for the 
dissipation factor to ensure that the methods can be applied as defined. 
Finally, the definition of IMP-1 and -2 provided by [30,45] specified the 
use of 1 kHz measurements, in which it is speculated that the high fre-
quency allows for detection of molecular phenomena. In this study, 
frequencies between 1 and 3.16 kHz were selected in order to identify 
the double-shoulder behaviour most clearly. 

Data analysis was conducted in accordance with the following sec-
tions. A comparison was conducted between the newly proposed cor-
relations, existing correlations, and expansion of the existing 
correlations to include all dielectric parameters. 

2.5.2. Proposed cure state identification methods 
A cure point analysis was conducted to correlate graph features for 

each dielectric parameter with cure events defined by the RAVEN 
simulation. The change in the electrical signals indicates changes in 
polymer crosslinking, which can therefore be used to indicate the 
distinct “cure events” which occur during processing: start of cure, 
minimum resin viscosity, gel point, vitrification point, and the end of 
cure. 

For this analysis, the timing of these cure events was identified from 
the RAVEN simulation in accordance with the criteria specified in Fig. 3. 
Similarly, the time at which key dielectric signal changes occurred was 
identified. These points are known as graph features, and includes in-
flections, global and local minima and maxima, onsets, endsets, and the 
point at which the endset intersects the curve (known as the endset 
tangent). An example of how these graph features are identified is shown 
in Fig. 4. It should be noted that the impedance follows a concave up 
graphical trend, whereas all other parameters are concave down. For 
this reason, the impedance will be referred to using minima where the 
other parameters will indicate a maximum. The minimum absolute 
value point of the derivative was used to compare with the end of cure. 
This point was found by identifying the time at which the minimum 
absolute value of the derivative curve occurs after the global maximum. 

Next, the RAVEN cure events were compared with the dielectric 
graph features to identify which features correlated most strongly. A 
preliminary visual comparison, Fig. 5, was conducted to identify which 
graph features should be considered for comparison. This comparison 

Fig. 4. Identifications of graph features and their placement relative to the 
RAVEN identified cure events. 

Fig. 5. Comparison of RAVEN cure events (coloured lines) to dielectric signals for (a) Dissipation Factor at 100 Hz frequency, (b) Impedance, (c) Log of the Ionic 
Conductivity, (d) Loss Factor and (e) Permittivity. Graphs (b-e) represent 1 Hz frequency measurements. 

M. Hall et al.                                                                                                                                                                                                                                    



Composites Part A 175 (2023) 107755

6

allowed for a down-selection of cure event-graph feature pairs. For some 
cure events there are multiple graph features which have a potentially 
strong correlation. For example, the minimum viscosity is located near 
both the inflection prior to the global maximum, and to the global 
maximum itself. Both graph feature pairs were identified for the cure 
point analysis to identify which of them has the strongest correlation 
amongst all five test replicates. It should be noted that the 100 Hz 
measurement for the dissipation factor was used for this analysis as it 
displays a single peak behaviour which most similarly aligns with the 
behaviour of the other parameters. 

The measure of discrepancy strength for each pair was calculated as a 
percentage of how close the graph feature is to the cure event using 
Equation (7). 

Δ% =

⃒
⃒
⃒
⃒100*

(tRAVEN − tDEA)

tTOTAL

⃒
⃒
⃒
⃒ (7) 

The strength (Δ%) was calculated using the time differential between 
when the RAVEN cure event occurs (tRAVEN) and when the dielectric 
graph feature occurs (tDEA). It is then normalised by the overall cure time 
(tTOTAL), which in this case refers to the RAVEN estimated cure end time, 
in order to scale the results with the duration of the cure. The values and 
average values are reported as absolute values. This discrepancy rating 
was calculated for each dielectric parameter, for each pair, for each test 
replicate (IDEX1-5). 

2.5.3. Further development of published cure state identification methods 
Many existing DEA correlations have been proposed in literature, 

however each method specifically identifies a single dielectric variable. 
These correlations, which are listed in Table 1 are named for the 
parameter which was originally evaluated. For example, COND-4 pro-
posed by Yang et al. [46] uses the log of the ionic conductivity (LIC) to 
calculate the progression of the glass transition temperature. Similarly, 
DISP-1 and DISP-2 which were proposed by Kim et al. [47] identify the 
start and end of cure by identifying features of the graph of the dissi-
pation factor. This paper evaluates all of the methods proposed in 
Table 1 for a single material and compares their results across five test 
replicates. Further, each method was applied across all five dielectric 
parameters to identify if the method is parameter-dependent. 

Developments have been made to some of the existing methods to 
account for differences in the data structure or as a proposed clarifica-
tion of the original method. Redefintion or clarifications are detailed 
below and are summarised for conciseness in Table 3.  

• DISP-2 Redefintion: DISP-2 identifies the completion of cure as the 
time where the dissipation factor derivative reaches zero. However, 
in this study, the derivatives approach zero but never reach it, as cure 
is stopped prior to the degree of cure reaching 100%. Instead the 
correlation will define the end of cure, meaning the point where the 
cure reaction stops, as the minimum of the absolute value of the 
derivative.  

• DISP-3 Clarification: DISP-3 was only analysed for the dissipation 
factor and not implemented for the remaining dielectric parameters 
as the dissipation factor is specifically a ratio of the loss factor and 
the permittivity.  

• IMP-1 and IMP-2 Frequency Redefinition: IMP-1 and IMP-2 were 
originally identified as the start of two plateau regions identified for 
the impedance at 1 kHz frequencies. In this study, the double plateau 
phenomena was only observed at 1 kHz frequencies for IDEX 1 and 
IDEX5. IDEX3 was most clearly identified at 1.78 kHz, and IDEX2 
and 4 at 3.16 kHz. These methods were not applied to other pa-
rameters as the double plateau phenomena was not clearly present 
for the remaining parameters.  

• IMP-3 Boundary Redefinition: IMP-3 utilises the linear correlation 
between the impedance (represented on a log scale) and the degree 
of cure for the isothermal region of cure. As the cure cycles utilised in 

this study were not perfectly isothermal, instead the region was 
bounded from the global maximum or minimum to the end of the 
isothermal hold.  

• COND-3 Definition Clarification: COND-3 originally defined the 
vitrification point as the start of the plateau region, without 
providing a clear definition of how to identify the start of the plateau 
region. Based on the results of the proposed correlations, this point 
was defined specifically as the tangent point of the endset after the 
global maximum.  

• COND-4 Boundary Redefinition: Similar to the redefinition for 
IMP-3 the boundaries of the equation used in this study were not 
defined as the isothermal period. Rather, σ0 was defined as the point 
of maximum conductivity and σ∞ was defined as the end of the 
isothermal temperature region. Further, as the Tg and degree of cure 
are directly related by the DiBenedetto equation, COND-4 in this 
study was used to determine the degree of cure progression in 
accordance with Equation (8) in which the equation is normalised by 
the actual degree of cure calculated by DSC (αDSC). The rationale for 
this decision is that the simulated progression of both the Tg and 
degree of cure made in RAVEN are defined by their DiBenedetto 

Table 3 
Summary of improvements to the DEA analysis techniques specified in Table 1.  

Name Original Method Improved Method 

DISP-1 First local maximum of 
dD
dt 

No change 

DISP-2 Plateau onset (
dD
dt

= 0) Minimum abs(dD/dt) 

DISP-3 tanδ = 1 defined as the crossover 
point between loss and 
permittivity 

No change 

IMP-1 Onset of the first plateau after the 
minimum value of impedance at 1 
kHz 

Onset of the first plateau after the 
minimum value of the impedance, 
at the frequency it can be most 
clearly identified (1 kHz or higher) 

IMP-2 Onset of the second plateau after 
the minimum value of impedance 
at 1 kHz 

Onset of the second plateau after 
the minimum value of the 
impedance, at the frequency it can 
be most clearly identified (1 kHz or 
higher) 

IMP-3 Linear regression to determine 
relationship between log 
(Impedance) and degree of cure 
over the isothermal range 

Linear regression to determine 
relationship between log 
(Impedance) and degree of cure 
between the global minimum and 
the end of the isothermal hold 

COND- 
1 

Global maximum of the 
conductivity 

No change 

COND- 
2 

Inflection after the peak of the 
conductivity 

No change 

COND- 
3 

Plateau onset (
dσ
dt

= 0) Plateau onset defined as the 
tangent point of the endset after the 
global maximum 

COND- 
4 

Tg =
logσ0 − logσt

logσ0 − logσ∞
Tg∞With the 

conductivity at the start (σ0) and 
end (σ∞) of the isothermal region, 
conductivity at time t (σt), and the 
measured glass transition 
temperature (Tg∞) 

α =
logσ0 − logσt

logσ0 − logσ∞
αDSCWith the 

conductivity at the maximum (σ0), 
the conductivity at the end of the 
isothermal region (σ∞), the 
conductivity at time t (σt), and the 
measured degree of cure (αDSC) 

LOSS- 
1 

α =
logε˝0 − logε˝t

logε˝0 − logε˝∞
With the loss 

factor at the start (ε˝0) and end 
(ε˝∞) of the isothermal region, and 
the loss factor at time t (ε˝t). 

α =
logε˝0 − logε˝t

logε˝0 − logε˝∞
αDSCWith the 

loss factor at the maximum (ε˝0), 
the loss factor at the end of the 
isothermal region (ε˝∞), the loss 
factor at time t (ε˝t), and the 
measured degree of cure (αDSC) 

VISC-1 Plateau onset (
dρ
dt

= 0) Minimum abs(dσ/dt) 

VISC-2 α =
logρt − logρmin

logρmax − logρmin
αmWith the 

viscosity at time t (ρt), minimum 
viscosity (ρmin), maximum 
viscosity (ρmax), and the measured 
degree of cure (αm) 

See COND-4  
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relationship so the comparison of COND-4 to the simulated degree of 
cure progression is representative of the relationship and allows for a 
direct comparison to the other methods which calculate degree of 
cure (IMP-3, LOSS-1, and VISC-2). 

α =
logσ0 − logσt

logσ0 − logσ∞
αDSC (8)    

• LOSS-1 Boundary Redefinition: The calculation for degree of cure 
defined by LOSS-1 is redefined with the same rationale as COND-4 
due to the cure for this study not being truly isothermal. Instead of 
bounding the start and end of the isothermal region, ε0″ is defined as 
the value at the global maximum. Further, the LOSS-1 equation 
calculates a cure index, which is a relative representation of the 
degree of cure between values of 0 and 1. This paper normalises the 
value by the actual degree of cure measured from DSC testing, in the 
manner of methods COND-2 and VISC-2. 

Table 4c 
Results comparison for the gel point.  

Gel Point (min)  

Method Average 
Value 

Std. 
Dev 

Δ% 

COND-2 Post-peak inflection 104.0 4.4 5.4% 
DISP-3 (100 Hz) tanδ = 1 110.5 5.1 2.8% 
IMP-1 (1 kHz) First endset 105.0 1.3 5.0% 
Dissipation (100 

Hz) 
Endset 119.6 3.4 1.0% 

Impedance Endset 130.5 10.8 4.9% 
Ion Conductivity Endset 122.4 6.7 2.3% 
Loss Endset 124.9 6.0 2.8% 
Permittivity Endset 116.0 5.5 1.4% 
RAVEN 

Predictions 
Time at inflection of 
viscosity (min) 

117.7 1.0 –  

Fig. 6. Results of the cure state identification assessment indicating the average 
discrepancy strength and standard deviation for each graph feature-cure event 
pair across all five IDEX replicates. 

Table 4a 
Results comparison for the start of cure.  

Time at Cure Start (min)  

Method Average 
Value 

Std. 
Dev 

Δ% 

DISP-1 (1 Hz) first 
dD
dt 

maximum 56.3 5.0 1.4% 

Dissipation (100 
Hz) 

first 
dD
dt 

maximum 61.3 5.9 3.4% 

Impedance first 
dZ
dt 

minimum 45.4 2.0 2.8% 

Ion Conductivity first 
dσ
dt 

maximum 51.9 2.7 0.9% 

Loss first 
dε˝
dt 

maximum 56.7 9.2 2.9% 

Permittivity 
first 

dε′
dt 

maximum 
58.8 7.9 2.9% 

RAVEN 
Predictions 

Time at start of cure rate 
increase (min) 

52.7 0.5 –  

Table 4b 
Results comparison for the time at minimum viscosity.  

Time at Minimum Viscosity (min)  

Method Average 
Value 

Std. 
Dev 

Δ% 

COND-1 Global maximum 88.9 1.8 1.2% 
Dissipation (100 

Hz) 
Global maximum 88.7 1.4 1.1% 

Impedance Global minimum 88.8 1.8 1.1% 
Loss Global maximum 88.9 1.8 1.2% 
Permittivity Global maximum 87.7 1.3 0.7% 
RAVEN 

Predictions 
Time at minimum 
viscosity (min) 

85.6 0.9 –  

Table 4d 
Results comparison for the vitrification point.  

Vitrification Point (min)  

Method Average 
Value 

Std. 
Dev 

Δ% 

IMP-2 (1 kHz) Second endset 143.7 5.6 4.6% 
COND-3 Flattening of the curve 161.3 2.1 2.2% 
Dissipation (100 

Hz) 
Endset tangent point 162.2 4.3 2.8% 

Impedance Endset tangent point 165.0 5.6 3.6% 
Loss Endset tangent point 161.3 5.3 3.1% 
Permittivity Endset tangent point 148.9 8.6 3.5% 
RAVEN 

Predictions 
Time at Tg-T crossover 
(min) 

155.6 1.4 –  

Table 4e 
Results comparison for the end of cure.  

Time at Cure End (min)  

Method Average 
Value 

Std. 
Dev 

Δ% 

DISP-2 (1 Hz) dD
dt

= 0 N/A N/A N/A 

VISC-1 dρ
dt

= 0 N/A N/A N/A 

Dissipation (100 
Hz) Minimum 

⃒
⃒dD
dt

⃒
⃒
⃒
⃒

250.6 1.8 2.9% 

Impedance 
Minimum 

⃒
⃒dZ
dt

⃒
⃒
⃒
⃒

245.9 6.4 4.7% 

Ion Conductivity 
Minimum 

⃒
⃒dσ
dt

⃒
⃒
⃒
⃒

248.0 3.3 3.9% 

Loss 
Minimum 

⃒
⃒dε˝

dt

⃒
⃒
⃒
⃒

250.4 1.7 2.9% 

Permittivity 
Minimum 

⃒
⃒dε′
dt

⃒
⃒
⃒
⃒

252.2 1.3 2.2% 

RAVEN 
Predictions 

Time at end of cure rate 
(min) 

257.9 0.6 –  
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• VISC-1 Redefintion: VISC-1 identifies the completion of cure as the 
time where the viscosity derivative reaches zero. However, in this 
study, the derivatives approach zero but never reach it, as cure is 
stopped prior to the degree of cure reaching 100%. Instead the cor-
relation will define the end of cure, meaning the point where the cure 
reaction stops, as the minimum of the absolute value of the deivative.  

• VISC-2 Redefinition: As the ion conductivity is the inverse of the ion 
viscosity, COND-4 will be used in place of VISC-2 in order to elimi-
nate redundancy. 

3. Results 

3.1. Newly proposed cure state identification assessments 

The results of the cure point analysis are displayed in Fig. 6. The 
individual cure events are paired with their proposed graph features in 

accordance with the x-axis labels. Within each pair grouping, the 
average discrepancy strength across the replicates of IDEX1-5 as calcu-
lated by Equation (7) is displayed for each dielectric parameter. The 
error bar represents the standard deviation across the part replicates. 
Note that while the average value is calculated as an absolute value per 
Equation (7), the standard deviation is calculated based on the true 
values in order to accurately convey the variance of where tDEA lies 
relative to tRAVEN. 

The pairs with the best consistency and accuracy (indicated in Fig. 6 
by asterisks*) are proposed as new correlations: the initial inflection 
indicating the start of the cure reaction, peak value (global maxima or 
minima) indicating the point of minimum viscosity, the endset after the 
global peak indicating the gel point, and the endset tangent point 
correlating to the vitrification point. These correlations were then 
compared quantitatively to the existing correlations, shown in Table 4a- 
e. The existsing correlations in Table 4 are indicated in itallics. 

Fig. 7. Calculation of degree of cure for IDEX1 using the (a) dissipation factor at 100 Hz, (b) impedance, (c) ion conductivity, (d) loss factor, and (e) permittivity with 
all calculations shown in comparison to the RAVEN simulation. Graphs (b-e) represent 1 Hz frequency measurements. 
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3.2. Accuracy comparisons of different cure state identifications 

The results of all proposed and existing correlations which identify 
discrete cure points are shown in Table 4a-e. For each specified method 
an average value, standard deviation, and percentage of how closely the 
value deviates from the RAVEN prediction are presented. The percent 
discrepancy (Δ%) is calculated in accordance with Equation (7). Note 
that existing correlations in accordance with Table 3 are indicated in 
italics. 

3.3. Graphical methods 

Fig. 7 demonstrates the methods of COND-4 and LOSS-4 applied to 
all five dielectric parameters for IDEX1. Dielectric correlations are 
compared to the RAVEN simulated degree of cure. As previously noted, 
COND-4 is not utilised to calculate the Tg as the Tg and degree of cure are 

directly related via the DiBenedetto equation. All these correlations 
were normalised by the actual degree of cure measured by DSC. Further, 
Fig. 8 displays the part-to-part consistency of COND-4 across the five 
cure replicates. 

The methodology proposed by IMP-3 was applied to all parameters, 
with the results for IDEX2 shown in Fig. 9 correlations between the 
RAVEN degree of cure and the parameters are shown in (a-e), including 
the R2 value. The linear region was determined from the global maxima 
or minima to the end of the isothermal dwell, and the correlation 
function was determined per Equation (9) in which X represents the 
dielectric parameter, αRAVEN representing the RAVEN calculated degree 
of cure, and c and b as fitting parameters. The linear equations for each 
parameter and replicate are given in Table 5. 

logX = cαRAVEN + b (9) 

This equation was then used to calculate a predicted degree of cure 

Fig. 8. Comparison of degree of cure calculations via COND-4 (1 Hz) for IDEX tests 1 through 5.  
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using the actual log values and the fitting parameters. Degree of cure 
curves for each parameter in IDEX3 are shown in Fig. 9(f) in comparison 
to the RAVEN predicted degree of cure. The final values of this calcu-
lation indicate the final degree of cure for each test. These values are 
compared with actual degree of cure measurements in Table 6. 

4. Discussion 

4.1. Cure event correlations 

Looking first at the cure event correlations determined from Fig. 6 it 
is apparent the proposed correlations (specified by the asterisks*) are as 

Fig. 9. Linear regression in accordance with IMP-3 for each parameter of IDEX3 indicating the linear relationship between degree of cure and the logarithm of (a) 
dissipation factor at 100 Hz, (b) impedance, (c) ion conductivity, (d) loss factor, and (e) permittivity. Degree of cure predictions for each parameter compared to the 
RAVEN simulation are shown in (f). Graphs (b-e) represent 1 Hz frequency measurements. 

Table 5 
Linear relationships for each dielectric parameter following the method of IMP-3. Note that the 100 Hz correlation for the dissipation factor was used for the degree of 
cure calculation, and the 1 Hz relationship is only included for the purposes of analysing the slopes.   

IDEX1 IDEX2 IDEX3 IDEX4 IDEX5 

Dissipation (100 Hz) − 1.44D + 0.89 − 0.82D + 0.33 − 0.80D + 0.34 − 0.79D + 0.39 − 1.26D + 0.81 
Dissipation (1 Hz) − 0.33D + 0.91 − 0.39D + 1.12 − 0.14D + 0.93 − 0.30D + 0.94 − 0.22D + 0.86 
Impedance 2.31Z + 6.43 1.46Z + 7.12 1.34Z + 7.14 1.42Z + 7.05 1.94Z + 6.66 
Ion Conductivity − 2.33σ − 8.34 − 1.47σ − 9.03 − 1.35σ − 9.05 − 1.44σ − 8.96 − 1.95σ − 8.57 
Loss Factor − 2.33ε’ + 3.92 − 1.47ε’ + 3.23 − 1.35ε’ + 3.20 − 1.44ε’ + 3.30 − 1.95ε’ + 3.68 
Permittivity − 2.00ε“ + 3.00 − 1.08ε“ + 2.10 − 1.21ε“ + 2.27 − 1.14ε“ + 2.36 − 1.73ε“ + 2.82  

Table 6 
Predicted degree of cure values as calculated from IMP-3 correlations. Values are compared to analytical results from DSC and DMA and to simulated results from 
RAVEN.    

IDEX1 IDEX2 IDEX3 IDEX4 IDEX5 

Analytical and Simulated Results DSC 93.8% 92.0% 92.8% 92.5% 92.0%  
DMAa 93.5% 93.6% 93.2% 93.7% 93.0%  
RAVEN 92.9% 92.8% 93.1% 93.0% 92.9% 

DEA Correlations Dissipation Factor 90.4% 90.1% 93.6% 92.7% 89.9%  
Impedance 92.2% 95.0% 95.1% 94.8% 92.2%  
Ion Conductivity 93.3% 95.4% 91.7% 91.2% 92.8%  
Loss Factor 91.0% 91.7% 95.1% 94.3% 92.5%  
Permittivity 87.7% 87.7% 91.3% 94.1% 90.0%  

a As calculated using the DiBenedetto equation. 
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good as or better than the existing methods for CYCOM® 5320-1, as 
demonstrated in the Table 4 comparisons for each cure event. The 
discrepancy strengths for the proposed correlations are all within 5%, 
indicating strong alignment with the RAVEN predictions. 

Firstly, there is a weak correlation between the first inflection (also 
known as the first local dX

dt maximum, in which X represents the relevant 
dielectric parameter) and the start of cure as proposed in DISP-1 and 
displayed in Table 4a. At the start of cure the resin has started to soften 
and lower in mechanical viscosity. This results in a rapid change of the 
ionic viscosity, which manifests as a rapid increase in the signal. How-
ever, the rapid change of temperature during this region has a significant 
impact on ion viscosity and reduces the accuracy of this correlation. It is 
proposed that this point may generally indicate that the reaction has 
started, however the variability should be considered. The ion conduc-
tivity measurement, and thus the ion viscosity measurement, have the 
strongest and most consistent correlations for identifying cure start. 

The point of minimum mechanical viscosity, shown in Table 4b, is a 
key parameter for many manufacturing processes including out of 
autoclave prepreg processing and resin infusion processing. This time 
event is very strongly identified as the global maxima or minima of each 
dielectric parameter, with strong correlations for all tests. COND-1 
proposed that the peak value of the ionic conductivity curve has been 
well identified as the point of maximum ion viscosity. This directly 
correlates to the point of minimum mechanical viscosity (η) through 
Equation (10) which is calculated using the ion radius (r), charge (q), 
and concentration (n) [48]: 

ρ =
6πηr
q2n

(10) 

This study demonstrates that this correlation is valid for all five 
dielectric parameters as well. 

The gel point is challenging to identify, as mechanical gelation oc-
curs over time. There are multiple definitions of gel from the onset of 
crosslinking to the point of rapid mechanical viscosity increase. Existing 
correlations such as COND-2 and IMP-1 likely correlate well with the 
onset of gel, results of which are shown in Table 4c. However, they are 
less accurate in estimating gel per the definition used by this paper, 
which is the time at inflection of the mechanical viscosity. DISP-3 cor-
relates well to the gel point and has been shown to relate directly to the 
crossover point of the storage and loss modulus as calculated in rheology 
testing [49]. Rather than the inflection point, which was proposed by 
COND-2, the endset after the global peak correlates strongly to the gel 
point across all dielectric parameters. At the gel point the resin experi-
ences a rapid increase in the mechanical viscosity, which significantly 
reduces both ion mobility and dipole movement as the polymer chains 
rapidly crosslink. As the viscosity curve in Fig. 3(b) shows, the inflection 
point occurs very close in time to the resin achieving maximum vis-
cosity. The endset of the dielectric parameters indicates that the change 
in electrical signal has rapidly slowed down and suggests a strong 
alignment to this physical event. 

The vitrification point, as defined by the time that the Tg surpasses 
the processing temperature, is also an arbitrary physical event that is 
challenging to model with electrical phenomena. As indicated in 
Table 4d, IMP-2 correlates moderately well for cures of 5320-1, however 
it is challenging to identify this point at a consistent electrical field 
excitation frequency. COND-3 was not demonstrated to correlate well 
for this resin system, and instead applies best to the end of cure, as will 
be discussed later. The newly proposed endset tangent point aligns 
strongly for all dielectric parameters. This point is proposed as a clarified 
definition of the “onset of the plateau region” which has previously been 
suggested to indicate vitrification. Physically, vitrification indicates the 
rapid slowing of the cure reaction as the reaction rate becomes diffusion 
controlled. At this plateau onset, the electrical signal begins a slow 
leveling out into a linear region. After this point there is no major change 
to the electrical signal until the cure ends and the lowered processing 

temperature causes the signal to decline. Thus, we can see that the onset 
of this plateau region correlates to the onset of the diffusive region of 
cure during which the crosslinking process is far more subtle. 

Finally, by modifying the definitions of DISP-2 and VISC-1 it is 
possible to identify the end of cure for both curing types across all pa-
rameters as shown in Table 4e. As stated previously, the derivative of 
each signal did not achieve a value of 0. However, all parameters are 
shown to trend towards 0, until the signal drifts at the end of the cure 
due to the reduction in temperature. This final point, defined as the 
minimum of the absolute value of the derivative function (

⃒
⃒dX

dt

⃒
⃒
min), has a 

strong correlation to the end of the cure reaction rate. It should be noted 
here that literature has previously referred to this as the completion of 
the cure reaction. This paper will clarify this definition as the stopping of 
the cure reaction, which is distinct from the cure reaction proceeding to 
100% complete. In a typical composite cure, it is unnecessary to achieve 
100% conversion, and instead the cure is considered complete once it 
has reached a specific threshold, for example, at 88.2% for 5320-1 [50]. 
As none of the cures in this study were progressed to 100% conversion, it 
is only possible to correlate this point to the end of the cure reaction rate, 
which occurs when temperature is removed from the system and the 
reaction rate lacks sufficient energy to proceed. Taking these definitions, 
the end of the reaction is very reliably identified across the dielectric 
parameters. 

4.2. Graphical methods 

The graphical methods of performing dielectric analysis were also 
demonstrated to be applicable across all parameters. The results of Fig. 7 
and indicate that the methods proposed by COND-4, LOSS-1, and VISC-2 
apply to the other dielectric parameters. Fig. 8 demonstrates that this 
method is also consistent from part to part and can thus be used reliably 
to evaluate the degree of cure and Tg progression. While the permittivity 
measurement deviated from the RAVEN prediction during the middle 
portion of the cure, the end stages of cure aligned well. 

4.3. Linear analysis (IMP-3) correlation 

The linear regression process proposed by IMP-3 carries much 
promise for predictive cure modelling. For the example presented in 
Fig. 9 for IDEX 3, showed very strong linear relationships as indicated by 
high R2 values. This resulted in the degree of cure trends for the pa-
rameters which aligned very closely with the simulated curve. The linear 
trends for each IDEX replicate, which are displayed in Table 5, also 
indicate possible patterns which could be used for predictive cure 
modelling. 

Within each test replicate the impedance, conductivity, and loss 
factor follow a trend of having very closely matching slopes. As all three 
of these parameters are dependent on the conductance of the material 
(G) we can determine that this slope may be associated with the 
conductive behaviour. Similarly, the permittivity is dependent on the 
capacitive behaviour of the sample. The dissipation factor can be 
calculated as the ratio of the permittivity to the loss, and written in 
logarithmic terms Equation (3) can be rewritten using the inverse rela-
tionship of resistivity to conductance as follows: 

logD = log
(

1
ωRC

)

= log
(

G
ωC

)

= logG − logC − logω (11) 

From Equation (11) we can observe that the log of the dissipation 
factor is defined by the differences in the log of the conductance and 
capacitance. This pattern is demonstrated by the slopes of the 1 Hz 
dissipation factor equations, which are almost exactly the difference 
between the three conductance-based equations (impedance, conduc-
tivity, and loss factor) and the capacitive-based equation (permittivity). 

It can also be observed that IDEX tests 2, 3, and 4 displayed very 
consistent slopes within each parameter. Results for IDEX1 and 5 
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display, however, different trends, which suggest that linear analysis 
may be sensitive to the natural manufacturing variability from material 
and process inconsistencies. 

In addition to closely aligning to the degree of cure trend, the IMP-3 
correlation has also predicted the final degree of cure by identifying the 
final value predicted by the model. The values indicated in Table 6 show 
a high degree of accuracy and are on average within 2.5% of the RAVEN 
predictions. 

4.4. Summary of new methods 

Based on the results and discussion presented in the previous sec-
tions, Table 7 provides a final list of suggested dielectric analysis tech-
niques. The techniques are identified by the cure state feature that they 
identify, the previously existing techniques that contributed to the 
methodology, and notes on how the original technique has been modi-
fied or improved. Details of the methods are specified in Table 3. 

These methods have potential repercussions to live process moni-
toring techniques and active control systems. The cure event techniques 
to identify the start of cure, point of minimum viscosity, gel point, and 
vitrification point can potentially be identified live as the cure pro-
gresses. The cure end identification technique is a response to the 
change in temperature as the process ends and thus cannot be identified 
until the final dwell temperature has been completed. It is, however, a 
good point of redundancy against sensors which monitor the processing 
temperatures and would reinforce that the process step has completed. 
DoC(2) has the potential for live prediction of cure if a master equation is 
determined to capture the linear correlation. Such an equation may be 
material and process-cycle dependent and may need to account for 
factors which influence signal and cure variation such as materials and 
temperature uncertainty. DoC(1) must be calculated after the cure has 
completed, as the equation is dependent on the final value of the signal 
at the end of the isothermal plateau. For this reason, it is unlikely to 
provide live monitoring, however it can provide valuable information 
after the process has completed. 

The use of such dielectric analysis methods also has significant im-
plications on quality control systems for high performance applications. 
Process requirements are commonly validated using indirect methods 
such as temperature monitoring. Temperature-based methods rely on 
knowledge of the material cure kinetics and what permissible temper-
ature windows will produce components which meet quality standards. 

However, uncertainty in cure kinetics and processing conditions can 
produce a range of unexpected outcomes [19,51]. By directly moni-
toring the material state during cure it is possible to objectively identify 
how the cure progresses for that specific part at that specific time. 
Dielectric analysis is unique in its ability to directly produce information 
related to both the stage of cure and final degree of cure, without the 
required assumptions which predicates temperature monitoring 
methods. 

5. Conclusion 

The consistency and accuracy of dielectric analysis has been 
demonstrated through analysis of multiple part cures. Test results are 
consistent from part to part and from parameter to parameter, indicating 
that DEA is capable of reliably identifying material changes throughout 
the cure process. A comprehensive evaluation of existing and proposed 
DEA techniques across all dielectric parameters has resulted in the final 
list of analysis techniques summarised in Table 7. These techniques have 
been demonstrated to be parameter-independent and to have high de-
grees of accuracy when compared to analytical and simulated results. 
Further, correlation methods DISP-3, IMP-1, and IMP-2 have been 
confirmed to apply to the tests conducted here, however they are 
parameter-dependent. 

The methods evaluated here have implications for live process 
monitoring and active control, as some methods are capable of 
providing material state information during the progression of the cure. 
Further, dielectric analysis has been shown to directly monitor cure state 
and degree of cure, in contrast to other methods which make assump-
tions of the material state based on temperature monitoring. This direct 
monitoring can be used to certify that process conditions are met 
without concern for process uncertainty or variability. 
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et al. Design, fabrication and embedding of microscale interdigital sensors for real- 
time cure monitoring during composite manufacturing. Sens Actuat. A 2016;243: 
123–33. 

M. Hall et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1359-835X(23)00331-7/h0045
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0045
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0045
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0050
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0050
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0055
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0055
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0060
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0060
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0065
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0065
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0065
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0070
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0080
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0080
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0080
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0090
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0090
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0090
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0095
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0095
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0100
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0100
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0105
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0105
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0105
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0105
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0110
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0110
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0110
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0115
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0115
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0115
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0120
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0120
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0125
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0125
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0130
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0135
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0135
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0135
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0140
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0140
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0145
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0150
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0150
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0150
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0150
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0155
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0155
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0160
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0160
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0160
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0165
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0165
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0170
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0170
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0175
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0175
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0175
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0180
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0180
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0185
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0185
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0190
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0190
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0190
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0195
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0195
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0200
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0200
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0200
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0215
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0215
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0215
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0220
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0220
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0225
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0225
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0230
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0230
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0230
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0230
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0235
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0235
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0235
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0240
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0240
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0240
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0245
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0245
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0245
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0255
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0255
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0260
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0260
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0260
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0260
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0265
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0265
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0265
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0270
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0270
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0270
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0275
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0275
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0275
http://refhub.elsevier.com/S1359-835X(23)00331-7/h0275

	Dielectric parameter independent curing analysis of out-of-autoclave carbon fibre/epoxy composites
	1 Introduction
	2 Methodology
	2.1 Materials and sample preparation
	2.2 RAVEN simulation
	2.3 DSC measurements
	2.4 DMA measurements
	2.5 Dielectric analysis
	2.5.1 Data collection
	2.5.2 Proposed cure state identification methods
	2.5.3 Further development of published cure state identification methods


	3 Results
	3.1 Newly proposed cure state identification assessments
	3.2 Accuracy comparisons of different cure state identifications
	3.3 Graphical methods

	4 Discussion
	4.1 Cure event correlations
	4.2 Graphical methods
	4.3 Linear analysis (IMP-3) correlation
	4.4 Summary of new methods

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


