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ABSTRACT

Thermoset composites are an attractive material choice for high performance applications due
to their superior properties and high level of tailorability compared with traditional
homogeneous materials. However, implementation of these materials is challenging due to
their high level of uncertainty within the manufacturing process. Sources of variation include
slight differences between material batches and the natural temperature variation in
manufacturing equipment causing a range of expected final part properties. Much research has
been conducted on quantifying the expected variation and methods of monitoring the cure
reaction to explicitly identify how the part cure progresses. The research presented in this thesis
focuses on the use of dielectric sensors as a method for live-monitoring of the thermoset cure
reaction, as a strategy for capturing and validating material cure state information. Dielectric
sensors are an appealing option for in-situ monitoring of the thermoset cure reaction because
they provide qualitative and quantitative information on the cure reaction progression.
However, to date, there is no clear consensus on which dielectric parameter should be used for
performing these analyses, or how they should be executed. In this research, a systematic
approach to material cure state determination was completed and a new, comprehensive set of
parameter-independent dielectric analysis techniques are presented. The results are compared
with numerical simulations and analytical testing, demonstrating high accuracy and part-to-
part repeatability. The newly proposed methods are comparable or better than existing
techniques and allow for more analysis flexibility. The methods were further validated during
a study on a novel dielectric sensor which is designed to monitor through the thickness of parts
up to 20 mm. While the design of the prototype sensor influenced the signal reading, a
correction factor was determined which allowed for successful implementation of the newly
proposed dielectric analysis methods. The methods showed high accuracy and part-to-part
repeatability for composite laminates of thicknesses between 2 and 20 mm. The culmination of
this thesis is an exploration of the cure kinetics modelling variability that is expected for this
material system. A stochastic approach with Monte Carlo methods was used to characterise the
influence of cure kinetics modelling and oven temperature uncertainty on the polymer viscosity
and cure reaction. A novel approach for quantifying cure kinetics uncertainty is provided and
the results of the subsequent convergence analyses were validated with experimental trials.
Results indicate that the time to fully cured has high amount of variability (upwards of 10%),

and suggestions for ensuring process robustness are provided.
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CHAPTER 1: INTRODUCTION

1.1 Background & motivation

Flying vehicle technology has advanced immensely from the first hot air balloons in 1782 [1]
to current trends such as hypersonic flight vehicles [2]. As vehicle technology gets more
complex, the demand for advanced and high-capability materials has also increased [3].
Materials capable of strength retention at high temperatures [4], complex manufacturing
methods using advanced materials [5], and nanotechnology [6] have all shown to be popular
aerospace sector research topics within recent years. However, polymer composite materials
have remained one of the highest impact research areas due to their high strength-to-weight
ratio [7], flexible manufacturing techniques [8], and applicability to very large-acreage
components [9]. Composites such as fibre reinforced polymers (FRP) are extremely appealing
for aerospace applications due to the tailorability of part properties. Further, their low density
contributes to major design objectives such as range extension, reduced fuel consumption, and
overall flight efficiency. However, composite parts are also susceptible to quality issues such
as fibre damage and displacements, voids and porosity, part deformations, and incomplete or
degraded cure reactions [10]. Many of these items are challenging to inspect, resulting in the

implementation of composites structures to be challenging, complex, and time-consuming.

Compared with traditional metallic components, which have easily end-item-inspectable
features, the certification process for composite structures can be burdensome. The overall
process is commonly described as a building block approach [11] (Chapter 4) and progresses
from small scale development up to full systems testing. Each step of the design and validation
process progresses a technology through the Technology Readiness Levels (TRL) until the
system is prepared for production at TRL10 [12-15]. With respect to composite materials this
commonly includes certification by test, meaning fabrication and testing of physical hardware,
or certification by analysis, meaning using simulated or predicted data based on numerical
models [16]. Most commonly, certification involves a mixture of both testing and analysis [11]
(Chapter 4). Implementation of thermoset composites entails validation of the cure process,
typically by analytical testing and cure simulations, to ensure completeness of the cure reaction.
The cure reaction is directly related to the mechanical performance of the components [17, 18],
and validation of the cure process is critical in ensuring that the quality requirements are met.
For this reason, there is much emphasis on how simulation or modelling techniques are used

and how quality requirement are verified in production.



Numerical methods and modelling techniques are extremely prevalent within composites
manufacturing during product development, certification, and during general optimisation
activities. They are used for predicting part defects [19], evaluating resin flow during infusion
processes [20, 21], and designing [22] and evaluating cure cycles [23, 24]. Cure simulations
use a kinetic model for a thermoset resin system [25, 26] and predict the outcome of the cure
reaction for a given temperature profile. Common output metrics include the degree of cure
and glass transition temperature (7,) and can also include information on resin viscosity and
the cure reaction rate. Simulation tools which incorporate finite element analysis can provide
insight on how the through-thickness or 3-dimensional complexity impacts the cure
progression [23, 27, 28]. A key desired outcome of a cure simulation exercise is to determine
the optimal cure profile to be used in production. Once a cure cycle is verified, the regulatory
requirements necessitate that it be verified for the subsequent production components [29].
Production verification can occur by validating the equipment parameters or by monitoring the

response of the material to the process cycle.

Process monitoring is a well-researched topic for thermoset composites. Off-line methods such
as dynamic scanning calorimetry (DSC) [30] and dynamic mechanical analysis (DMA) [31]
are analytical methods which are used to determine the degree of cure and 7, of a composite
material after it has been fabricated. However, these are destructive techniques, and are
therefore more applicable to the development process rather than to serial production. There is
currently much interest in on-line sensing methods which monitor the cure reaction as it
progresses, with multiple sensing types being explored. Thermocouples, fibre optic systems,
ultrasonic sensors, and dielectric sensors have all demonstrated the ability to monitor the
thermoset cure reaction [32, 33], however challenges remain. Sensors such as thermocouples
[34] and optical fibres [35, 36] are challenging to integrate into flight structures, as they must
be embedded into the part and are therefore considered a foreign object that could lead to
premature failure. Ultrasonic sensors [37-39] can capture material phase transitions during
cure, however, are not able to produce quantitative degree of cure information. Dielectric
sensors show much promise for cure monitoring, as they can identify material phase transitions
and degree of cure [36, 40, 41]. They also come in multiple configurations including parallel
plate [42] and tool-mounted sensors [43] which can monitor the cure in a non-invasive manner.
However, there are multiple published methods for using dielectric analysis for thermoset cure
monitoring and no consensus to date on how the methods should be implemented. Despite these
challenges, current efforts to evaluate robustness of in-line sensing techniques show much

promise for live cure monitoring of aerospace structures.



Numerical modelling and process monitoring are critical technologies for verification of
composite structures. Composite parts can be time-intensive to manufacture which has resulted
in much research on optimisation methods. The objective of these activities is commonly to
accelerate the process conditions while still fabricating parts which meet the quality objectives.
There are many methods for optimisation such as exhaustive testing matrices [44] and
numerical methods [22, 45-48]. The aim of cure optimisation typically targets a specific feature
such as the total process time [22], temperature gradient [49], exotherm temperature [50] or
part quality and performance [20, 51]. Single-objective optimisations can address one of these,
whereas multiple objective functions can address multiple features, even when they have
conflicting solutions [50-52]. A key component of numerical optimisation is having an accurate
model which can predict the optimised parameters. Regardless of the feature being optimised,
the actual part in production must still meet strict quality requirements. Live process
monitoring methods can ensure these requirements are met and protect the integrity and safety

of the structure.

1.2 Problem statement

From a high level, a key problem within thermoset composites manufacturing is that there are
many sources of uncertainty which are not accounted for in the current certification scheme
[53]. Rather, factors of safety are applied to account for the probability of failure. However, as
manufacturing trends continue towards process optimisation there comes a very real risk of
composite structures being manufactured which may not meet the stringent quality
requirements [54, 55]. A simplistic depiction of the current certification process, which is
depicted in Figure 1, conveys the major steps in certification and verification as they relate to
composites parts [11]. Initially, a cure cycle is developed which complies with the requirements
listed in aerospace standards. This step typically involves cure simulations to predict how
specific geometries will respond to a given cure cycle. Once a cure cycle is selected, a process
validation activity commences. During this stage, hardware is manufactured according to the
proposed cure cycle and engineering requirements. Destructive testing is typically involved,
usually by embedding thermocouples to check internal temperatures or completing off-line
analytical testing on sections of the component to verify the degree of cure. Once a component
makes its way into production with an approved cure cycle, the manufacturing requirements
must be validated. Since embedded sensors are typically treated as foreign objects and are

therefore not acceptable for flight hardware, all process monitoring methods must be indirect.



compliance with the approved cure profile.

The Path to TRLlO

Production Quality

»

Process Development

» Process Validation

Assurance

Cure Simulations

* Predicts cure outcome

+ Helps determine optimal
production cure cycle to
meet property requirements

Destructive Testing

* Confirms a proposed cure
cycle meets requirements

*  Only applicable pre-
production

Process Monitoring

« Validates equipment
parameters (e.g.
temperature) meet cure cycle
requirements

Assumptions: No variability
in cure kinetics or
environmental boundary
conditions

Assumptions: Variability in
environmental boundary
conditions are fully captured

Assumptions: No variability
in thermoset resin properties

During production it is common to monitor the equipment parameters, such as temperature, for

p

RISK:
Sources of uncertainty (such as cure kinetics modelling, thermoset polymer variability, environmental
boundary conditions and heat transfer variability) result in parts which have unknown properties.

Figure 1 - Depiction of the major steps in the aerospace development and manufacturing cycle, as they pertain to
thermoset composite cure methods. The development stages are broadly adapted from the Building Block

approach [11].

This system relies on assumptions of material and process exactness and assumes that the
extent of variation is fully understood. For example, commercially offered cure simulation
programs are deterministic, meaning they accept a single input variable and produce a single
resulting output variable. This paradigm neglects that cure kinetics parameters can vary due to
the slight resin composition changes which can occur between batches [56]. The slight material
variations can impact the accuracy of cure simulations, and potentially have an unanticipated
response to natural temperature fluctuations. Process monitoring of actual parts during the
development process is a great way of capturing expected variation in environmental boundary
conditions such as temperature and heat transfer over time and over spatial areas. However,
this testing is not a guarantee of how every individual material batch will behave and does not

necessarily provide a complete picture for future production.

Neglecting these sources of variation can result in a very real risk that the cure progression of
a given part is unknown. By implementing direct cure monitoring methods, such as using cure
sensing technology, the extent of cure for a given part can be verified to meet the requirements.
Unfortunately, to-date there are few robust and non-invasive cure sensors. The methods

reported in literature are varied, with no clear consensus of which methods are the most



accurate and repeatable. Further, most commercialised sensors provide contact-measurements
and neglect the cure gradient which occurs through the thickness of a component [57]. The
issues presented here can be addressed by quantifying the expected process variation and using
a high-fidelity sensing network to monitor where a given part fits within this variation. The
research presented in this thesis aims to close this gap by investigating the robustness of
through-thickness dielectric sensing, and characterising the variability expected from curing an

out-of-autoclave epoxy prepreg.

1.3 Research objectives

This research focuses on the integration dielectric analysis techniques into thermoset
composites cure monitoring. Also within the scope of this thesis is an exploration into the
influence of uncertainty on the output of thermoset cure, with the aim of demonstrating that
directly monitoring the cure progression with a high-quality sensing system is necessary to

guarantee part quality. These topics will be satisfied by fulfilling the following objectives:

1. Identification of a comprehensive set of dielectric cure analysis methods, inclusive of
existing methods and newly proposed methods. Further, this includes establishment of
a standard set of definitions and guidelines for implementing dielectric analysis

techniques.

2. Evaluation of a novel through-thickness dielectric sensor for sensor functionality and
applicability for through-thickness dielectric cure monitoring. This includes evaluation

for:
a. Multiple laminate thicknesses
b. Influence of temperature
c. Influence of polarisation effects
d. Influence of sensor design

3. Development of a method for quantifying cure kinetics uncertainty which can be
applied to any characterised thermoset system. The method aims to be computation-

only and require no additional testing or material characterisation.

4. Identification of expected cure variation under sources of uncertainty using numerical
modelling and a stochastic approach for an out-of-autoclave prepreg system, including

experimental validation of the results.



5. Recommendations for process considerations for guaranteeing satisfactory part quality

for an out-of-autoclave prepreg system.

These objectives will support the understanding of dielectric capabilities for monitoring
thermoset cure and assess their suitability in capturing the expected variation in cure as

predicted by numerical modelling.

1.4 Scope and limitations

This research has been conducted with a specific focus on the implementation and execution
of specific dielectric analysis methodologies, and the ability of dielectrics to reliably detect
variance in thermoset cure. This will be accomplished using a combination of experimental
studies using dielectric analysis and stochastic cure modelling to establish the extent of
expected cure variability. The use of experimental data to validate the modelling approach is
expected to enable development of manufacturing guidelines for robust cure processes. These
topics are expected to also provide valuable guidelines for the implementation of dielectric
sensing and their capability of capturing variation due to uncertainty. With respect to this scope,

the following limitations should be considered:

1. The literature review presented in Chapter 2 includes an overview of thermocouples,
ultrasonic sensors, and fibre optic sensors in addition to the review on dielectric sensing.
These technologies are included for completeness, and it should be noted that this study
only explores the use of dielectric sensing techniques for thermoset cure.
Thermocouples are used for temperature monitoring as a method for validating the
dielectric sensing information and are not specifically investigated here for cure

monitoring.

2. This study specifically focuses on the CYCOM® 5320-1 out-of-autoclave carbon
fibre/epoxy prepreg material system. Application of dielectric analysis on alternate

resin systems are out of scope of this research.

3. It is acknowledged that dielectric sensors show much promise for use in flow
monitoring of resin infusion and resin transfer moulding processes. As the material
system under investigation in this research is a prepreg, meaning there is no large-scale

flow of resin through a preform, investigation into flow detection is not included.

4. The stochastic modelling methodology presented includes a novel method for assessing
sources of uncertainty due to cure modelling variability. A 0-dimensional cure

simulation was used for the purposes of assessing the effectiveness of this method in



contrast with existing methods. Higher dimensional cure simulations, such as those
which require finite element modelling, are deemed out of scope as they are not

necessary for the validation of the proposed method.

The stochastic modelling approach focuses specifically on cure kinetics and
temperature uncertainty and their impacts on cure progression and resin viscosity.
There are many additional sources of uncertainty in composites cure which will not be

considered here.

Despite these limitations it is expected that this research will provide valuable insight into the

use of a novel sensing methodology for capturing variability in thermoset cure.

1.5 Thesis structure

This research is presented as a thesis by publication. This thesis consists of six chapters

including this introduction which provides the background and problem statement, research

objectives, and scope. The body of this thesis is organised as follows:

Chapter 2 contains the published manuscript of a literature review of four sensor types
which can be used for thermoset cure monitoring, titled /n Situ Thermoset Cure
Sensing: A Review of Correlation Methods. It critically reviews the correlation methods
used for analysing cure data from thermocouple, dielectric, fibre optic, and ultrasonic
sensors. It should be noted that the remainder of this thesis is focused on dielectric

sensing.

Chapter 3 contains the published manuscript for Paper 1, titled Dielectric Parameter
Independent Curing Analysis of Out-Of-Autoclave Carbon Fibre/Epoxy Composites.
This contains the initial investigation into dielectric cure sensing techniques and

presents a new comprehensive set of analysis methodologies.

Chapter 4 contains the submitted manuscript for Paper 2, titled Impact of Through-
Thickness Dielectric Sensor Effects on Carbon Fibre/Epoxy Cure Monitoring. This
paper implements the methods proposed in Paper 1 on a novel through-thickness
dielectric sensor. The focus of this paper is evaluating the prototype sensor, which is
designed for monitoring cure through parts up to 20 mm in thickness. Specific emphasis
is on assessing the sensor signal quality and implementing the signal to through-

thickness cure monitoring.

Chapter 5 contains the submitted manuscript for Paper 3, titled Stochastic Modelling of
Out-Of-Autoclave Epoxy Composite Cure Cycles Under Uncertainty. This paper



explores the influence of cure kinetics modelling and environmental temperature
uncertainty on the cure process for an out-of-autoclave resin system. It presents a novel
methodology for characterising uncertainty for complex cure kinetic models and

includes validation of the stochastic outputs using experimental results.

Chapter 6 summarises the conclusions of this research and provides suggestions for

future work.

This thesis also contains three appendices, which provide additional detail on manufacturing,

analysis, and methods used throughout this thesis. It is recommended to use these appendices

as supplements to the chapters as specified below:

Appendix A contains procedure details related to materials manufacturing and analysis
conducted in Chapters 3 and 4. This includes sensor details, data collection and analysis
techniques, further details on analytical testing procedures, and test coupon

measurements.

Appendix B contains dielectric analysis methods for signal evaluation, and supplements
the methods provided in Chapters 3 and 4. These methods include further detail on the
signal smoothing process and selection of test frequencies. Additionally provided is
further detail on the through-thickness sensor correction factor rationale, and the

method used to evaluate the signal in the presence of a fully cured test sample.

Appendix C provides the MATLAB code used for the stochastic modelling process
detailed in Chapter 5. This includes an example of the code for one of the test sets, and

an explanation for how the code can be adapted for the other analysis sets.



CHAPTER 2: (LITERATURE REVIEW) IN SITU
THERMOSET CURE SENSING: A REVIEW OF
CORRELATION METHODS

2.1 Introduction

This chapter presents a comprehensive literature review of key technologies and methods for
in-situ thermoset cure monitoring. It focuses on the fundamental data collection and analysis
techniques which are employed for thermocouple, dielectric, ultrasonic, and fibre optic sensors.
This article critically reviews the methods of correlating sensor parameter values to material
cure state information. Specific focus is paid to how the governing equations for the sensing
technique are used for the available configurations for each sensor type. While many of the
sensor varieties are not yet commercialised, there is much research into their implementation

for cure monitoring of thermoset polymers and thermoset composites.

2.2 Links and implications

This review evaluates the expansive literature available on common in-situ thermoset cure
monitoring techniques. However, it has identified some clear research gaps. For example, there
are a wide range of qualitative and quantitative techniques which are documented in the
literature, however, there is little consistency from method to method. One major research gap
identified for dielectric sensors, which is the focus of this thesis, is the lack of understanding
of how the various methods compare with one another. A systematic comparison of the existing
dielectric analysis methods is presented for multiple dielectric sensor types in Chapters 2 and

3, which includes a presentation of a new set of parameter-independent analysis methodologies.

2.3 Published paper
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Abstract: Thermoset polymer composites have increased in use across multiple industries, with
recent applications consisting of high-complexity and large-scale parts. As applications expand,
the emphasis on accurate process-monitoring techniques has increased, with a variety of in situ
cure-monitoring sensors being investigated by various research teams. 'lo date, a wide range of
data analysis techniques have been used to correlate data collected from thermocouple, diclectrie,
ultrasonie, and fibre-optic sensors to information on the material cure state. The methods used in
existing publications have not been explicitly differentiated between, nor have they been direetly
compared. This paper provides a critical review of the different data collection and cure state correla-
tion methods for these sensor types. The review includes details of the relevant sensor configurations
and governing equations, material combinations, data verification techniques, identified potential
research gaps, and areas of improvement. A wide range of both qualitative and quantitative analysis
methods are discussed for each sensing technology. Critical analysis is provided on the capability
and limitations of these methods to directly identify cure state information for the materials under
investigation. This paper aims to provide the reader with sufficient background on available analysis
techniques to assist in selecting the most appropriate method for the application.

Keywords: composite manufacturing; thermosetting polymers; cure behaviour; process monitoring;

in situ cure monitoring, sensors

1. Introduction

Advanced thermoset polymer composites are implemented in a variety of indus-
tries, such as in civil [1,2] and energy [3-5] and in recreational and naval marine appli-
cations [6-10] as well as in performance automobiles [11,12] and in aerospace applica-
tions [13-15]. The adoption of thermoset materials has increased in recent years due to the
tailorability of part properties and wide variety of manufacturing techniques and achievable
geometries. Thermosets can be formed as unreinforced plastics or reinforced composites
via injection and compression moulding [16] and resin infusion [17] or using automated
laydown techniques [18]. The parts must then go through a cure cycle, commonly under
elevated temperature and/or pressure conditions, such as in an as autoclave or oven [19,20].
Recently, research on fibre-reinforced polymer (FRP) composites has trended towards the
development of high-quality parts that are up to tens of metres long [21] and more than
2 ¢m thick [22], with emphasis on optimising the processing conditions when making these
complex parts [23].

Composite parts are susceptible to a variety of quality issues, such as fibre displace-
ments, voids and porosity, geometric deformations, and inconsistent chemical reactions or
polvmerisations [24]. These final-part variations are frequently a result of manufacturing
uncertainty stemming from either variation in the raw materials or in the processing con-
ditions and environment [25]. In advanced composite applications, it is a critical quality
objective to achieve a specified resin cure state, as the completion of the polymer conversion

Polyniers 2022, 14, 2978, https:/ /doi.org/10.3390/ polym14152978
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process is directly linked to the mechanical performance of the final product [26]. To capture
the effects of this variability, it becomes necessary to monitor the cure process for each
individual part.

The final cure state of a thermoset part is typically evaluated using either a quantifiable
degree of cure, specified as a percentage of the chemical reaction that has been completed,
or by reaching a threshold value for the glass fransition temperature (T,) [27,25]. The
degree of reaction or polymerisation can be analysed off-line, where testing is conducted
externally to the manufacturing process, or in-line, where a sensor is integrated directly
into the manufacturing process and captures live data [29]. The advantages of the in-line
or in situ monitoring of composite processing are the ability to monitor the process in real
time [30] and the potential to actively control the process as it occurs [31,32]. Further, some
major limitations of off-line cure evaluation are that it may require destructive testing,
cannot perfectly replicate the process conditions during part of the cure, and cannot be
used to update the process conditions in real time.

This paper will briefly review the established off-line cure-menitoring techniques
such as Dynamic Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), and
Dynamic Rheometry. A deeper evaluation of direct sensing technologies for in-line curing
is then presented, specifically of thermocouple, dielectric, ultrasonic, and fibre-optic sensors.
Extensive reviews have been completed regarding the capabilities and limitations of these
sensors for composite process and cure monitoring [33,34]; however, a critical review of
the correlation methods of these techniques has not been carried out to date. Each type of
sensor monitors different parameters, and data analysis must be conducted to convert these
parameters into information pertaining to the material cure state, with an example of the
data flow and analysis procedure being shown in Figure 1. In this paper, a critical review
of correlation processes for four in-line sensing technologies is presented. Special focus
has been placed on the specific sensor type and material configuration, the results of the
correlation analysis, and how the analysis has been verified for accuracy. The technologies
are then evaluated for how effectively they monitor composite cure processes and how
appropriate they may be for high-performance applications.

VERIFICATION [D ‘ "Hmw ‘ ______
.,_
TECHNIQUES @ CURE STATE (. CONTROL

__________________________ .
w MEASURED = LIGHT, 1
PARAMETEF.S ( STRAIN ) '

_______________________________________ - — — — —

: EXAMPLES OF
| SENSORS AND
: POTENTIAL

| LOCATIONS IN

: THE PART

ULTRASONIC
SENSOR

|
I
1
1
1
FIERE OFTIC SENGOR !
1
1
1
I
I
1

TOOL THERMOCOUPLE | |

1 \QZ”
' ]
I
I
I

HEAT SOURCE

Figure 1. An overview of types of cure sensors, their placement, measured parameters, and verifica-
tion techniques. The data flow process for an active control system is also proposed, with the sensors
being correlated to cure state information during live processing, which can subsequently be used to
actively alter the processing conditions.
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2. Off-Line Cure Analysis

Off-line cure analysis techniques are frequently used to characterise new material
systems or as a quality control evaluation of an existing cured part. Material characterisation
enables researchers to build a model of the material that can then be used in process
simulations. For example, a research team characterised Hexcel RTM6 using DSC [35] and
rheometric [360] analysis to develop a kinetic and a chemosviscosity model of the tested
epoxy. Three common off-line analysis techniques are discussed here, including their
governing equations and identification principles for cure state information. Other analysis
techniques, such as Fourier Transform Infrared (FTIR) [37] and Raman spectroscopy [38],
arc used for polymer analysis; these will not be discussed further.

2.1. Dynamic Scanning Calorimetry (DSC)

DSC measures heat flow in a sample when it is subjected to isothermal or non-
isothermal temperature conditions. By integrating the pealk of the heat flow (H) versus the
time curve and dividing it by the total heat of reaction (Hg), we can calculate the degree of
cure (x), as shown in Equation (1).

[y Hat .
THC w

There is an extensive amount of literature on the use of DSC to characterise cure
reactions [39—42], and the procedure for kinetic parameter determination is detailed in stan-
dards such as ASTM E 2070, which contains methods for kinetic parameters by differential
scanning calorimetry using isothermal methods [43]. DSC can also be used to measure
thermoset cure reactions [44] and te calculate the degree of cure of an existing cured part.
The residual heat of reaction can be measured for a cured sample, which allows for the
calculation of the actual degree of cure of the part based on a known total heat of reaction
for the material. DSC analysis is used to validate the results of new sensing technologies
and will be mentioned throughout this paper as one of the main verification techniques.

2.2. Dynamic Mechanical Analysis (DMA)

The DMA of composite parts utilises a dual cantilever beam configuration in which a
sample is oscillated at a set frequency through a set temperature range. The elastic modulus
is evaluated throughout the test; specifically, the storage modulus (E') component, the
loss modulus component (E”), and the tand, which is calculated as the ratio of the loss
to the storage moduli, are considered. The main output of a DMA test is the T, which
is calculated as the midpoint of the drop in the storage modulus. ASTM D 7028, which
provides methods for Ty determination in Polymer Matrix Composites via DMA [45] details
the process for the calculation of T, by identifying the intersection of the tangent lines
around the drop in £/, as shown in Figure 2.

Lo

Lo |
Tan delta

Storage modulus, (MPa)

T T T T’sl Ts T T
Temperature, (°C)

Figure 2. Graphic of the calculation of T, using an £ modulus curve (left-hand axis) and fané curve
(right-hand axis) from a DMA test. Reprinted with permission from Ref. [46]. 2016, Elsevier.
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DMA has been used to identify the cure state of many materials, such as phenolics [47]
and epoxies [48]. Such as with DSC, DMA testing is used throughout this paper to verify
the T, calculations of the in-line sensing techniques.

2.3. Dynamic Rheonretry

The dynamic rheometry of thermoset composites typically occurs in a parallel-plate
oscillating configuration, with the purposes of menitoring the change in the shear modulus
under a set temperature range. Like DMA, rheometric testing evaluates the shear storage
modulus (G}, the loss medulus (G''), and fand, which is once again the ratio of loss to
the storage moduli. From these values, the complex viscosity (#*) can be calculated by
Equation (2} using the complex modulus (C*) and oscillating frequency (cw):

¥ G(
= (2)

While this does not specifically relate to the final cure state of a thermoset polymer,
resin viscosity can be a critical parameter during processing.

Regarding the cure state, the gel point can be defined in multiple ways in accordance
with the rules of ASTM D 7750, which contains methods for evaluating cure behaviour of
thermosetting resins [49], an example of which is displayed in Figure 3. Depending on the
interactions of fibre and resin, the gel point can be defined as the intersection of G and G”,
the peak of G", the peak of tand, a sudden rapid increase in G/, or a sudden drop in tand.

k 10

10 - 10

o Gel Point | ..o

G' (Pa) G (Pa)

Comp. Viscosity (mPa.s)

Storage Modulus
=—=—Loss modulus

= Comp. Viscosity %
10 10
10 15 20 25 30 35 40 45 50

Temperature {"C]

Figure 3. Example of how gel time can be determined by identifying where G’ and G" cross. Reprinted
with permission from Ref. [50]. 2019, Elsevier.

The main challenge of rheometric cure monitoring is that during the crosslinking
and solidification process, the viscosity trends towards infinite, so later step cure stages
cannot be monitored. Despite this, rheometry has been used to evaluate viscosity and
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cure progression for several thermoset polymers [42,51] and is also used as a verification
technique for the sensors discussed in this paper.

3. In-Line Cure Monitoring Sensor Correlations
3.1. Thermocouple Sensors
3.1.1. Sensor Background and Governing Equations

There are a variety of sensors that are capable of monitoring the thermal properties
of composite cure processing, including thermocouples (TCs), infrared thermographers
(IRT) [52], heat flux sensors [22], and resistance temperature detectors (RTDs) [53]. While
this paper specifically focuses on thermocouples, alternative temperature sensors have
been reviewed [29], including details on their functionality, capabilities, and limitations.

Temperature is onc of the most common parameters to measure during composite
processing, as the time-temperature—transformation relationship of thermosetting polymers
is well established [54], and most thermoset resins are cured under the application of a
specific heating cycle [55]. Temperature monitoring of both the environmental conditions,
for example, the oven or autoclave air temperature, and the material of choice is extremely
important. Most composite processes include an air TC to account for environmental
uncertainty, such as the natural fluctuations in the equipment over time, Additionally,
the actual temperature experienced by the part is critical for cure monitoring, as many
thermoset polymers tend to experience exothermic events, or a temperature increases due
to the release of heat energy during the chemical reaction. Material uncertainties such as
slight variations in the raw material; the initial degree of cure; and the material age, storage
conditions, and resin content can all impact the likelihood and peak temperature of an
exotherm [25]. For this reason, simply monitoring the equipment temperature may not be
sufficient to identify and predict the exact temperature profile that the part is experiencing.
Thermocouples are commonly placed in one or more representative locations: in the part,
on or in the tool, and in the air, to monitor the environmental conditions. These locations
and an overview of the parameter’s monitoring process is shown in Figure 4.

OUTPUT DEGREE OF CU
PARAMETERS (a)

MEASURED TEMPERATURE
PARAMETERS m

—
e DATA LOGGER |
PART TC
PART

ToOL TO0LTC |

Figure 4. An overview of thermocouple placements and the data collection process flow.

Thermocouples comprise two different metal wires with known Seebeck voltages,
which are welded or twisted into a junction at one end and separated at the other. The
monitoring temperature (T} at the welded junction can be calculated using Equation (3)
using the Secbeck coefficient (S), measured voltage (V), and reference temperature at the
open junction (T).

Vv
T = E + T (3)
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This equation is used to reliably calculate the temperature being experienced by the
material in question. Using this temperature profile, the material properties can then be
predicted according to the methods detailed in the following section.

3.1.2. Correlation Functions

An overwhelming amount of literature exists on the use of thermocouples and tem-
perature devices to monitor the progression of thermoset cure. For example, TCs and IRTs
have been used to monitor temperature distributions and exotherms of carbon fibre—epoxy
composites and other polymers [56,57] and to monitor part cure as a method to validate
simulation results [22]. Thermocouples are used to monitor processing and part tempera-
tures in most composite cure studies, including in almost every paper mentioned in this
review, due to their fundamental nature.

The most reliable method of directly correlating the measured temperature to the
material degree of cure (w) is by evaluating the thermo-kinetic model of the material, which
roughly follows the formula in Equation (4):

= k(T )
in which % indicates the change in the degree of cure with respect to time, the component
K(T) represents the temperature dependency component, and f(«) represents the reaction
model component. K(T} follows an Arrhenius dependence and can be calculated using
Equation (5) using the pre-exponential factor (A), activation energy (E), universal gas
constant (R), and the temperature:

K(T) = AeTr (5)

The reaction model component, f(x), is specific to the material in question. Many
reaction models have been proposed, with a comprehensive overview published by
Yousefi et al. [44]. Examples include a simple nth-order rate equation [58], the autocat-
alytic model [59], or model-free kinetic analysis [60]. While some models can be broadly
applied to material classes such as epoxies or polyesters, it is also best to conduct a kinetic
analysis of each specific material component to increase the accuracy of the results.

In practice, the temperature profile of a composite part can be verified against the
kinetic model or against a simulation that incorporates the kinetic model [61]. Once the
temperature profile is verified to produce an acceptable degree of cure, it is typical to simply
verify that the temperature parameters are met for each process cycle. For applications that
may not have the capacity, need, or interest in completing such a process verification, it is
common to follow the manufacturers’ recommended cure cycle as found in the technical
data sheet for most commercial thermosets or for composite materials, such as for Solvay
Cycom® 5320-1 Prepreg [62]. The material manufacturer typically specifies one or more
recommended cure cycles that will ensure that the part reaches a fully cured state. In this
case, a temperature reading is taken from a representative location that is either in or on the
part, on the tool, or elsewhere in the oven. The main verification method for quality control
is to check the temperature ag a function of time compared to the recommended cure cycle
requirements, as shown in Figure 5, rather than to calculate a specific degree of cure for
each individual part. This quality control step ensures that the cured material meets the
minimum threshold for mechanical performance, as the required engineering properties
can only be met in fully cured parts [63]. 1t should be noted that the definition of “fully
cured” varies based on the specific material and application.
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Figure 5. An cxample of the manufacturer’s recommended cure eyele for Cycom® 5320-1 Prepreg
and it's resultant predicted final properties (degree of cure and Ty).

3.1.3. Summary and Future Work

Thermocouples are the most common and widely used sensing technology for compos-
ite curing and process monitoring. They monitor not only the cure state, which is measured
as the degree of cure, but are also able to monitor other critical process events such as
temperature overshoots caused by exothermic events. Additionally, they are frequently
required to be used in coordination with other sensing devices, such as those detailed in the
below sections, to normalise for temperature effects [64,65] or as a supplemental monitoring
technique for data collection. Thermocouples have also been used to monitor resin filling
for infusion processes [66] and are commonly used to monitor temperature applications
during process optimisation activities [23,67,68]. A major challenge of thermocouples is
that to directly measure the material state, they must be embedded into the part, and some
applications (such as those which require specific surface finishes) are unable to accept
embedded sensors.

3.2. Dielectric Sensors
3.2.1. Sensor Background and Governing Equations

In recent decades, dielectric sensors have been investigated as a new method of in situ
cure monitoring for thermoset composite materials due to their versatility and range of
available configurations, both when purchased off the shelf and when custom-designed.
The three most common types of dielectric sensors are parallel-plate, interdigital, and tool-
mounted. Each of these has benefits and limitations, which have been discussed in depth
elsewhere [33,34]. For example, parallel-plate dielectrics can detect through-thickness mea-
surements that would otherwise require interdigital sensors to be embedded throughout
the thickness of a part. Interdigital and tool-mounted sensors only take measurements of
the surface that they are directly in contact with; however, interdigital sensors are com-
monly used invasively, making them less optimal for industries with stringent quality
requirements.

Dielectric sensors work on the principle of monitoring dipole and ion movement
within a material under a time-varying electric field (E}. The alignment and relaxation
of the charged particles within the sample are monitored by the sensor in the form of
a capacitive (C) and resistive (R) response [69]. These values are used to calculate the
dielectric parameters to be referenced throughout this paper. Thermoset curing can be
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evaluated using these parameters due to the time-, temperature-, and frequency-dependent

response of the dielectric sensor. The dielectric sensor captures the change in ion mobility,

which directly relates to the cure state of the material as it crosslinks. It should be noted

that some of the variable representations in this paper may differ from the cited sources

to maintain the consistency of the variable meanings used in the following governing

equations and correlations.

Permittivity (¢) is calculated in Equation {6) using capacitance, electrode spacing

(L), the electrode area (A), and the permittivity of free space (g = 8.854 x 10712 F/m), as
derived from [70]:

; CL

£ =
EQA

()

Dielectric loss {¢”) is calculated in Equation (7) using resistance, the electrical excitation
frequency (w), electrode spacing and area, and the permittivity of free space, as derived
from [70]:

L
- 7
¢ R(UAE() ( )

Impedance (Z) is calculated in Equation {8) with the resistance, excitation frequency,

and conductance, with j as the imaginary component [71]:

1
PR (8)
& +jwC
Ion conductivity (¢), which is related to the inverse relationship of ion viscosity
and frequency-independent resistivity {p), is calculated in Equation (9) using resistance,
electrode spacing, and electrode area [71]:
1 RA
p=—=— ©
log L
The dissipation factor (D), also known as tand, can be calculated in Equation (10)
using the permittivity and dielectric loss or the resistance, capacitance, and excitation
frequency [72]:

(10)

While the dielectric response provides a great deal of information, it does not directly
relate to information about the cure state of a thermoset polymer. A correlation function is
needed to relate the dielectric properties to the state of the chemical reaction, specifically the
degree of cure and glass transition temperature. The data may be interpreted qualitatively
by evaluating artefacts from a graph or quantitatively by deriving equations. The data
must also be corroborated using techniques that are currently known to provide insight
into the cure state of a thermoset polymer: typically thermochemical or rheometric testing,
Examples of these methods are provided in the following section, with an overview shown
in Figure 6.

3.2.2. Correlation Functions

There are many methods for correlating dielectric signals with the degree of chemical
reaction that has occurred in the resin or composite. Common methods and their variants
will be discussed in this section, including the correlation functions and the supplemental
testing techniques.

Dielectric Loss Correlation

Fournier et al. [73] used a dielectric loss correlation through their work evaluating
neat epoxy resin using parallel-plate dielectric sensors. The dielectric loss factor {&”'), which
can be calculated from Equation (7), was used to predict vitrification by identifying the
time of maximum loss for each experimental frequency. Dielectric loss correlations have
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also been used to identify the gel point and have been verified through comparison to
theology data [74]. Using neat RTM6 epoxy monitored by a tool-mounted dielectric sensor,
the glass transition temperature was determined as the local maximum of the dielectric
loss graph. Additionally, the crossover point between the permittivity and dielectric loss
can be demonstrated to indicate the gel point. This has been correlated to rheclogy test
data and specifically to the crossover point of the storage modulus and the loss modulus,
G’ and G”, as seen in Figure 7.
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Figure 6. An overview of dielectric sensor correlation methods, including a visual depiction of the
types of dielectric sensor, the parameters they measure, and how the parameters are converted into

cure information.
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Figure 7. Comparison of dielectric loss to rheological storage and loss as a method to identify T, (as
identified by arrows in the right-hand image). Reprinted with permission from Ref. [74] 2018, John
Wiley and Sons.
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From a quantitative perspective, Hardis et al. propesed an equation for the degree
of cure based on the progression of dielectric loss during the cure of an epoxy monitored
with parallel-plate dielectrics [75]. The equation for degree of cure () with respect to time
is stated in Equation (11}:

log ey — loge]
: ]
a(f) = o= ay

ogey —logén
where the subscripts ¢’ represent the dielectric loss at start of cure (g9”), at time ¢ {&,"), and
at cure completion (¢w"’). The degree of cure generated from this equation aligned well

with degree of cure measurements determined from DSC and Raman spectroscopy.

Impedance Correlation

Mijovic et al. used an impedance correlation to calculate the resistivity of a sample
based on the monitored impedance signal (Z) calculated in Equation (8). Impedance was
used to calculate resistivity (p), and then boundary conditions were evaluated to derive
Equation (12) for the degree of cure [71,76]:

«  logp —logps

= 12
&m  logpy —logpe (12)

in which g, represents the maximum degree of cure, and pg and p, represent the initial and
maximum values of resistivity. The cure progression of neat epoxies was evaluated using
this function, and graphs of the degree of cure versus time were compared successfully to
those produced by HPLC and FTIR analysis, as shown in Figure 8. Further, the vitrification
point was identified at the onset of the second step on the graph showing imaginary
impedance (Z') versus time, and this point was successfully correlated to the storage
modulus (G”) peak from the corresponding rheological data.
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Figure 8, Comparison of degree of cure between dielectric and FIIR analysis represented as the extent
of reaction (%) versus time (minutes), with curves indicated at varicus temperatures. Reprinted with
permission from Ref. [76] 2003, John Wiley and Sons.

This method has recently been used for determining the vitrification point of an RTMé6
epoxy reinforced with carbon fibre [77,78]. In this method, the imaginary impedance (Z), a
component of Equation (8), is evaluated across multiple frequencies to eliminate the impact
of the constant phase element, the second term of Equation (13):

wCR2 2

Zlf =
1+ w?C2R? * (Apcr)"

(13)
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in which A, and n are coefficients of the constant phase element. The first term of
Equation {13) provides Z,,”, or the material impedance, and a plot such as the one in
Figure 9 has been overlaid on a graph of degree of cure derived from the material cure
model. This qualitative comparison shows similar trends between the term Z,,” and the
degree of cure. Furthermore, the second step or shoulder region on the graph of Z,,,” versus
time indicates the vitrification point. Studies by this research group were conducted using
both a customized woven sensor for the cure monitoring and a lineal sensor for the flow
monitoring of the resin infusion process. Interestingly, the lineal sensor configuration was
also able to produce a cure signal that was reasonably similar to that produced by the cure
sensor [78].
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Figure 9. Comparison between Zp,' and degree of cure generated from cure kineties model [77].

Similarly, evaluating the frequency spectra of the imaginary impedance has been
used to draw a direct correlation to the degree of cure [79]. By applying linear regression
to the graph of degree of cure versus log(Z’ ! max) at temperature T, the ¢ coefficients in
Equation (14) can be determined:

log Zmox = (c11 +c12T)e + c2 (14)

This equation was used to successfully model an isothermal cure cycle of RTM6 epoxy
using an interdigitated dielectric sensor and a degree of cure prediction from the cure
kinetics model. Figure 10 shows a comparison of this model to the experimental data of
Z". Furthermore, a non-isothermal cure was shown to fit the model quite closely, although
with slightly more errors in the progression of the model.
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Figure 10. Comparisen of experimental values of Z" with the proposed medel for Z for an iscthermal
cure (left) and a non-isothermal cure (right). Reprinted with permission from Ref. [79] 2005, Elsevier.

Ton Conductivity Correlation

lon conductivity correlations have been used the most frequently due to the connection
of ion conductivity, and therefore ion viscosity, to the bulk polymer viscosity. In this section,
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various approaches are used based on whether the ion conductivity or ion viscosity, which
is also known as the polymer resistivity (p), are being monitored.

Starting with ion conductivity, Mcllhagger et al. determined the T, of an epoxy
matrix reinforced by both glass and carbon fibres using signals generated from parallel-
plate dielectric sensors [53,80]. The derivative of the log of the ionic conductivity, known
as the DLIC, approaches zero as the sample approaches full cure. This cure point has
been compared to DMA and DSC results in addition to being verified by tension and
flexure mechanical performance tests to identify the peak of material performance, which
occurs at full cure [80]. Additional eritical points have been determined using a plot of
the ionic conductivity. The maximum conductivity occurs at the point of minimum resin
viscosity, which can be a critical point for out-of-autoclave and resin infusion processing,
and as seen in Figure 11, the minimum point of DLIC indicates the onset of gelation [53].
Mcllhagger et al. determined the minimum viscosity, gel point, and point of full cure with
the data corroborated using DMA and DSC testing [53].
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Figure 11. Gel point indicated on a DLIC curve, Reprinted with permission from Ref. [53]
2000, Elsevier.

This correlation method has also been employed elsewhere, specifically in assigning
the maximum value of ionic conductivity to the point of minimum polymer viscosity, the
inflection point of the LIC after the peak viscosity relating to the onset of gel, and the
maximum of dielectric loss corresponding to the onset of vitrification [56,81,82].

Yang et al. proposed Equation (15) as a method to calculate the T of an epoxy resin
using a miniature interdigital sensor to monitor ionic conductivity:

_ logGy(T) —log G(t)
¢~ Tog Go(T) —log Gue(T) &~

() (15)

where Go(T) and Ge.(T) are the temperature-dependent initial and final conductance, G(t) is
the time-dependent conductance, and Tgm( T) is the Ty calculation based on a cure kinetics
model [83]. Through this in situ caleulation of T; and use of the DiBenedetto equation, the

degree of cure can be calculated as in Equation (16):

’IT.:*TEQ (16
‘e T = ATy = Ty + ATgeo )

which uses the T, values calculated from Equation (15) and A, which is a ratio of the heat
capacities as calculated during cure kinetics characterisation. This prediction has indi-
cated a consistent trend, however an error of approximately 5-10% exists when compared
with DSC.
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Ion viscosity correlations are related to ion conductivity through the inverse relation-
ship p = 1/¢ and is then correlated to polymer viscosity values through Equation (17):

67T

qtn an

which uses polymer viscosity (1), ion particle size (r), ion charge {4}, and ion concentration
() [84]. As the ion viscosity thus has a direct relationship to polymer matrix viscosity, it is
possible to understand key information regarding thermoset cure based on our knowledge
of viscosity progression.

Boll et al. evaluated a carbon fibre/epoxy composite using a miniature embedded
diclectric sensor by estimating that cure completion occurs when p reaches a platcau [84].
The cure state was then verified by completing a DSC evaluation of the cured part and by
determining the degree of cure from the residual enthalpy. This method was also used by
Moghaddam et al. when evaluating the effectiveness of their micro interdigitated sensor
compared to current commercial sensors [85].

For a glass—epoxy prepreg monitored with a surface-mounted interdigitated electrode,
Park established that the log of the ion viscosity had a linear relation to the cure temper-
ature [86]. This enabled the calculation of Equation (18) for the degree of cure through a
derivation of the DiBenedetto equation:

logp—logpy _ Ty —Teo A 18)

log pes — log pg Tooo — Tg(] T 1— (1—A)a

&

in which the subscript 0 indicates the initial condition, and oo indicates the fully cured
condition. A comparison of the degree of cure calculated from Equation (18) to that derived
from DSC and FTIR analysis is shown in Figure 12, with the DEA results being comparable
to those of the other methods.
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Figure 12. Comparison of degree of cure calculated from dielectric-monitored ion viscosity compared
to DSC and FTIR analysis. Reprinted with permission trom Ref. [86] 2017, John Wiley and Sons.

A similar equation for degree of cure was calculated from the ion viscesities in accor-

dance with Equation (19):
o log ¢ — 108 Prwin (19)

log ey — 108 Pipin

in which the subscripts indicate the minimum and maximum ion viscosities measured
during the cure. Franieck et al. evaluated Equation (19) for a silica-filled epoxy in which
cure was monitored using a tool-mounted monotrode dielectric sensor [87]. The results
from this analysis were compared to the degree of cure calculated from DSC, with limited
success. While the DEA and DSC graphs follow similar trends, the DEA results are limited
by the onset of vitrification, where the DSC results appear to better capture conversion
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Cure Index

during the diffusion-controlled period of cure. Figure 13 shows the differences in the results,
with the DEA-caleulated cure index operating on a shorter time scale than the DSC results.
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Figure 13. Comparison between cure index derived from DEA (a) and conversien derived from DSC
(b) [87].

Interestingly, Franieck et al. did not limit their investigation into dielectric cure moni-
toring and instead used the dielectric results to develop a kinetic model. The focus of this
paper was to compare both the model-free and model-based kinetic equations derived from
dielectric analysis with those derived from DSC results. In this they determined that the
dielectric kinetic model aligned with the experimental data; however, as stated previously,
the dielectric model and DSC model showed differences around the vitrification point.

Dissipation Factor Correlation

Kim and Lee used a dissipation factor correlation, in which the dissipation factor
was normalised for temperature effects, and an equation for the degree of cure was de-
rived [64,88]. An interdigital dielectric sensor was used to monitor the resistance (R) and
capacitance (C) of polyester—fibreglass and epoxy-fibreglass composites. The resistance and
capacitance were used to calculate the dissipation factor following Equation (10). As the
dissipation factor is a function of both the temperature and degree of cure of the matrix, the
elimination of the temperature component will allow for the degree of cure to be calculated.
The degree of cure determined from D was compared to that of DSC and demonstrated fair
accuracy up to a cure level of approximately 70%, as seen in Figure 14.
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Figure 14. Comparison of degree of cure between diclectric testing and DSC. Reprinted with permis-
sion from Ref. [64] 2002, Elsevier.

Using the same method of eliminating the temperature effects, Equation (20) was
derived to determine the degree of cure:

“:_élog{ConglogDG) p]

- = 2
g(T—Tp) q 2
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in which the material parameters D,, Ty, p, g, and s can be determined experimentally by
following the procedure stated in [88].

Another method for evaluating the dissipation factor was calculated from an interdigi-
tal dielectric sensor reading and then used to determine the start and end points of cure
for a carbon—epoxy composite [89]. The derivative of the dissipation factor was taken with
respect to time, enabling the cure start time to be identified as the maximum of dD/it, and
the cure end time to be identified as dD/dt = 0.

3.2.3. Summary and Future Work

Dielectric analysis shows much promise for the in-line cure monitoring of thermoset
composites. There are many methods of correlating dielectric data to material transitions,
such as the gel and vitrification points, and physical properties, such as T, and the degree
of cure. Currently, a major gap in our understanding of diclectric cure analysis is which
of these methods is the most accurate, and whether these methods are consistent with
one another. The implementation of each technique may be dependent on the fidelity and
specificity of data needed for the application, but up until now, the methods have not been
compared to ensure if they can be used agonistically or not.

Aside from the capability of the technology to successfully monitor cure, there is other
work to be carried out to successfully implement the technology into a production environ-
ment. For example, embedded sensors must not impact the integrity of the surrounding
part [56]. One strategy is to use extremely small sensors to minimise the performance
impact [84,85]. It has also been noted that a tool-mounted sensor can impact the heat
transfer through a composite part depending on the tool’s material, which can petentially
causc a gradient in the degree of cure [90]. Finally, there are a number of opportunitics for
dielectric sensors to be used for the flow monitoring of resin-infused composite parts in
addition to cure monitoring. A great deal of research has been carried out to show that
dielectrics can successfully capture resin arrival during an infusion process [77,78,91]. This
suggests that a dielectric sensor could be used to characterise multiple process steps with a
single device.

3.3. Ultrasonic Sensors
3.3.1. Sensor Background and Governing Equations

Ultrasonic sensor technology is commonly used for the non-destructive inspection
of composite part quality and has only recently been viewed as a potential method of
monitoring the cure reaction of a thermoset polymer. The main principle of ultrasenic
sensor curc monitoring is that as ultrasonic waves are transmitted through the material,
the propagation behaviour of these waves is impacted by the progression of the chemical
reaction [92,93]. As the polymer continues to react, the density and elastic behaviour
change and thus impact the velocity and attenuation of the sound waves. Multiple wave
propagation models have been proposed to understand the polymer cure state [94]. All
ultrasonic devices function under these principles; however, there are multiple types of
transducer and receiver configurations, which are depicted in Figure 15.

The different sensor types each produce an ultrasonic wave with a measured velocity
(v) and attenuation (g) characteristics, the governing equations for which are provided
below. It should be noted that in literature, attenuation is commonly represented as alpha
(a); however, here, it will be indicated by (z) to differentiate it from the definition of the
degree of cure being used throughout this paper.

Longitudinal velocity (¢;) is calculated in Equation (21) using the elastic modulus (E),
velocity, and density (p) [33]:

[ E(l—o)

Ve +oa-20

o = 21)
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Figure 15, Types of ultrasonic sensors indicating how the ultrasonic waves propagate with the
transmitters and reccivers. The measurable parameters are linked with the cure parameters.

The shear velocity (c,) is calculated in Equation (22) using the elastic modulus, density,
and velocity [33]:

P (-
57 \/ 20(1 + )
Attenuation is calculated in Equation (23) using the ratio of the amplitude of the
incident wave {A) to the change of amplitude from the incident (AA) [33]:

(22)

_A
TAA

=
|

(23)

The longitudinal storage modulus (L) is caleulated in Equation (24) using the density,
longitudinal velocity, attenuation, and wavelength {A} [95]:

-}

(o)

The longitudinal bulk modulus (L") is calculated in Equation {25) using density,
longitudinal velocity, attenuation, and wavelength [95]:

. pct (%)

o)

(24)

(25)
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The loss factor, or fand, is calculated as the ratio of the longitudinal storage and bulk
moduli in Equation (26) [96]:

!

tand = I (26)

Like dielectric cure monitoring, the parameters listed in the governing equations in
this section do not correlate directly to information on material state or properties. The
following section provides an overview of the correlation functions and analysis techniques
that have been demonstrated in the literature to date.

3.3.2. Correlation Functions

Data taken from ultrasonic sensors are commonly interpreted qualitatively, with
graphic artefacts indicating polymer phase transitions that appear very similar to a DMA
curve. Some varieties of ultrasonic monitoring have been referred to as ultrasonic dynamic
mechanical analysis [97]. The sound waves cause molecular movement, which becomes
restricted as the material becomes cross-linked. The following section is a summary of
the methods that have been used in literature and includes information on the type of
ultrasonic transducers and what parameters can be monitored with them.

One of the more comprehensive methods for isolating phase transitions was suggested
by Lionetto et al. [97] and has been used to evaluate a polyester resin with through trans-
mission ultrasonic monitoring. In this method, the features of the velocity versus time
curve are separated into three segments:

1. Velocity is constant when the resin is liquid, but the reaction is still slow;

At the gel point, the velocity begins to increase, and the reaction progresses rapidly;
The velocity reaches a plateau at the vitrification point, indicating the slowdown of
the reaction.

W~

The distinction between these phases is shown in Figure 16, with the vertical lines
indicating the approximate gel point and vitrification point.
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Figure 16. Representation of the three phases of thermaset cure based on the changes in sound
velocity. Reprinted with permission from Ref. [98] 2007, John Wiley and Sons.

This method of evaluating cure was also applied to the one-sided air-coupled ul-
trasound monitoring of polyesters [98,99] and was verified by rheological testing. This
viscoelastic interpretation of phase change has also been used for the cure monitoring of
epoxies using fibre-optic ultrasound sensors [100].

Ghodhbani et al. [101] used a similar method to identify the different stages of the
reaction; however, this was achieved by identifying the key features of the evolution of
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the complex’s ¢33 viscoelastic coefficient throughout the curing process, with cy; being
caleulated by the following equation, Equation (27):

ZaLUL
o

tag = o (14 ) (@7
in which p is the density, and a; and vy, are the longitudinal attenuation and velocity. Once
33 can be plotted with time, the tangent method can be applied to isolate the three phases
of cure:

1. The liquid viscous stage;
2. The glass transition stage;
3. The saturation solid stage.

The transition points of t,y and {4 retion are indicated in Figure 17. It should be further

noted that the vitrification point can be assigned to the peak of the mechanical loss (8,4),
which also roughly correlates to the inflection point of c33.
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Figure 17. Different stages of the cure reaction based on a tangent evaluation of the complex
viscoelastic coefficient, c33. Reprinted with permission from Ref. [101] 2016, Elsevier.

Furthermore, Ghodhbani et al. proposed a degree-of-cure model based on a Weibull
distribution model of c33. The equation for the degree of cure is indicated by Equation (28):

alt) = ca3(t) — emp (28)
33,00 — €330

in which the 0 and oo subscripts for ca3 indicate the initial and maximum values. This

model compared to the Kamal chemical reaction model well.

Schmachtenberg et al. measured the sound velocity during the infusion and cure
of epoxy-reinforced fibreglass and compared it to the degree of cure calculated off-line
using the DSC measurements [102]. The inflection point of the sound velocity curve was
correlated to approximately 65% conversion, as shown in Figure 18.

Hudson and Yuan [103] evaluated the cure of epoxy-reinforced carbon fibres using
guided-wave ultrasonic monitoring. Specifically, the group velocity of the guided waves
was evaluated to determine the correlation to the cure points identified by the Convergent
Raven cure simulation program.
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Figure 18. Comparison of degree of cure to the sound velocity of an epoxy-reinforced composite.
Reprinted with permission from Ref. | 102] 2005, Elsevier.

Samet et al. [104] used attenuation to correlate to material viscosity, which was demon-
strated for silicone oils. While the pulse echo configuration was net used with thermoset
polymers, the equation for attenuation was shown to correlate to material viscosity, which
could be used to monitor the viscosity state of a curing polymer in the future. Finding
the peak attenuation has also been used to correlate to the point of vitrification for the
through-transmission ultrasonic evaluation of epoxies [105] and polyesters [106].

Maffezzoli et al. [96] used a pulse echo ultrascnic transducer for the process monitoring
of a thin sheet of epoxy using the longitudinal velocity and attenuation to calculate the
storage and bulk moduli. The loss factor, or fand, calculated from Equation (26) was then
graphed, with the peak value indicating the glass transition.

3.3.3. Summary and Future Work

Ultrasonic cure monitoring may have the potential to identify cure transitions; how-
ever, this may not be sufficient for high-performance composite applications. Quality
assurance requirements in the aerospace industry, for example, commonly depend on
reaching a specific threshold of the degree of cure or T, and a statement on phase tran-
sitions may be insufficient for implementation. However, ultrasonics have also been
demonstrated to potentially be capable of evaluating lingering chemical reactions where
dielectrics cannot [107]. In a study comparing ultrasonics, dielectrics, and nuclear magnetic
resonance, the ultrasonic sensor continued to detect a response after the vitrification point
of the resin where dielectric monitoring showed no activity. This could potentially indicate
that ultrasonics are more sensitive, particularly in late-stage chemical reactions.

For non-destructive inspection, ultrasonics have also been demonstrated to be useful
in other areas of in-process composite inspection. Scholle and Sinapius [108] demonstrated
the use of ultrasonics for the cure monitoring of pultrusion processing, Multiple research
groups have demonstrated that ultrasonics can successfully detect the flow front and
impregnation [102,109] in addition to monitoring the thickness changes [110,111] that occur
during resin infusion processing. Ultrasonics have been embedded directly into rheometric
plates to collect simultaneous rheology and ultrasonic data [112]. Finally, evaluations have
been conducted to capture the mechanical performance impact of embedded sensors [113].
While many ultrasonic sensors are external to the part, it is critical to understand their
functional impact when they are used internally.
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3.4. Fibre-Optic Sensors
3.4.1. Sensor Background and Governing Equations

Fibre-optic sensors have gained attention for their use in monitoring residual strain
during the thermoset cure process [89,114] and for their capabilities for structural health-
monitoring in marine [115,116] and energy (wind turkine) [117] applications. The strain-
monitoring capability of fibre-optic sensors has been shown to indicate phase changes
during cure [81], and its potential for in situ cure monitoring has been reviewed in [117].
The two main types of optical fibres, those that detect optical properties and those that
detect mechanical properties, have been reviewed in [33,34]. An overview of the types of
sensing technology and their correlation techniques is show in Figure 19.
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Figure 19. An overview of optical fibre sensing technologies, including their correlation techniques.

Optical fibre refractometers (OFR} utilise a cladded core fibre, in which an open
portion of the core is in contact with the composite matrix material. The loss of the incident
light signal is monitored based on the reflection coefficient (R;)) calculated using Fresnel’s
Law in Equation (29), in which #3 and n,, which are the refractive indices of the core and

cladding, respectively:
2
. —
Rp = 29
’ (171 + “2) @

The refractive index (1) of the material under inspection can then be related to its
density (p) using the Lorentz-Lorenz Law in Equation {30), in which Ry is the molar
refractivity, and M is the molar mass of the material:

nzfl RM
= —n
Zr1 Mf

(30)

Optical fibre interferometers (OFI), most commonly Fabry—Pérot fibres, monitor the
strain imparted to the fibre by identifying the shift in the light wavelength along a series of
reflective microsurfaces on the core of the fibre. The most common type of Fabry—Pérot
OFlis a fibre Bragg grating (FBG) optical fibre. Under applied strain, the distance (A)
between these grating changes, which then causes a shift in the Bragg wavelength (Ap).
The initial Bragg wavelength is calculated via Equation (31) using the grating distance and
the effective index of the fibre (ny) [81]:

Ap = 2,A (31)
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The shift in the Bragg wavelength {A)g) can then be calculated by Equation (32) using
the initial Bragg wavelength, the strain-optic coefficient (p,}, the change in strain (Ag), the
coefficient of thermal expansion (zcrr), the thermo-optic coefficient {¢), and the change in
temperature (AT) [118]:

Adg = /\HU — pe)ie+ Ag (“CTE + (:)/\T {32)

Equation (32) is divided into a strain-induced component of the Bragg wavelength
shift and a thermal compenent. The decoupling of these components is an important part
of interpreting the wavelength shift, as detailed in the following section, which discusses
the correlation techniques for both optical property monitoring and strain monitoring.

3.4.2. Correlation Functions
Optical Property Correlations

Fibres that monitor optical properties such as light intensity or output have been
correlated to key cure events. An optical fibre with a section of cladding removed was used
to monitor the cure of a bismaleimide (BMT)—carbon fibre prepreg by monitoring the atten-
uation of the change in light intensity [119]. In this study, the minimum attenuation was
attributed to the minimum resin viscosity, the increase was attributed to the crosslinking
process, and the final plateau was correlated to the end of the cure reaction, each step of
which has been correlated to a numerical model.

A second study [66] used this method to evaluate the reflected light intensity of aptical
fibre sensors during the cure of a resin-infused carbon fibre—epoxy composite. During
the infusion process, it was noted that a sharp drop in the sensor signal corresponded to
resin arrival. Regarding cure, the rapid increase in the light intensity was attributed to a
solidification and density increase during crosslinking, and the subsequent plateau was
correlated to the end of the reaction,

A third study [120] also used this method to evaluate the refractive index of a tilted
fibre Bragg grating (TFBG) optical fibre to monitor a UV-cured epoxy. In this case, an
initial dip in the refractive index was attributed to the temperature response due to the
exothermic reaction of the epoxy. The signal increase and plateau were then attributed to
the onset of the reaction and cure completion, respectively. Similarly, an optical fibre was
used to monitor the power output due to light signal changes during the cure of an epoxy
resin, with the plateau of the power signal indicating the gel point [121]. The gel point was
confirmed with rheology measurements.

An alternate method was used to evaluate the reflected light intensity of an FBG
sensor during the cure of a graphite—epoxy prepreg [122]. In this study, the rapid increase
in the reflected light intensity was also attributed to the viscosity increase due to gel
and the solidification of the matrix around the fibre. However, it was noted that as the
material continued to crosslink, the increase in peak intensity slows down. 1t was further
suggested that the T can be identified as the point where the slope of the best-fit lines
for peak intensity changes. In this case, the Ty determination of 95 “C agreed with the
material specifications.

Mechanical Property Correlations

Optical fibres can also be used to monitor strain measurements using a variety of
methods. The most common interpretation of the cure events follows a similar trend to the
interpretation of light signals:

1. Aninitial dip is observed in the signal due to an increase in temperature, as the resin
is still liquid and not transmitting strain to the fibre;

2. Anincrease in the strain measurement is observed due to the crosslinking reaction;

3. The measurement plateaus at cure completion once the matrix has frozen the fibre
into place.

30



Polyniers 2022, 14, 2978

220f 28

Multiple research groups have identified that the strain signal plateaus once the resin
forms a solid matrix. An extrinsic Fabry-Pérot interferometer {(EFPI) and a FBG sensor
were used to identify that the strain signals level off during the vitrification phase when
monitoring cure in a carbon fibre—epoxy laminate [123]. Additionally, FBG has been used
to monitor a 3D braided preform infused with epoxy in which the Bragg wavelength shift
was observed to plateau as the epoxy solidified [124].

An evaluation of epoxy cure with two varieties of optical fibres, a Fresnel optical
fibre and an FBG, correlated with the results of both light and strain monitoring strategies,
with a comparison of the results in Figure 20 [125]. The signal of the optical fibre was
cvaluated using the three-phase evaluation detailed in the previous section, whereas the
Bragg wavelength identified the peal value as the onset of gel and the plateau of the signal,
indicating cure completion.

0.694 - 415524
Liquid

0.692 1552.2

9.6%01 1552.0
— 0.6884 o
= 1551.8 F
= 0.686+ <
] 41551.6 5
7 0.684+ H
£ 15514 £
% 0.682 s

i 6:1(]—/ / 1551.2

versy T : 1551.0

0.676 — : —— . 1550.8

0 20 40 60 80 100 120
Time (min)
Fresnel — FBG

Figure 20. Comparison of cure behaviour for a Fresnel optical fibre sensor signal and the Bragg
wavelength from an FBG signal [125].

A dual-period fibre Bragg grating and long-period grating (LPG) were used to monitor
RTM$6 epoxy cure by isolating the thermal and strain components of the Bragg wavelength
shift [65]. By using two sets of gratings superimposed on the same fibre, it becomes possible
to decouple the temperature and strain components. During a composite cure, there are
two phases: an initial temperature ramp, at which point the resin is liquid and there is no
measurable strain, and an isothermal hold, during which there is no temperature change.
Using such a fibre can identify the Bragg wavelength shift as being dependent solely on
the temperature component during the ramp and solely on the strain component during
the dwell. Using this rationale, a 100 pe drop in strain was observed during an isothermal
cure hold. The onset of this strain drop was identified as the onset of gel, and the end point
of the strain drop was correlated to the end of cure. This was compared to dielectric sensor
measurements collected on the same sample, which were analysed using the ion viscosity
correlation, similar to the methodology used in [56] but using ion viscosity measurements.

3.4.3. Summary and Future Work

Like ultrasonic sensors, at this time, fibre optics may not have the necessary quantita-
tive output required for high-performance composite applications. While the signals can
identify phase transitions in the matrix, a specific evaluation of the degree of cure is lacking,.
Further, it has been established that fibre-optic sensors are quite delicate and that both
the embedding and the cure process have the potential to cause bending and constriction,
which may negatively impact signal quality [126].

Aside from this, optical fibres show promise for residual stress measurement [122] and
structural health monitoring compared to strain gauge measurement and are sensitive to
changes in resin flow and mould closing during infusion processes [124]. Optical fibres can
also be used to identify resin arrival and flow events during infusion processing [66,127],
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commonly by monitoring changes in the light signals as the length of the fibre becomes
wetted by the resin [121].

Finally, it is possible to monitor the crystallisation process of thermoplastic polymer
by evaluating the residual strain. The processing mechanism for thermoplastic polymers is
fundamentally different from the cure processing of thermosetting polymers, as they do not
undergo a chemical reaction. For these materials, the sensor monitors the progression of
crystallization rather than the progression of cure reaction. The Bragg wavelength shift of an
FBG sensor was used to evaluate the crystallisation process for a fibreglass—polypropylene
composite and successfully identified the key crystallisation points shown in Figure 21.
These results were successfully compared to DSC.
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Figure 21, Identification of crystallisation features of a polypropylene composite using an FBG sensor
compared to DSC results. Reprinted with permission from Ref. [128] 2005, Elsevier.

4, Conclusions

A critical review of the correlation methods for different in-line composite cure-sensing
technologies has been presented. Thermocouple cure monitoring can be reliably correlated
to a degree of cure using DSC evaluation or kinetic modelling. Dielectric analysis can
produce a wide variety of cure state information, as there are many correlation methods
that can be applied to the different monitored parameters. Ultrasonics and fibre optics are
commonly used to correlate to the specific phase transitions of the polymer rather than a
quantitative measurement of cure state. While the benefits and drawbacks of implementing
each type of sensor have been evaluated elsewhere, this paper asserts that it is critical
to select a sensor and correlation method to achieve the required fidelity during cure
monitoring for the specific application. Providing a qualitative determination of cure
ending, such as fibre-optic sensors, may be appropriate for some applications. Whereas an
application which requires a degree of cure or T; with a specific value may benefit from
thermocouple or dielectric sensing,.

There are multiple areas of potential improvement for in situ cure-sensing technology.
The availability of non-invasive sensors and sensors that do net require a permanent
installation would increase the case of implementation. The development of a quantitative
measure of cure for sensors, such as ultrasonics, would enable their use in a wider range
of applications. A comparison of the different correlation methods for each sensor type
would identify the most accurate method for evaluating cure progress, including whether
the methods are applicable across multiple materials and multiple cure cycles. Finally, a
robust evaluation of the correlation methods across repeated process cycles would indicate
if the precision was sufficient to capture manufacturing variations. Future work in these
areas would improve the fidelity of data collection and enable new sensing technologies to
be readily and confidently adopted.
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CHAPTER 3: (PAPER 1) DIELECTRIC PARAMETER
INDEPENDENT CURING ANALYSIS OF OUT-OF-
AUTOCLAVE CARBON FIBRE/EPOXY COMPOSITES

3.1 Introduction

This chapter provides a systematic comparison of existing dielectric analysis methods with a
set of newly proposed techniques. This builds on the review of existing dielectric analysis
techniques, which were detailed in the Chapter 1 literature review. More than a dozen cure
correlation methods have been proposed in literature to date, each focusing on a specific
dielectric parameter and employing different definitions for how the methods should be
implemented. 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 evaluates the results using analytical testing and numerical simulations.
This systematic evaluation presented in this study prove that the parameters can be used
interchangeably and, in some cases, can deliver complementary information. The major
outcome of this study is a master list of dielectric analysis correlation techniques which can

measure the thermoset degree of cure or 7, in addition to identify the timing of key cure events.

3.2 Links and implications

The comprehensive list of analysis techniques proposed in this study have significant
implications for all future dielectric analysis studies, such as those presented in Chapter 4
(Paper 2). These methods have improved accuracy and repeatability in comparison to the
existing analysis techniques, which are commonly proposed from a single data set. The use of
five replicates in this study suggests the repeatability and accuracy of the proposed cure
analysis methods. The repeatability of these methods for alternate sensor configurations is
explored in Chapter 4, in which the methods are applied to a novel tool-mounted sensor which
evaluates cure through the thickness of a composite laminate. Additionally, the newly
discovered parameter-independence allows for more analysis flexibility than has previously
been demonstrated. This has significant implications for live process monitoring of thermoset

cure and could enable active control systems.

3.3 Published paper
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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 clielectric 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 simulaled cure state events, a master list of correlation techniques is presented. The proposed
techniques have improved accuracy and repeatabilily in comparison to the existing analysis lechniques.

1. Introduction

Advanced thermoset polymer composites have been implemented by
arange of industries due to their combinaticn of excellent properties and
wide variety of manufacturing techniques [1-14]. Fibre reinforced
polymer (FRP) compesites rescarch is currently focused on enabling
high quality and high complexity parts [15,16], with much emphasis on
optimising the processing conditions for fabrication [17-1%]. Composite
parts are susceptible to a variety of quality issues cue 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

* Comresponding authoer.
E-mail address: molly.hall@usq.edu.au (M. Hall).

https://doi.org/10,1016/j.compositesa.2023.107755

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
cxtensively reviewed [32,33], A recent review on these four commeon 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-
sars, however, are one of the most promising methods of in-situ cure
moenitoring as they have identified not just phase transitions, but degree
of cure (DoC) and glass transition temperature (T} 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 rotal electrical impedance of the material. This mea-
surement is composed of resistive and capacitive comiponents, 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 metheds to correlate
dielectric information with material cure state information. Commonly,
analysis is completed by cvaluating signal change as time progresscs
(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

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), TMP
indicating the Tmpedance (Z), COND indicating the ion conductivity (¢), LOSS
indicating the loss factor (¢), and VISC indicating the ion viscosity (p).

Name Method Cure Feature Sources
DISP-1 . . an Cure siarl
First local maximum of @ [47]
DIsP-2 Plateau onset [’%} -0 Cure completion [471
DISP-3 tand = 1 defllned as the crossover point Gel polnt 491
between loss and permittivity
IMP-1 Onsct of the first platcau after the Gel point 130,45]
ninimum value of impedance at 1 kTlz
IMP-2 Onset of the second plateau after the Vitrification 130,45]
minimum value of impedance at 1 kHz
IMP-3 Linear regression to determine Degree of cure [521
relationship belween log(Impedance) progression
and degree of cure over the isothermal
range
COND- Global maximum of fhe conductivity Minimum 21,531
1 viscosity
COND- Inflection after the peak of the First indication [31,53]
2 conductivity of gelled material
(‘(,)ND' Plateau onset (ﬁ =m Vitsification 131,53]
3 dr
COND- T, = logon  logoe T Wilh the T, progression [46]
4 logan — logarg ™
conductivity at the start (m) and end
(7.} of the isothermal region,
conductivity at time t (7}, and the
measured glass transition temperature
(Tpd
LOSS1 = Tog: i oe * With the loss factor Cure index tsa]
loge " =
at the start {¢”y) and end (¢" ) of the
isothermal region, and the loss factor at
time (7).
VISC Plateau onset [% 0 Gure completion 48,551
VISC-2 = lowg, — Lo, sWith the Degree of eure 1201

g 1080,

viscosily al Lime ( (¢, ), minimum
viscosity (p,,, ), maximum viscosity
(Aac}: and the measured degree of cure

(m)

progression
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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 infermation for the cure of Solvay CYCOME
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
capacitve 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 propused, 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]; config-
uration, with a NETZSCH TDEX 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 pm, which is within the first ply placed above
the electrodes. Additional thermocouples collected thermal data on the
top of the vacuum bag, under the toel, and in the air approximately 100
mm above the top of the bag. A secondary panel, alse 80 mm by 80 mm,
with layup scheme [0/90]4 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 threough IDEX5, were
cured in an oven under vacuum using a modified versien 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 te the locaticn of the embedded IDEX sensor. A 0D cure
profile was run using the built-in material card for the CYCOM# 5320-
1/TM7-12K Tape based on the Krat cure kinetics model [39] and using
the thermocouple data taken from the midplane of the laminate. Cure

Table 2

Solvay CYCOME 5320-1 prepreg definition and properties [42].
Property Value
Resin CYCOME 5320-1
Fibre: Texeel TM7 12K
Prepreg Arcal Weight (gsm) 145
Resin Content (%) 33

Form Unidirectional Tape
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Thermocouple

5320-1
Prepreg

DEA
Sensor

K-Type

Thermocouple

NETZSCH DEA
288 lonic

Vacuum Bag &

Consumables

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.

Part Fabrication
Dielectric Sensor ‘ ‘ Thermocouple ‘
T T
| |
DEA288 fonic | | TCReader |
| l

{ Diclectric Data ) CT::mpmture Data ( Cured Laminate )
NETZSCH Proteus Convergent )
Software RAVEN Simulation DSC DMA
Dielectric Analysis Cure Simulation Actual Part Degree
Data Data of Cure and T,

Fig. 2. Schematic of data flow from data collection to analysis.

features were identified for each IDEX panel in accordance with Fig. 3.
The final degree of cure shown in (a) s 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 T, and temperature, and the final T, also
shown in (b) is identified as the end value of the T, 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

41

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/
9014 panel to dimensions of 8 mm wide by 45 mm leng 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 5¢ pm oscillating at 1 Hz
frequency. The T, 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 Jonic 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 (¢*) is a measure of the polarizability of a
material under a time-varying clectric ficld. It is composed of a relative
permittivity (¢') calculated via Equation (1) and a loss component (¢ )
calculated by Equation (2) [43].
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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.)

Cd
Eod

_ [43]
. d
-t
RwAe,
The dissipation factor (D), also known as tans, can be calculated in
Equation (3} as the ratio of the dielectric loss (loss component) and
permittivity (storage component) [44]:

(2)

1
T wRC ®

Dot S
-
The ionic conductivity (#) is a material property related to the bulk
dielectric conductance (G), which is the inverse of the resistance {(R). It is
alsc velated to the ion viscosity (p) by an inverse relationship demon-
strated in Equation (4) | 37]. It should be noted that the ion viscosity isa
term which is used to represent the frequency independent resistivity
(pp), which here will be represented as p for simplicity. Within
dielectric analysis it is commeon to represent the log of the ionic con-
ductivity, which is referred to as the LIC.

R
d
Impedance (Z) is calculated in Equation (5) with i representing the

complex number [37].

4

L
l [

1
Z= T 5)
wt i
Equations (1)-(5) utilise the shape factor (A/d) driven by the elec-
trode spacing and sensing area, permittivity of free space (¢ — 8.854 x
10712 Fm™1), and electrical excitation frequency (). It should be noted

that the shape factor is commonly applicd 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.

Legarithmic scaling is commonly used for all dielectric parameters to
isolate the effects of ion mohility and dipole rotation. For example, the
permittivity represented in log scale takes the format of Equation (6).
‘Lhis allows for the separation of the capacitance from the constant
variables which do not impact the curing: the electrode 4 ratio and the
permirtivity 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.

. Cd §
loge’ — log vy — logC

(6)

o
log vy
Data was processed using NETZSCH Proteus® software. Signals were
smoothed up to software setting 6-8 t¢ 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 neise, 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 Hrz, 100 Hr, and 1 kH~ 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. 'Ihe 1
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Fig- 4. Identifications of graph features and their placement relative to the
RAVEN identified cure events,

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 [20,45] 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.

Composites Part A 175 (2023} 107755

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 clectrical signals indicates changes in
polymer crosslinking, which can therefore be used to indicate the
distinet “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 dewn. 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
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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).

Atravey — Inrs
A — l()(i*“ ravey — Inm o

broras

The strength (A%) was calculated using the time differential between
when the RAVEN cure event occurs (fgqven) and when the dielectric
graph feature occurs (fpg4). It is then normalised by the overall cure time
(trorar), 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 caleulated for each diclectric 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 lable 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 pregression of the glass transition temperature. Similarly,
DISP-1 and DISP-2 which were proposed by Kim et al. [47] identify the
start and cnd of cure by identifying features of the graph of the dissi-
pation factor. This paper evaluates all of the metheds 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 (o 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%. Lnstead 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 diclectric paramcters
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
IDEXS5. 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
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Table 3
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Summary of improvements to the DEA analysis technigues specified in Table 1.

Name Original Method Lmproved Method
DISP-1 Tirst local maximum of %—) No change
DISP-2 Platean anset [% o Minimum abs(dD/dt)
DISP-3 and = 1 defined as the crossover No change
point between loss and
permirtivity
TMP-1 Onset of the first plateau after the  Onset of the first plateau after the
minimum value of impedance at 1 minimum value of the impedance,
Tz at the frequeney it can be most
clearly identified (1 kIIz or higher)
IMP-2 Onset of the second plateau after Omset of the second platean after
the minimum value of impedance  the minimum value of the
at 1 kHz impedance, al Lthe [requency il can
be most clearly idenlified (1 kHz or
higher)
™MEP-3 Lincar regression to determine Lincar regression ro determine
relationship between log relationship between log
(Tmpedanee) and degree of cure {Impedance) and degree of cure
over the isothermal range between the global minimum and
the end of the isothermal hold
COND-  Global maximum of the No change
1 cenduclivily
COND-  Inflection after the peak of the No change
2 conductivity
COND- do Plateau onset defined as the
Platcau onset (= — 0) .
3 s tangent point of the endset after the
global maximum
COND- . Logay — lozar Ty With the o log0 —loan s With the
4 gy — logan, iogmy — g
cenduclivily at the start (sp) and eonductivity al the maximum (o),
end (o) of the isothermal region, the conductivity at the end of the
conductivity at time t (), and the isothermal region (5,,). the
measured glass fransition eanductivity at fime t {5,), and the
temperature (Ty..) measured degree of cure {(mmnse)
LOSS- oty = OB e the foss oty = Ny | with the
1 loge g — loge s loge”o — loge"e
factor at the start (¢7g) and end loss factor at the maximum (¢ "o},
[¢" ) 0f the isolhermal region, and  he loss faclor al Lhe end of the
the loss [acter al Gme L ("), isethermal region (¢”,.), the loss
lactor at time t (¢7), and the
measured degree of cure (tys)
VISC L onser [% o Minimum abs(da/dt)
VISC-2 - Togp, — Logpa, Wit the See COND-4

1080 m0x — LO8an
viscosity at time t (p,), minimum
viscosity (s1,,). maximum
VISCOSILY (),
degree of cure (i)

i
and the measured

this study were not perfectly iscthermal, 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, sy was defined as the point
of maximum conductivity and 6., was defined as the end of the
isothermal temperature region. Further, as the T; 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 (¢pge). The rationale for
this decision is that the simulated progression of both the 7, and
degree of cure macde in RAVEN are defined by their DiBenedetto
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pair across all five TDEX replicates,

rclationship 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).

Table 4a
Resulls comparison for the start of cure.

Time at Cure Start (min})

Method Average Std. A%
Value Dev
DISP-1 (1 Hz) dh N 56.3 5.0 1.4%
first Pl
Dissipation (100 . dn N 61.2 5.9 3.4%
first — mazimum
Hz) dt
Impedance & az 45.4 2.0 2.8%
rst - minimum
lon Conductivity do . 51.9 2.7 0.9%
first & maximum
¢
Loss e N 56.7 9.2 2.9%
first g madmm
Permittivity de’ . 58.8 7.9 2,9%
first & maximum
RAVEN Time at start of cure rate 52.7 0.5 -
Predictions. increase (min)
Table 4b
Results comparison for the time at minimum viscosity.
Time at Minimum Viscosity (min)
Method Average Std. A%
Value Dev
COND-1 Global maximum 88.9 18 1.2%
Dissipation {100 Global maximum 887 1.4 1.1%
Hz)
Impedance Glebal minimum 88.8 1.8 1.1%
Loss Glohal maximum 58.9 1.8 1.2%
Permittivity Glohal maximum 87.7 1.3 0.7%
RAVEN Time at minimum 85.6 0.9 -
Predictions viscosity (min)
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Table 4c
Results comparison for the gel point.

Gel Point (min)

Method Average Std. A%
Value Dev

COND-2 Post-peak inflection 1040 4.4 5.4%
DISP-3 {100 Hz) tans 1 110.5 51 2.8%
IMP-1 (1 kliz) First endset 1050 1.3 5.0%
Dissipation (100 Endset 119.6 3.4 1.0%

Hz)
Impedance Endsel 130.5 10.8 4.9%
Ion Conductivity Endsel 122.4 6.7 2.3%
Loss Endset 124.9 6.0 2.8%
Permittivity Endset 116.0 5.5 1.4%
RAVEN ‘Time at inflection of 117.7 1.0 -

Predictions viscosity {min)

Q .

_ logo, — loge, e ®

~ logag — logo..

* 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 isethermal. Instead of
bounding the start and end of the isothermal region, &y’ is defined as
the value at the global maximum. Further, the LOSS-1 cquation
calculates a cure index, which is a relative representation of the
degree of cure between values of ¢ 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 4d
Results comparison for the vitrification point.

Vitrification Point (min)

Method Average std. Al
Value Dev
IMP-2 (1 kHz) Second endset 143.7 5.6 4.6%
COND-3 Flagtening of the curve 1613 2.1 2.2%
Dissipation (100 Endset tangent point 162.2 4.3 2.8%
Hz)
Impedance Endsel tangenl poinl 165.0 5.6 3.6%
Loss Endset rangent paint 161.3 5.3 3.1%
Permittivity Endset tangent point 148.9 8.6 3.5%
RAVEN Time ar Tg-T crossover 155.6 1.4 -
Predictions (min}
Table 4e
Results comparison for the end of cure.
Time at Cure End (min)
Method Average Std. Al
Value Dev
DISP-2 (1 Hz) dD N/A N/A NsA
dr
VISC-1 @ —0 N/A N/A N/A
&
Dissipation (100 . Fiis] 250.6 18 2.9%
Minimum |—|
Hz) L
Impedance . dz| 2459 6.4 4.7%
Minimum |—
dr
Ion Conductivity Minimum ‘%‘r 248.0 33 3.9%
Loss L de” 2504 1.7 2.9%
Minimum |
dr
Permittivity B 2522 1.3 2.2%
Minimum
RAVEN Time at end of cure rate 257.9 0.6 -
Predictions (min}
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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 te 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

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

Dissipation Factor (100 Hz)
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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 t)ya 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 'l'able 4a-
<. The existsing correlations in Table 4 are indicated in irallics.
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3.2, Accuracy comparisons of different cure state ident{fications

‘I'he 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 clesely the
value deviates from the RAVEN prediction are presented. The percent
discrepancy (A%) 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 Ty as the Ty and degree of cure are
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directly related via the DiBenedetto equation. All these correlations
were normalised by the actual degree of cure measured by DSC. Further,
Fig. § 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. © correlations between the
RAVEN degree of cure and the parameters are shown in (a-e), including
the R? 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, agayey representing the RAVEN calculated degree
of cure, and ¢ and b as fitting parameters, The linear equations for each
parameter and replicate are given in Table 5.

9)

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

logX — ctipavrn +6
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Table 5

Linear relalionships for each dieleclric parameter following (he method of IMP-3. Note that the 100 Hz correlation for the dissipalion factor was used for Lhe 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 - (.89 0.82D + 0.33 0.80D + 0.34 0.79D — 0.39 L.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 2,312 | 643 1.46Z | 7.12 1.34Z | 7.14 1.42Z | 7.05 LU94Z (.66
lon Conductivity —2.330 — 8.34 —1.470 — 9.03 —1.35¢ — 9.05 —1.440 — 8.96 -1.950 — 8.57
Loss Factor —2.33¢" + 3.92 —1.47e" + 3.23 —-1.35¢' + 3.20 =1.44¢" + 3.30 —1.95¢" — 3.68

—2.00e" + 3.00 —1.08 + 210 —1.21g — 227 —114e* + 2.36 —1.73s~ — 2.82

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 eure measurements in Table 6.

4. Discussion
4.1. Cure event correlations

Looking first at the cure event correlations determined from I'ig, 6 it
is apparent the proposed correlations (specified hy the asterisks*) are as

Table 6
Predicred degree of cure values as caleulated from IMP-3 correlations, Values are eompared to analytical results from DSC and DMA and to simulated resulrs from
RAVEN.
IDEX1 IDEX2 IDEX3 IDEX4 IDEXS
Analytical and Simulated Results DSC 93.8% 92.0% 92.8% 92.5% Q2.0%
DMA" 93.5% 93.6% $3.2% $3.7% 93.0%
RAVEN 92.9%% 92 8% G310 G3.0%% 92.9%
DEA Correlations Dissipation Factor 90.4% 90.1% 93.60 G2.7% 89.9%%
Impedance 92.2% 95.0% 95.1% 54.8% 92.2%
Ion Conductivity 93.3% 95.4% 91.7% 91.2% 92.8%
Loss Factor 91.0% 91.7% 95.19% 94.3% §2.5%
Permittivity 87.7% 87.7% 91.3% 94.1% S0.0%

“ As calculated using the DiBenedello 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 2 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. Itis
proposed that this point may generally indicate that the reaction has
started, however the variability should be considered. 'I'he ion conduc-
tivity measurement, and thus the ion viscosity measurement, have the
strongest and most consistent correlations for identifying cure start.

‘I'he point of minimum mechanical viscosity, shown in l'able 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 (i) through
Equation (10) which is calculated using the ion radius (), charge (g),
and concentration () [48]:

omipr
P=
gen

ao

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 rheclogy
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 curvein Fig. 3(b) shows, the inflection
point occurs very close in time te 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 T, 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 fleld
excitation frequency, COND-3 was not demonstrated to corrclate 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 peint is proposed as a clarified
definition of the “onset of the plateau region™ which has previcusly 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
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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 ( % win)» 1185 &
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 peint to the end of the cure reaction rate,
which occurs when temperature is removed from the system and the
reaction rate lacks sufficient energy te proceed. Taking these definitions,
the end of the reaction is very reliably identified across the dielectric
paramcters.

4.2, Graphical methods

‘The graphical metheds of performing dielectric analysis were also
demonstrated to be applicable across all parameters. The results of Fig. 7
and indicate that the methods propesed by COND-4, 1.OSS-1, and VISC-2
apply to the other dielectric parameters. Fig. & demonstrates that this
method is also consistent from part to part and ean thus be used reliably
to evaluate the degree of cure and T, 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 lincar regression process proposed by IMP-3 carrics much
promise for predictive cure modelling. For the example presented in
Fig. © for IDEX 3, showed very strong linear relationships as indicated by
high R” values. This resulted in the degree of cure trends for the pa-
rameters which aligned very closely with the simulated curve. The linear
wends for each IDEX replivate, 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-
tonship of resistivity to conductance as follows:

) =logG —logC — logw (11)

1 G
Togh = log[ —— | =1
R = e (ch‘) o8 (u C

!

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
<lissipation factor equations, which are almost exactly the difference
between the three conductance-based equations {(impedance, conduc-
tivity, and loss factor) and the capacitive-based cquation (permittivicy).

It can also be observed that TDEX 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 see-
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.

‘I'hese methods have potential repercussions to live process moni-
toring techniques and active control systems. The cure cvent 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 moniter 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 materfals 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 methoeds 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.

Table 7
Final list of parameter-independent correlations, including modifications or
clarifications of existing correlations.

Analysis Method Incorporated Notes
Teature Technigues
1aC (1) Calculation per CONID-4, 1.05S- Updated te include all
¥ISC-2 1, VISC-2 parameters
Dol (2} Lincar analysis IMP-3 Updated to include all
per IMP-3 parameters
Cure Start Tirst local DISE-1 Updated to include all
maximum of dX/ parameters
dt
Viscasily Global COND-1 Updaled Lo include all
maximum or parameters
minimum
Gel Point, Tndser afrer COND-2 WModitied  applics to all
global max/min parameters, updated
definition due to stronger
correlation to endset rather
than inflection
Vilrification ~ Tangent poinl COND-3 Modified - applies 10 all

aller endset

parameters, updated
delinition of “plateau
onsct”

Moditied - applics to all
paramcters, updated
definition

Cure End

DISP-2, VISC-
absolute value of
dXsdt
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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

‘I'he 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 precess uncertainty or variability.
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CHAPTER 4: (PAPER 2) IMPACT OF THROUGH-
THICKNESS DIELECTRIC SENSOR EFFECTS ON CARBON
FIBRE/EPOXY CURE MONITORING

4.1 Introduction

This chapter builds on the methodologies established in Paper 1 by implementing the newly
proposed correlation methods for a prototype through-thickness dielectric sensor. A novel tool-
mounted monotrode sensor with theoretical capabilities for sensing depths up to 20 mm was
developed by NETZSCH and assessed in this study. Repetitions of thick parts, ranging 2 to 20
mm, were cured to determine the consistency of the methods from part to part, which were
validated using off-line analytical techniques and numerical modelling. It was determined that
the prototype sensor is insensitive to the influence of temperature or presence of conductive
fibres and does not demonstrate undesirable polarisation effects. Further, once a correction
factor is applied to account for the sensor components, the dielectric signals showed high

accuracy and repeatability when evaluated according to the methods determined in Paper 1.

4.2 Links and implications

There are two main implications from this study: understanding of the influence of sensor
design on the dielectric signal, and confirmation that the dielectric methods presented in Paper
1 are applicable across different sensor configurations. While it was known that this prototype
sensor includes a polyether ether ketone (PEEK) spacer ring between the electrodes, it was
identified that this caused an unintended dual material reading of the PEEK and the epoxy. To
compensate for this, a correction factor was applied to the dielectric signals to correct for the
impact of temperature and part thickness on the dielectric response. This discovery provides a
strong suggestion for future sensor design to include materials which do not exhibit such an
influence. However, once the correction factor was applied, the dielectric analysis methods
were conducted successfully. The analysis of the corrected signal had good accuracy and part-
to-part repeatability across all the laminate thicknesses tested. This suggests that the analysis
methods are applicable to through-thickness cure monitoring and may enable a high fidelity

yet non-invasive cure monitoring system which has not been available to date.

4.3 Paper manuscript
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Abstract

Dielectric sensors are an appealing solution for in-situ cure monitoring of thermoset polymers
and thermoset composites. Analysis techniques have been shown to produce highly accurate
and repeatable insight into cure state metrics both during and after cure. However, most
dielectric sensors only report data on the surface of the material the sensor is in direct contact
with, neglecting the remainder of the thickness of the component. This study evaluates a
novel dielectric sensor which is designed with a 20 mm penetration depth to monitor through
the thickness of the composite part. While the prototype sensor design was shown to interfere
with the raw data signal, a correction factor was successfully applied, and signals were
analysed in accordance with the standard set of methods. The corrected signal had good
accuracy and repeatability across laminates from 2 to 20 mm thick, demonstrating a non-

invasive, through-thickness monitoring for a range of part designs.

Keywords: Thermosetting resin, Cure behaviour, Electrical properties, Dielectric sensors
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1 Introduction

Dielectric analysis is an increasingly attractive method for process monitoring of polymer and
composite systems. Recently there has been considerable research on dielectric analysis for
monitoring thermoset polymers and thermoset composites during both isothermal and dynamic
cure cycles [58-61], such as for epoxies [42, 62-65] and polyesters [60, 64]. Dielectrics have
also been used for crystallisation monitoring in thermoplastics processing [66-68], composite
damage detection [69, 70], evaluation of adhesive bonds [71], resin infusion flow [72-74], and
prediction of resin state prior to infusion [75]. One of their most attractive capabilities is for in-
line sensing of thermoset cure processes. Traditional temperature monitoring techniques use
the time/temperature relationship for a thermoset polymer, which is dictated by cure kinetics
reactions [76, 77]. A major advantage of dielectric sensors is they can capture the molecular
movement during cure, leading to identification of major curing events such as gel and
vitrification [78, 79]. Dielectric sensor cure monitoring capabilities and limitations have been
well documented [32, 33]. The sensing methodologies have been compared with known off-
line analysis techniques [80, 81] and other in-line monitoring sensors including ultrasonics and

fibre optics [36, 82, 83].

Current trends towards live-monitoring and active control of the manufacturing process [84-
87] rely on accurate, repeatable sensing methods which capture cure progression through the
entire part. Many techniques rely on sensor networks to monitor various locations throughout
the part. Cure monitoring for very thick parts has additional challenges, as surface or contact
measurements are unlikely to be representative of the cure gradient existent through the part
[57, 88]. Use of invasive techniques such as embedded sensors [89] can capture through-
thickness cure data, however the presence of the sensor in the cured part can compromise the
mechanical performance of the final component. Dielectric cure monitoring can be comprised
of different sensor configurations such as interdigitated electrodes, tool mounted monotrodes,
or parallel plate electrodes. Interdigitated sensors and traditional monotrode sensors cast a
narrow fringe field to take a contact measurement. Through-thickness dielectric monitoring is
historically achieved using parallel plate electrodes [42, 80]. However, this configuration is
sensitive to part thickness changes during cure and results rely on correct alignment of the
electrodes. To date, there are no commercially available sensors which can monitor through
the thickness of large cross-sections without embedded sensors or a parallel plate configuration.
This paper investigates a prototype monotrode sensor design, in which the electrode

configuration creates a bulk field which is theoretically capable of measurements up to 20 mm.
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Dielectric sensors apply an electric field which alternates in response to a set frequency or
frequencies. The applied electric field causes a response from the charged particles within the
material. For a reactive polymer, such as a thermoset, the electrical response of the material
changes throughout the curing process [90]. The electrical response of mobile ions and dipoles
becomes restricted as the material crosslinks and these charged particles become fixed in place.
Within a given material there is a given concentration of ions, which are mobile charge carriers
such as from impurities and unreacted monomer, and of dipoles. Dipoles can be induced from
charge separation within the polymer chain, or permanent dipoles which exist most commonly
as mobile branches along the chain [91]. Ion mobility results in an electric current and strongly
contributes to the conductive behaviour of the material. Dipole rotation and relaxation, or the

storage and release of energy due to dipole alignment, causes capacitive behaviour.

Dielectric behaviour in thermosets polymers can be modelled by an electric circuit [43]. When
the electric field is applied, the resulting excitation voltage (V) causes the material to respond
with an applied current (/). This response comes after a delay called the phase shift (@), which
indicates how rapidly the material responds to the applied electric field. Based on this shift, the
material responds with a capacitive (C) or conductive (G) response, which then drives the
values of the measured dielectric signals [92]. This phenomenon, shown as the material
admittance (Y) represented on the complex plane, is conveyed in Figure 1. This is most
represented as the material impedance (Z), as defined in Equation (1). The real component of
the material admittance is the bulk conductive response, which is represented in dielectric
analysis as the ionic conductivity (o). The imaginary component of the admittance gives the
capacitive response, which provides the material permittivity (¢*). The complex permittivity is
comprised of a storage component (g') and a loss component (g'). It can also be represented as
a ratio called the dissipation factor (D), or tand, for which delta (9) is the complementary angle
to the phase shift. The calculations for these parameters can be found in Equations (2) for the
ion conductivity, (3) for the permittivity (¢"), (4) for the loss factor, and (5) for the dissipation
factor. It is worth noting that the ionic conductivity can be represented as the inverse of the
resistivity or ion viscosity (p). These equations use the scaling factor or shape factor (4/d),
permittivity of free space (ep=8.854 x 10> F m™!), and electrical excitation frequency ().

1 (1)

1
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Figure 1 — Demonstration of how phase shift is derived and the impact that it has on the dielectric capacitance (C)

and conductance (G).

Thermoset cure is a time-dependent dielectric process, meaning the dielectric behaviour
changes throughout the physical cure process. This is commonly represented in dielectric
analysis by monitoring the signal across a timescale for a set frequency or across a frequency-
domain at set times. Dielectric spectroscopy, achieved by frequency analysis, can provide
information on the molecular dynamics and their changes throughout cure [78, 79]. This is a
common technique used when molecular motion, such as from dipole relaxation, is the
dominating force which contributes to the material cure. Time-spectrum analysis monitors the
thermodynamic phase transitions as they occur over time. It is more appropriate to use this type
of analysis when ion mobility dominates the signal, producing a frequency-independent result.
An analysis of a given material over a range of frequencies can indicate the frequency-
dependence of the signal and can assist the user in deciding which analysis methodology is
optimal. Choosing a reasonable frequency for measurement is still important for time-spectrum

analysis. The relevant time scale for out-of-autoclave thermoset curing is on the magnitude of
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minutes, so a 1 Hz frequency may be sufficient. However, faster curing thermosets which cure

on the scale of seconds to minutes [93] may benefit from higher frequency measurements.

The dielectric signal can be influenced by several factors which distract from the direct material
response. Parasitic effects such as electrode polarisation and internal surface charge build-up
can occur due to ion movement during processing. Electrode polarisation occurs when mobile
ions accumulate on the electrode surface. The build-up of surface charges on internal surfaces,
such as along reinforcing fibre interfaces or other impurities, is called Maxwell/Wagner/Sillar
(MWS) polarisation. Polarisation effects are identified by a distortion in the loss factor at low
frequencies. Both types of polarisations must commonly be accounted for to ensure the effects
do not distort the actual material response, typically with a correction factor or improved
design. New sensors may also be influenced by the sensor and cable design itself [43], the
processing temperature [94-96], and the presence of conductive fibres [97, 98]. Calibrations of

the temperature signal may be necessary to ensure accurate corrections are applied [99].

This paper evaluates a novel tool-mounted monotrode dielectric sensor which is capable of
monitoring through the thickness of a 20 mm component due to the circumferential electrode
design. In this study a popular out-of-autoclave carbon fibre/epoxy prepreg was cured in
thickness ranging from 2 mm to 20 mm, with repetitions of each thickness included to
determine the consistency of the results. The results of the dielectric analysis were used to
evaluate the sensor behaviour and capabilities. Firstly, the sensor characteristics are evaluated,
including investigations on the influence of temperature, conductive carbon fibres,
polarisation, and sensor configuration and design effects. Next, a correction factor is provided
which accounts for the influence of part thickness and temperature on the dielectric response.
Finally, a comprehensive evaluation of dielectric analysis methods is conducted on the
corrected signal. Special attention is paid to the accuracy and repeatability of the signal in

predicting the cure properties through the entirety of the component thickness.

2 Methods

2.1 Materials and Sample Preparation

This study used Solvay CYCOM® 5320-1/IM7 carbon fibre/epoxy prepreg [100] which was
stacked to thicknesses of 2 to 20 mm. Five replicates of 20 mm laminates were fabricated, in
addition to two replicates of each thickness 2-, 5-, 10-, and 15-mm. Laminates are designated
by their thickness and replicate number, for example TMM20-3 is the third replicate of the 20

mm thickness. One half of each laminate measuring approximately 80 mm by 80 mm was
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dedicated to the dielectric sensor reading. The second half of each laminate, also measuring 80
mm by 80 mm, was dedicated to analytical testing. Due to the large thicknesses of some of the
panels, the analytical half of the laminate was separated into sub laminates using a release film.
The film was used to separate each laminate into five segments: three testing panels located at
the bottom, middle, and top of the laminate and two filler segments which are used to space
out the testing panels to the appropriate thicknesses. A schematic of this is shown in Figure 2.
The testing panels each had the layup definition of [0/90]4s and the filler panels had the layup
definition of [0/90]x where x is determined by the layup sequence. A ply of dry fibreglass was
placed under the DEA half of the laminate to isolate the sensor from the conductive carbon

fibres. Layup sequences and analytical sub laminate nomenclature is given in Table 1.

Cut Line

Sub Laminates

Laminate

Sub Laminate
Stack

Filler Prepreg Release coated film

(4 locations)

Figure 2 — Laminate schematic showing the configuration of (left) the DEA laminate and analytical sub laminates
and (right) and exploded view showing the sequence of the sub laminates, filler prepreg, and release film

placement.
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Table 1 — Laminate definitions including ply count, layup sequence, and sub laminate terminology in which X

indicates the part replicate. Sub laminates are indicated by the bottom (B), middle (M), and top (T) location.

Fibreglass plies are designated by “FG” and release film locations are designated by “RF”.

Laminate Ply Layup Sequence Test Panels
Count
TMM20- 144 FG, [0/90]4s, RF, [0,90]24, RF, [0/90]4s,  TMM20-XB,
1,2,3,4,5 RF, [90,0]24, RF, [0/90]4s TMM20-XM,
TMM20-XT
TMM15-1,2 100 FG, [0/90]4s, RF, [0,90]13, RF, [0/90]4s,  TMMI15-XB,
RF, [90,0]13, RF, [0/90]4s TMMI15-XM,
TMM15-XT
TMM10-1,2 66 FG, [0/90]ss, RF, [0,90]4, 0, RF, [0/90]4s, TMM10-XB,
RF, 0, [90,0]4, RF, [0/90]4s TMMI10-XM,
TMMI10-XT
TMMS5-1,2 34 FG, [0/90]as, RF, [90,90], RF, [0/90]4s TMMS5-XB,
TMMS5-XT
TMM2-1,2 16 [0/90]4s, TMM2-XB

The parts were laid up on a 15 mm thick steel tool in which the NETZSCH through-thickness

sensor was mounted. The sensor location relative to the tool and laminate is shown in Figure 3

(a) and (c). The laminate was then vacuum bagged in accordance with the manufacturers

recommended vacuum bagging schematic [100], also replicated in Figure 3 (a). The parts were

cured in an air circulating oven starting from ambient conditions. Figure 3 (b) shows the bagged

laminate in the oven. The temperature was increased at a rate of 2 °C/min to 180 °C, followed

by a 2-hour dwell at 180 °C as determined by the lagging thermocouple (bottom TC), before

cooling to ambient temperatures. This modified version of the manufacturers recommended

cure cycle was used for simplicity, as the single dwell temperature allows thermal effects on

the sensor to be accounted for.
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Figure 3 — Layup configuration showing (a) the bagging schematic and orientation of the laminate on the tool, (b)
the vacuum bagged laminate in the oven including the air thermocouple placement, and (c) the location of the

sensor in the tool relative to the laminate sections.

Data was collected by the dielectric sensor, which is mounted flush with the surface of the tool,
and with embedded K-type thermocouples. Thermocouples (TC) were embedded within the
DEA half of the laminate, with care taken to ensure that the thermocouples did not lie directly
over top of the sensor location. They were embedded on top of the first ply (bottom TC), in the
middle of the laminate (middle TC), and below the final ply (top TC). An additional
thermocouple was placed approximately 100 mm above the surface of the laminate to measure
the air temperature (air TC). The data collected from these panels follows the data flow in
[101]. The following sections detail the methods used to complete the dielectric analysis, cure

simulation, and analytical testing.

2.2 Dielectric Analysis

2.2.1 Data Collection

Dielectric data was collected using a prototype NETZSCH Tool Mounted Monotrode (TMM)
sensor and the NETZSCH DEA 288 lonic data analyser. The sensor is a prototype monotrode
design with a circumferential electrode configuration, in which the electrodes were spaced by
polyetheretherketone (PEEK) rings. The electrode design is based on the TMM10 sensor and
is adapted to allow for both fringe electrical fields and bulk fields which arc up to 20 mm into

the component. The choice of PEEK as the spacer material was selected due to limited material
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availability due to the COVID-19 pandemic and is not the material of choice for this sensor

design.

The sensor collected parameter data for frequencies between 1 Hz and 10 kHz with 4
frequencies set logarithmically per decade. The dielectric parameters under investigation in this
paper are the dissipation factor (D, also known as tand), impedance (Z), ion conductivity (o),
loss factor (¢"), and permittivity (¢). In accordance with the authors previous study [101],
logarithmic scaling was used for each parameter to isolate the impact of curing on the dielectric
signal. Data was processed using NETZSCH Proteus® software, with the signals smoothed up
to software setting 6-10 to minimise signal noise. The phase angle (¢) for each test was also

recorded and used to evaluate the sensor functionality.
2.2.2 Sensor Characterisation

Firstly, the performance of the prototype monotrode sensor used in this study was assessed.
Dielectric sensors can be subject to a number of influences such as temperature [94, 99],
electrode and interfacial polarisation effects [58, 102], and cable and sensor design [43]. Such
effects can distort the signal and compromise measurements. As this sensor is a prototype these

influences must be investigated.

Signal quality was evaluated using the phase angle and loss factor. The phase angle
measurements were represented as a surface plot to evaluate the change of phase angle with
time and across the frequency spectrum. The phase angle is expected to start at approximately
90 degrees at the beginning of cure, with a drop towards lower values due to the increase of
material conductivity with the increased temperature. From the minimum phase angle, which
roughly correlates to the point of minimum viscosity of the material, the phase angle increases
back towards higher values as the curing reaction increases the material capacitance. The
evaluation of this behaviour was used to validate the selected analysis frequencies and to verify

the credibility of the measurement.

Polarisation effects due to electrode polarisation or interfacial polarisation were evaluated by
reviewing the frequency spectra of the loss factor throughout the cure. The logarithm of the
loss factor was plotted against the logarithm of the monitored frequencies for intervals of 10
minutes, and the slope was measured. A slope in the low-frequency region of -1 indicates a
dominant Ohmic conductivity [91, 103], and slopes which deviate from this indicate electrode
polarisation. This analysis is presented for a selection of representative parts to identify if

results are consistent across part thicknesses.
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The impact of conductive carbon fibres, which may cause interfacial polarisation, was also
tested. A previously cured sample, TMM20-2, was post-cured for 2 hours at 200 °C to ensure
completion of the cure reaction. The fully cured sample was then placed over the sensor, and
vacuum bagged to maintain contact and location with the surface of the sensor and the tool. It
was then processed through a standard cure cycle, and the dielectric signal analysed for drift.
These results were compared with an empty test of the sensor in the tool, which was processed

to the same temperature conditions but with no material present.

The sensor design, specifically the impact of the PEEK spacer rings, was also evaluated using
an empty cure cycle. A dynamic cycle was run from 20 to 190 °C at a rate of 1 °C/minute, and
dielectric spectra was evaluated to determine how the PEEK spacers may influence the sensor
measurements. This temperature range was selected as it encompasses the 7, of PEEK, which
is around 140 °C, and the maximum processing temperature for this study, approximately 180
°C. The loss factor was evaluated across the temperature domain for each frequency, and across
the frequency domain at temperatures spaced at 10 °C increments. The relationship of loss
factor to temperature demonstrated how the PEEK 7, impacts the dielectric signal, with the

alpha relaxation event confirmed with the frequency domain evaluation.

2.2.3 Correction Factor

As a result of the sensor characterisation, it was determined that a correction factor may be
necessary to account for signal impacts due to the presence of the PEEK spacers. As a result
of the PEEK in the design, the sensor is performing simultaneous readings of the PEEK and
the curing epoxy. The PEEK causes a distortion of the signal which must be accounted for.
However, the exact ratio of monitored responses is unknown, as it is dependent on the volume
of material being tested and the electric field strength in that direction. As methods to evaluate
field strength and direction were not available for this study, a correction factor was developed

to account for the impact of the sensor design.

The primary assumption for the correction factor is that dielectric analysis has been proven to
reliably and repeatably detect cure events for the material system under investigation [101]. To
this end, a correction factor was determined by establishing a correlation between the DEA-
and RAVEN-detected cure events, which are known to be reliably consistent with one another.
The cure events were determined in accordance with Table 2 for each individual dielectric
parameter. The cure end, as determined by the minimum of absolute value of dX/dt, was
excluded from this analysis as the value is a direct response to the change in temperature

experienced by the sensor. This value indicates the stopping of the cure reaction due to
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reduction in temperature and does not have an identifiable dielectric event associated with it

and is therefore not necessary to correct for.

Table 2 — Methods of identifying cure events through dielectric analysis (DEA) and RAVEN simulation. Adapted
from [101].

RAVEN Identification
Cure Event DEA Identification Method
Method
Cure start First local maximum of dX/dt Onset of reaction rate increase

Minimum viscosity Global maximum or minimum  Minimum of viscosity curve

Gel point Endset after global max/min Inflection of viscosity curve

Vitrification point  Tangent point after endset Crossover of T-T

Individual Arrhenius plots were created for each part thickness to determine the impact of part
thickness on the signal reading. The difference (A) between the time prediction from DEA and
the time prediction from RAVEN was taken as A = tpgs — traven- The natural logarithm of
A was then plotted with the inverse of the temperature at the sensor, and a linear fit was applied
according to Equation (6). The fit parameters m and b for each part thickness were plotted
against the part thickness to determine if there is a thickness dependence. The final parameters,
with the incorporated thickness (x) dependences, were compiled into Equation (7) to identify
the correction factor which must be applied to the dielectric signal. In this equation the
coefficient (4) is derived from the thickness dependence of b, and the exponential factor (B) is
derived from the thickness dependence of m. The correction factor was subtracted from the
time measurement for each dielectric function to produce a new, corrected time scale in

accordance with Equation (8).

lnA=m<%>+b (6)
Acorrection = A(X) exp (— @) where A(x) = exp(b(x)) and B(x) = (7
m(x)
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tcorrected = tDEA - Acorrection

2.2.4 Cure Analysis Methods

®)

The corrected dielectric signals are evaluated in accordance with the methods provided in Table

3, which is adapted from the methods evaluated in [101]. The degree of cure (DoC) methods

utilises graphical techniques to plot the degree of cure progression. The remaining methods

identify discrete cure events. All methods are compared for accuracy and repeatability against

the RAVEN simulation data and the analytical results from DSC and DMA testing.

Table 3 — Dielectric analysis methodology. Adapted from [101].

Relevant
Name Method
Publications
_ log X, —logX
*= log Xy — log X @RAVEN
DoC (1) In which the X, is the maxima of the signal X, and [40, 59, 80, 104]
X 1s the end of the isothermal region of the
signal.
Linear regression of the log of the signal against
DoC (2) the degree of cure calculated from the time of [61]
global maxima to the end of the isothermal hold.
Cure Start First local maximum of dX/dt [105]
Viscosity Global maximum or minimum [36, 41, 106]
Gel Point Endset after global max/min [36,41]
Vitrification Tangent point after endset [36, 41]
Cure End Minimum of absolute value of dX/dt [105, 107, 108]

To ensure consistency with the methods reported in [101] the 1 Hz frequency is used for all

correlations excepting for the dissipation factor, which used a 100 Hz frequency. The
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dissipation factor at lower frequencies exhibited a double-peak behaviour which prohibited the
definitions of Table 3 from being applied as described. The 100 Hz frequency demonstrated a
shape which was reliably consistent with the remaining parameters. Rationale for this is

presented in the sensor characterisation discussion regarding the phase angle.

2.3 Validation of the Dielectric Analysis

2.3.1 RAVEN Simulation

Convergent RAVEN software was used to simulate the cure of the prepreg based on the
temperature profile collected through the thickness of the laminates. The simulation results
were used to validate the result of the dielectric analysis. The bottom ply, mid ply and top ply
thermocouple readings were input into a 0D temperature profile using the material card for
CYCOM® 5320-1/IM7-12K, which is based on the Kratz cure kinetics model [109]. Cure

features were identified in accordance with the methodology from [101]:

- The final degree of cure is identified as the end value of the degree of cure curve.

- The vitrification point is identified as the crossover point between the 7, and
temperature.

- The final T} is identified as the end value of the 7, curve.

- The start of cure and end of cure is indicated by the start and ending of the cure
reaction rate.

- The time at minimum viscosity is indicated by the global minimum.

- The gel point is indicated by the inflection of the viscosity curve.

As the dielectric signal collects a single measurement representing the full part thickness, the
average of the three RAVEN measurements was considered. The analysis in this paper assumes
that the sensor takes an equal reading through the entirety of the thickness, rather than a signal

which is weighted towards or away from the surface of the sensor.
2.3.2 DSC and DMA

Prior to conducting analytical tests, the laminates were separated into the assigned sub
laminates. The analytical half of the panel was cut from the DEA half of the panel, and the
release coated film was used to separate the vertical stack of panels. From each part thickness
sub laminates were extracted from the bottom, middle, and top of the laminate (designated B,

M and T), and the filler sections were discarded. It should be noted that due to part thickness
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limitations the 5 mm laminate was only comprised of a bottom and a top sub laminate, and the

2 mm laminate was only comprised of a bottom sub laminate.

Differential Scanning Calorimetry (DSC) was conducted using a TA DSC25. Approximately
5-10 mg of material cut from each sub laminate, and was tested under a dynamic ramp rate of
5 °C/min from 25-280 °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.

Dynamic Mechanical Analysis (DMA) was conducted using a TA HR-2 Hybrid Rheometer.
Test coupons were cut by waterjet from each sub laminate 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 hours, and then held in a sealed container with desiccant prior to testing.
Coupons were tested by a dynamic ramp rate of 5 °C/min from 25-280 °C with a displacement
of 50 um oscillating at 1 Hz frequency. The T, was calculated in accordance with ASTM D
7028 [31] by the storage modulus (£’) onset, and the degree of cure was calculated using this

value and the DiBenedetto equation.

3 Processed TMM Sensor Results

3.1 Sensor Characterisation

3.1.1 Phase Angle

The phase angle response provides information on the ratio of the conductive and capacitive
behaviour of the material. This can be used to evaluate the credibility of the signal measurement
and to identify potential erroneous signal responses. Phase angle measurements over time and
across the frequency spectrum was compared for TMM20-2 and TMM15-2, which are
representative of the two responses seen in this study. A surface plot of the entire frequency

spectra is shown in Figure 4 for these two tests.
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Figure 4 — Phase angle in response to temperature and frequency for TMM20-2 (left) and TMM15-2 (right).

In general, the phase angle measurements from all part replicates display the expected
behaviour, which validates the measurements taken for this study. Both signals drop initially,
indicating an increase in conductive behaviour, which is the expected response due to the
increase in temperature allowing for an increase in mobility of conductive ions. TMM20-2
shows an increasing phase angle after the point of maximum conductivity, which occurs at 99
minutes for the 1 Hz measurement. This corresponds to the increasing capacitive behaviour
due to the progression of the cure reaction which restricts ion and dipole mobility. However,
TMM15-2 shows a double peak behaviour around the minimum phase angle for low frequency
measurements. This is due to a very high magnitude of loss factor for this measurement. The
double peak behaviour disappears in frequencies higher than 100 Hz, with Figure 5 showing
the individual measurements at 1 Hz and 100 Hz for these two parts. Qualitatively, the 1 Hz
and 100 Hz signals for TMM20-2 show similar responses, just of differing magnitude. Due to
the double peak behaviour for some parts at low frequencies, the 100 Hz measurement was
selected for the dissipation factor analyses, as the dissipation factor is directly calculated from
the phase angle. Using the 100 Hz measurement ensures that the definitions used in the analysis
methodologies can be applied. However, the 1 Hz measurement is applicable to the remaining

parameters, as they are not impacted by the inversion of the phase angle.
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Figure 5 - Phase angle comparisons for 1 Hz and 100 Hz for TMM20-2 and TMM15-2.

3.1.2 Polarisation Effects

Electrode polarisation due to build-up of charges on the electrode surface is a known concern
for dielectric sensors. Polarisation due to interfacial charge build-up, called
Maxwell/Wagner/Sillar (MWS) polarisation, is also common in dielectric monitoring of multi-
phase materials. In the case of a carbon fibre reinforced epoxy, the interface between the carbon
fibres and the epoxy is where the charges are likely to build up. Three representative tests were
evaluated through the frequency spectrum to further understand potential polarisation effects.
TMM?20-2, 10-1 and 2-1 were selected as representative tests to evaluate polarisation for the
range of part thicknesses. The choice of these samples was to demonstrate the consistency of
behaviour across all part thicknesses, as all part replicates followed these trends. The samples
were plotted against the measurement frequencies to evaluate the slope on a log-log plot.
Measurements with a slope of -1 are known to follow Ohm’s law and indicate the measurement
is conductivity-driven and free from polarisation effects. The three sets of curves, shown in
Figure 6, show that the samples are free of obvious polarisation effects. All measurements
display a slope of approximately -1 at lower frequencies and display no notable deviations or
erratic behaviour which would indicate polarisation. A deeper investigation into frequency

effects and relaxation events will be provided in the following section.
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Figure 6 — Frequency spectra of the loss factor for TMM20-2, TMM10-1, and TMM2-1 to investigate the presence

of electrode polarisation.

It is also possible that the presence of the conductive carbon fibres can influence the signal.
Dielectric measurements were collected for tests with no curing reaction present to isolate the
influence of the carbon fibres. The sensor was tested with an empty set up, without the presence
of any prepreg material, to determine the impact of temperature on the sensor reading. It was
then tested with a fully cured sample (TMM20-2) which was post-cured to 100% conversion,
to identify the impact of the presence of conductive fibres. The ion conductivity of the empty
test and the fully cured tests are given in Figure 7 and compared with the original dielectric
signal for the TMM?20-2 cure for reference. It is apparent that there is a slight sensor drift over
time as the temperature increases, which will be discussed further in the following section. The
conductivity measurement of the fully cured sample is very slightly higher than the empty test.
This can be attributed to the lingering conductivity in the cured sample, for example intrinsic
conductivity from electron shifts in atomic bonds. Overall, the response of the fully cured
signal aligns with the response of the sensor itself to temperature effects which will be explored
in more detail in the next section. There are no notable effects from the presence of the carbon

fibre which need to be accounted for in these tests.
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Figure 7 — Results of the sensor drift test (labelled Empty Cure) and the conductive fibre test (labelled Fully

Cured) in comparison with TMM20-2 cure test.

3.1.3 Impact of PEEK

As can be seen from the comparison Figure 7 the sensor itself displays a response with
temperature. This is attributed to the simultaneous measurement of the epoxy-based prepreg
which is being cured, and the measurement of the PEEK rings which are spaced between the
electrodes. The melting and softening temperature of PEEK is dependent on the specific
composition and relates to the molecular weight and crystalline content. In general, PEEK has
amelting point between 330-340 °C, depending on the content of the crystalline and amorphous
phases [110, 111]. The rubbery region, again depending on the polymer blend, can begin in the
region of 240 °C [112]. As temperatures in this study do not exceed 180 °C, it can be concluded
that the PEEK does not approach its melting range or softening point. Instead, the critical
transition is the glass transition which for PEEK exists around 140 °C [113, 114]. There have
been several dielectric spectroscopy evaluations of PEEK relating to the alpha relaxation
events, which are representative of the glass transition. Studies have shown that alpha
relaxation is sensitive to the crystalline content of the polymer [115], with the amorphous
material mobilising at temperatures above the glass transition [116]. The presence of the
crystalline region can cause a broader relaxation range compared with the amorphous material
[117], with previous studies showing a sharp increase in the dielectric loss for the amorphous
phase at a range of frequencies [116]. In the time-domain, the amorphous and crystalline phases

cause an increase in the dielectric loss and permittivity in response to the glass transition [118].
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The results of the loss factor for the dynamic temperature test of the sensor are given in Figure
8. The results display the same trends documented in the literature: notably the visible increase
in loss factor is clear once the temperature exceeds 140 °C. The increase in loss is less prevalent
for higher frequency measurements, however the molecular mobility is visible across the
frequency spectrum. Also clear are molecular relaxation events at 31.6 Hz and 100 Hz. The
presence of two relaxation peaks may be a result of the limited frequencies evaluated in this
range for this test, or it may be indicative of individual relaxation peaks for the amorphous
component of PEEK and crystalline component of PEEK. Regardless of the original processing
conditions of the PEEK during the manufacture of the sensor, it is likely that the material has
fully crystallised, which is at a maximum 40% crystalline [113], during the heating and cooling
during the sensor trials. Therefore, the 31.6 Hz peak may be attributed to the mobile amorphous
phase, as this peak becomes clearly visible only once the glass transition has been reached. The
100 Hz peak is visible through the entirety of the temperature range and may be attributed to

the more restricted crystalline phase.
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Figure 8 - Loss factor measurements for PEEK integrated into the sensor showing (left) frequency domain

response and (right) temperature domain response.

This response is also clear in the epoxy measurements for this test, during which a simultaneous
epoxy-PEEK measurement is taken. Figure 9 compares PEEK and epoxy-PEEK
measurements, showing similar relaxation events at 31.6 Hz and 100 Hz. The presence of these
peaks in later durations of the cure indicates that in the early stages, when the epoxy has the
highest mobility, the epoxy response dominates the dielectric signal. The magnitude of the
values for the PEEK are lower than those as measured in the epoxy tests, however, this is not

necessarily indicative of the measurement ratio.
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Figure 9 - Loss factor measurements for (left) PEEK compared with (right) TMM20-2 measurement including
PEEK and epoxy components. Note that the T, of PEEK (140 °C) is indicated in red to clearly display the response
of the signal from frequency independent, uninfluenced response (before 140 °C) to a noticeable shifting

relaxation peak.

Dielectric measurements of multi-phase materials have been represented by the simple mixture
bounds demonstrated by Equation (9) [117]. However, these are thought to be overly simplistic,
considering only the volume fraction of each material. An array of assumptions regarding
morphology, isotropy, and geometry have allowed for development of complex permittivity
bounds for a material with three or more components [119]. However, both calculations are
based on the chief assumption of homogeneity of the material in which both materials are
exposed to the same electric field, which is not applicable here. The schematic shown in Figure
10 conveys these assumptions. In (a) is a multi-phase material with known volume fractions of
each component, and a known electric field (£) applied to a region of the material defined by
a circle of radius . For this case, regardless of the value of 7 the ratio of the material volumes
remains the same. However, in (b) which is representative of the configuration in this study,
we see that the two separate materials under test are impacted by separate electric fields of
differing strengths. Further, while the PEEK rings (impacted by E> radial fields) occupy a
known volume, the quantity of the epoxy (impacted by E; bulk and fringe fields) is unknown.
The material thickness, which is varied in this study, is quantifiable, however the radius of the
impacted region is unknown. For this reason, it is impractical to assume the correct ratio of

signal measurements for these tests.
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Figure 10 - Application of (a) an electric field (£) to a multi-phase material and (b) two individual measurements

by two individual electric fields for which £ = E; + E onto two individual materials, as is applicable in this study.

3.2 Temperature Correction Factor

A temperature correction factor was determined to account for the impact of the PEEK on the
signal measurement of the epoxy. The correction factor was established by identifying the time

shift between the sensor reading and the known material state, which was defined by RAVEN.

Firstly, the cure events were determined from both the dielectric signals and the RAVEN
simulation in accordance with Table 2. The discrepancy strength (A%) for each pair was
calculated in accordance with Equation (10) and the average values for each part thickness and
for individual parameters is represented in Figure 11, The discrepancy strength is calculated
from time differential between when the RAVEN cure event occurs (fr4yen) and when the

dielectric graph feature occurs (¢pe4) and then normalised by the overall cure time (¢7o74z).

(traven — tpea) (10)
troraL

A% = 100 =
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Figure 11 — Discrepancy strength showing the initial difference between the dielectric signal and the simulated

values for varying cure events. Shown as a function of the (left) part thickness and (right) dielectric parameter.

From Figure 11 we can determine that there are two consistent trends of the discrepancy
strength: the strength weakens (meaning the discrepancy value is higher) as the part thickness
increases, and the strength weakens as the duration in cure progresses. As the temperature
increases throughout the duration of the cure, it is indicated that there is a temperature
dependence component to the discrepancy strength. These trends are consistent with the impact
of PEEK on the signal reading: the signal is influenced by the temperature relative to the PEEK
T,, and by the part thickness and therefore volumetric ratio of epoxy to PEEK. The other item
of note is that within each dielectric parameter there is no identifiable trend, and thus we can
conclude that the parameters are reasonably interchangeable. Based on this rationale, the next

stages of the analysis make use of an averaged value across all parameters.

Molecular relaxation events in PEEK are known to follow Arrhenius trends [114, 118], so this
approach was used here. The temperature correlation plots are shown in Figure 12, including
the preliminary fitting equations and the R? indicating the goodness of fit for each function.
From these equations, a master equation was derived to describe the behaviour of the entire
system. The master equation fits the form of Equation (7) with the thickness dependent
functions indicated in Equations (11) and (12). It is worth noting the consistent trends with
thickness for both the coefficient of the linear fit and the y-intercept. This indicates that the
signal correction must incorporate a thickness dependence, which is supported by the visible
trend in the left figure of Figure 11. Further, the correction factor corrects for the influence of
PEEK on the dielectric signal and must account for the difference in material volume ratios
between the sensor and the differing part thicknesses. The relationships derived in Equations

(11) and (12) are the best function fit to account for this thickness dependence.
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Figure 12 - Temperature correlations for each part thickness, indicating the fitting equation and R? for each part

thickness.

Recalculations of the dielectric signal for all the tested thicknesses validates the goodness of

fit of this set of correction functions and allow a simple correction of the signal.

A(x) = —2241n(x) + 783 (11)

B(x) = 135In(x) — 674 (12)

The correction factor, Equation (8), was applied to the signals and the cure event timing was
recalculated. The new discrepancy strengths for the corrected signals are shown in Figure 13.
The corrected signals produce an extremely good fit to the predicted values of the different
cure events. Compared with the initial discrepancy strengths, which reach as high as 10-14%,
the cure predictions in Figure 13 are now all within 5%. This is consistent with the accuracy
seen in the IDEX sensors [101]. Further, the application of the correction factor appears to
significantly reduce the impact of part thickness. The corrected values also lack a strong
preference for the dielectric parameter; thus, all parameters can continue to be used
interchangeably. The point of minimum viscosity, which occurs around 145 °C, displays the
closest fit. As this is the closest event to the onset of the PEEK T7,, which indicates the

correction factor successfully accounts for the influence of the PEEK on the signal.
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Figure 13 — Discrepancy strengths for the corrected dielectric signal shown as a function of the part thickness

(left) and dielectric parameter (right). Note that the y-axis scale is consistent with the scale reported in Figure 11.

4 Dielectric Cure Analysis Results and Discussion

4.1 Graphical Methods

Each part replicate and each parameter were evaluated for DoC(1) in accordance with the
equation provided in Table 3. The curves were normalised by the average degree of cure
determined by RAVEN and then compared with the average of the RAVEN degree of cure
simulation curves. Firstly, the results of DoC(1) analysis on a corrected and uncorrected ion
conductivity signal are given in Figure 14. This comparison confirms the use of the corrected
signal for this analysis, as the onset of the degree of cure increase is far more comparable to
the RAVEN simulation. The uncorrected signal has an approximated 20-minute delay for the
onset of the degree of cure increase. While the correct signal has a quicker rise to the full cure
value compared to RAVEN, the general progression of the cure is aligned. The discrepancy
can be attributed to the influence of PEEK on the signal magnitude. The results of DoC(1) for
each parameter in each part thickness are given in Figure 15. The remaining parameters and
part thicknesses display a similar trend to Figure 14: the onset of the cure reaction is accurate,
and the general shape of the cure progression is aligned to that of the simulation. DoC(1) is

shown to have good repeatability regardless of the part thickness or dielectric parameter used.
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The results of DoC(2) for a representative part of each thickness, and for each dielectric
parameter, are given in Figure 16. The predicted final values of degree of cure for this method
are given in Table 4. In general, the dielectric parameters estimate the degree of cure
progression with reasonable accuracy, and the parameters can be used interchangeably. The
applied correction factor successfully shifts the time scale of the dielectric parameters, and the
result aligns extremely well with the onset of degree of cure predicted by RAVEN. The general
shape of the degree of cure curves matches well with that provided by RAVEN, with the
conductivity-driven parameters, the ionic conductivity and loss factor, fitting slightly better to
the degree of cure progression for cures between 50-80%. In accordance with the methods in
Table 3, the predictions stop at the end of the isothermal temperature region, which occurs at
250 minutes. However, the actual predicted degree of cure progression continues until
approximately 270 minutes. Due to this, the estimates do not capture the final stages of the
degree of cure progression, and the final predicted values in Table 4 are slightly lower than the
actual expected degree of cure. As with DoC(1) this method had reasonable accuracy for the

corrected dielectric signal.
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Figure 16 - DoC(2) method applied to each dielectric parameter for each part thickness. Measurements are at 1
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Table 4 — Predicted degree of cure values from DoC(2). Results are compared with analytical results from DSC
and DMA and simulated results from RAVEN. DoC(2) value is averaged over all dielectric parameters. Analytical

and simulated results are averaged over all replicates and part thicknesses.

Part DoC(2) DSC DMA* RAVEN
TMM20-1 90.0% 94.9% 95.5% 95.2%
TMM20-2 90.6% 94.8% 95.4% 95.1%
TMM20-3 89.4% 94.6% 95.5% 94.7%
TMM20-4 89.8% 94.6% 95.4% 94.9%
TMM20-5 90.7% 94.4% 95.0% 94.4%
TMM15-1 88.7% 94.7% 95.3% 94.8%
TMM15-2 88.9% 94.5% 95.4% 94.9%
TMM10-3 87.1% 95.0% 95.3% 93.9%
TMM10-4 77.1% 94.6% 95.6% 94.0%
TMMS5-1 88.4% 94.5% 95.3% 94.3%
TMMS5-2 89.0% 94.7% 95.1% 93.9%
TMM2-1 88.7% 94.6% 94.0% 94.9%
TMM2-2 87.8% 93.6% 93.8% 93.9%

* As calculated using the DiBenedetto equation.

4.2 Cure Point Methods

In addition to the comparison provided in Figure 13, comparing of cure point identification for
the corrected dielectric signal with the RAVEN simulation is provided in Table 5. Included are
the average value and standard deviation across all dielectric parameters and part replicates for

each part thickness. Also shown is the average percent discrepancy calculated from Equation

(10).
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Table 5 — Results of the cure point analysis methods conveying the average time at each cure event for each part

thickness, the standard deviation, and the percent discrepancy compared with the RAVEN simulation.

Part Thickness Average Value Std. Dev

Cure Event A%
(mm) (min) (min)

Cure Start 20 57.6 6.0 1.7%
15 57.1 5.0 1.7%
10 59.5 7.7 2.4%
5 55.5 3.4 1.0%
2 53.9 54 1.6%

Minimum 20 86.8 1.1 0.4%

Viscosity 15 85.6 0.2 0.5%
10 86.9 0.5 0.7%
5 86.1 0.5 0.8%
2 86.4 0.8 0.6%
20 120.1 7.9 3.3%
15 122.2 8.2 4.0%

Gel Point 10 115.1 5.6 1.8%
5 119.9 5.5 1.9%
2 120.6 8.4 3.2%
20 154.7 7.1 4.7%
15 153.7 54 2.8%

Vitrification

Point 10 152.0 2.8 1.9%
5 154.2 5.6 1.6%
2 159.0 6.0 3.0%
20 251.6 4.0 3.0%
15 250.5 3.7 4.2%

Cure End 10 247.9 6.3 3.0%
5 248.8 3.8 2.6%
2 251.5 24 2.9%
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5 Conclusion

A prototype dielectric sensor was evaluated in this paper for sensor quality, applicability of
analysis methods to through-thickness sensing, and part-to-part consistency. It was

demonstrated that:

- Phase angle measurements and dielectric signals are reliable and as expected for the
5320-1 carbon fibre/epoxy material system.

- The sensor is free of polarisation effects, temperature effects, and is not impacted
by conductive carbon fibres.

- The presence of PEEK spacer rings in the sensor distorts the signal due to the
simultaneous epoxy-PEEK reading and necessitated a correction factor. The
correction factor assumes that the sensor identifies cure events in the same manner

as the IDEX sensor, and accounts for temperature and thickness variation.

The application of the correction factor allowed for successful application of parameter-
independent dielectric analysis methods. The corrected signal is very accurate and resulted in
identifying cure point times within 5% compared with averaged RAVEN results, including
predicting the point of minimum viscosity within 1% and the gel point within 4%. Graphical
methods were also applied with good accuracy, including degree of cure predictions from
DoC(2) within 6% compared to simulated and analytical methods. The progression of cure was
successfully monitored throughout the entire part thickness and applicable to parts from 2 to
20 mm thick. Finally, the results were repeatable for each part thickness across the

manufactured replicates, indicating robustness of the sensor design.
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CHAPTER 5: (PAPER 3) STOCHASTIC MODELLING OF
OUT-OF-AUTOCLAVE EPOXY COMPOSITE CURE CYCLES
UNDER UNCERTAINTY

5.1 Introduction

The final study in this thesis explores the variability of epoxy cure properties when exposed to
sources of processing uncertainty. The objective was to quantify how variable the cure process
is, and to validate the predictions using experimental data. In this study, a stochastic cure
model using Monte Carlo methods was developed for CYCOM® 5320-1 carbon fibre/epoxy
to account for cure kinetics modelling and process temperature variability. A new method for
quantifying cure kinetic parameter uncertainty is proposed, which is based on knowledge of
equipment, process, and analysis method error tolerances. The stochastically modelled cure
and viscosity of the resin system produced a distribution of output parameters, and an analysis
was done on the extent of their variability. Experimental data collected during the laminate
cures from the Paper 1 study was used to validate the convergence analysis, proving that the

final cure properties vary according to the predictions.

5.2 Links and implications

The implication of the results presented in this paper are threefold. Firstly, it was determined
that the proposed method for characterising uncertainty is comparable with existing methods
which require extensive analytical testing. This new low-effort technique could be applied to
any material system with a known cure kinetics model without the need for cumbersome
analytical testing and difficult analysis. Secondly, recommendations for process requirements
due to expected variability are provided for the 5320-1 material system. In particular, the high
range of time to completed cure reactions indicates that the cure process should be optimised
with caution. Lastly, the findings from this paper strongly support the need for process
monitoring technologies, such as those presented in Chapters 3 and 4. The unique capabilities
of dielectric sensing technologies for evaluating cure progressions are an excellent method for
ensuring that the actual part properties are accurately captured during processing, eliminating

the need for guesswork and assumptions.

5.3 Paper manuscript
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Thermoset polymers and composites are subject to several sources of uncertainty which can
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1 Introduction

Thermoset composites are an attractive option for high-performance components in a variety
of industries. Performance is strictly tied to quality parameters such as the degree of cure and
the glass transition temperature (7%) at the end of the cure cycle, which are directly related to
the processing conditions [17]. A current trend in composites research is to accelerate and
optimise the processing conditions, while still producing parts of a sufficient quality.
Optimisation techniques include exhaustive test matrices [44] or numerical methods [45, 46]
including gradient based techniques [47], genetic algorithms [48], and the Evolutionary
Strategy [22]. Optimisation techniques typically target minimising a specific feature such as
the total process time [22], temperature gradient [49], or the exotherm temperature [50] or
maximising the part quality [20] or performance [51]. Studies have also investigated the
balance of multiple objective functions which can potentially have conflicting solutions [50-
52]. The success of the optimisation activities is dependent on the accuracy of the numerical

modelling tool which is used to produce the optimised parameters.

Cure simulation tools can predict cure behaviour over a range of complexities and scales. A 0-
dimensional (OD) simulation provides the most fundamental view of how a thermoset polymer
reacts to a given cure profile. A 1-dimensional (1D) or 2-dimensional (2D) simulation will
provide insight to how the depth or spatial area of a resin responds, which encompasses heat
transfer behaviour from the surrounding polymer reaction [27, 120]. Finally, a 3-dimensional
(3D) view provides the highest complexity with the capability of modelling specific part
geometries [23, 28, 121]. However, thermoset composites display a large amount of final part
property variation due to uncertainty which impacts the accuracy of these practices. Typically
these systems do not account for process uncertainty, instead they rely on a deterministic cure
kinetics model which has limited accuracy [121, 122]. By not considering this uncertainty there
is an increased risk of an optimised process resulting in a part not meeting the quality

requirements.

Uncertainty in composites originates from several sources including fibre architecture, resin
formulation and mixing, environmental conditions, and from the processing steps [10, 53]. It
is also shown that variation in resin formulations and mixing can strongly impact the viscosity
and cure behaviour [56]. Varying parameter values to illustrate this uncertainty can produce a
significant impact on the final part outcome [54]. The multiple origins and sources of
uncertainty may also interact with one another, making it necessary to understand their impacts

both independently and together. For example, an epoxy vinyl ester resin system [77] produced
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equivalent responses for varying cure kinetics parameters and for varying heat transfer model
parameters by one standard deviation [123]. Another epoxy system, however, had a far stronger
influence of temperature and heat transfer coefficient boundary conditions compared with the
impact of cure kinetics [124]. As each polymer is unique, it is necessary to identify the

influence of uncertainty sources for each system.

Uncertainty in cure cycle designs can be modelled using stochastic methods [125-127],
multiperiod formulations [128], and parametric methods [129]. Stochastic methods have
characterised a number of composites aspects which display high levels of uncertainty
including flow during resin infusion [130, 131], wrinkling effects in woven composites [132],
residual stress build-up [133], delamination onset time [134], tow impregnation [135],
structural properties [127], and resin curing [52, 126, 136]. Stochastic methods are based on
uncertainty quantification, sampling of parameters from the resultant distribution, inputting the
parameters into a deterministic model, and extracting output parameters over a series of
iterations to establish a converging value. A variety of rationales have been provided for
quantifying uncertainty in composites processes, with a summary of the methods and their use
in stochastic modelling given in Table 1.

Table 1 — A summary of studies implementing stochastic modelling to capture composites processing

uncertainty including details on uncertainty quantification method, sampling method, and input and output

parameters.
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Source Stochastic Uncertainty Sampling Material Output
Parameters Quantification Method Parameters
[126] Temperature, Assigned Latin Epoxy, Cure time
cure kinetics 1.5%, 3%, 5%  hypercube polyester
parameters variance with
normalised
deviations
[54] Temperature, Assigned 2%,  Latin Polyester Cure time,
cure kinetics 3.5%, 5%, 10% hypercube maximum
parameters variance temperature,
maximum
temperature
difference,
degree of
cure
[124, Temperature, Experimentally Monte Carbon Cure time
130] heat transfer determined Carlo, fibre/epoxy
coefficient, Probabilistic
cure kinetics Collocation
parameters
[54, Preform Assigned 1% Latin Generalised Fill time,
130] permeability, probability hypercube resin transfer ~ degree of
resin viscosity,  distributions moulding cure
and cure materials
kinetics
parameters
[131] Woven fabric 1D and 2D Monte Woven fabric  Flow
preform flow Carlo ending
permeability measurements location
to quantify
variance
[132] Fibre tow Image analysis Monte Carbon Wrinkling
direction and to quantify Carlo fibre/epoxy strain
dimensions probability
distributions
for parameters
[135] Initial degree of Analysis of CT  Probabilistic Out-of- Void
prepreg scans to collocation  autoclave content
impregnation quantify prepreg
stochastic
distributions
[136] Cure kinetics Experimentally Monte Carbon Maximum
parameters determined Carlo, fibre/epoxy temperature,
Probabilistic time at
Collocation maximum
temperature

A popular out-of-autoclave carbon fibre/epoxy prepreg, CYCOM® 5320-1[100, 137] has been

evaluated in many studies. Areas of interest have included modelling of cure kinetics [25, 109,
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138, 139], viscosity [25, 138, 139], thermal expansion coefficient [140], residual stress
development [141], and cure cycle evaluation and optimisation [57, 142]. While there have
been numerous cure kinetics models proposed for this resin system, it is unknown how the
models respond to sources of uncertainty. This paper characterises the stochastic behaviour of
5320-1 under two sources of uncertainty: cure kinetics modelling and processing temperature.
A new methodology for assessing cure kinetics parameter variance for complex cure models is
proposed and compared with existing methodologies. Stochastic cure simulations for a
standard ramp and dwell cure cycle are provided, with assessments on how the cure kinetics
and viscosity models react to uncertainty in the temperature and kinetics. The resulting
distribution of output parameters is then compared with experimental data to assess the
accuracy of the simulation. Finally, suggestions are made for cure cycle considerations to

ensure conforming products.
2 Methodologies
2.1 Cure Kinetics and Viscosity Models

2.1.1 CYCOM® 5320-1

The original model for CYCOM® 5320 epoxy was developed by Kratz et al [109]. The updated
5320-1 version was later developed to improve the material out-life [143], which has resulted
in multiple kinetic models that apply to this system of materials. These models include a two-
step kinetic equation similar to that of 5320 [139], a two-step equation with parameters
designated by a lookup table based on degree of cure change [144], and a neural network model
[138]. The model used in this paper was developed by Kim et al [25], which is comprised of
four distinct reactions and weighted parameters to account for the impact of material out-time
on the reaction rates. This model has been validated in multiple publications including to
evaluate the effect of cure cycles on degree of cure [57, 142]. Other available models were
evaluated; however, the Kim model was determined to be the most accurate for the purposes
of this study and is shown in Equations (1) and (2):

da_
dt

1
Z w;K;a™i(1 — a)™ M
i=1,3

wiKja™i (1 — a)™

j=241+exp (Dj (a - (aCO,j + aCTJ-T))>

_|_
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K, = A, exp (— 24—%") where n = i, j (2)

. da, . .
where the reaction rate (d—f) is calculated as functions of the degree of cure (a) and the

temperature (7). In these equations 4, and E, are respectively the Arrhenius coefficient and
activation energies, R is the gas constant, m and n are reaction orders. The impact of diffusion
is taken into account using the Chern and Poehlein model [145], modified by [146] for which
D is the diffusion constant, a-y, and ar are the critical degree of cure at absolute zero and it’s
increase at the instantaneous temperature. Parameter values can be found in [25]. The weight
factors (w) originally represented the impact of out-time on the curing kinetics, but as the out
time for the prepreg used here is not precisely known the values used were w; = 0.8, w, =
0.35, w3 = 1.1, w, = 1.2, as these values provided the best fit for the model against a known

cure simulation tool, as can be seen in Figure 1.

The model was compiled in MATLAB, which was used to generate the cure behaviour and
output parameters. This model and the reported weight factors were validated using Convergent
RAVEN simulation software, with the results provided in Figure 1. A set of 0D cure profiles
were evaluated using the CYCOM® 5320-1/IM7-12K material card which is available in
RAVEN. This material card makes use of a lookup table to assign kinetic parameters [138].
Isothermal cure cycles were run at 170 °C, 180 °C, 190 °C, and 200 °C. Dynamic cure cycles
were run from 20 °C to 300 °C at rates of 2.0, 5.0, 7.5, and 10.0 °C per minute. The degree of
cure progression during each cure cycle was exported for comparison with the MATLAB
degree of cure for the same cycle. The degree of cure progression compares well for these
models. The key areas of interest, the time at 88% cured and the final degree of cure, show

close fitting.
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Figure 1 - Comparison of MATLAB generated kinetic model from [25] for a (left) isothermal cure and (right)

dynamic cure rate, demonstrating a good model fitting compared with RAVEN.

The viscosity model for 5320-1 used for this study is also published in [25], where the
parameter values can be found. The model takes the form shown in Equation (3). In this model
the viscosity (1) is calculated using two terms. The first term is solved by the Arrhenius
viscosity component (77;) given in Equation (4), which contains the viscosity activation energy
(Ey), the gas constant, and the temperature. The second term of this equation is from the Castro-
Macosko model [147], which relates viscosity with the degree of cure and the gel conversion
point (age;), and uses fitting constants 4, B, C, d, and e. As the weight factors (w) are derived
from the out-time, which is unknown, fitting parameters w; = 1,w, = 2, were chosen to

ensure the best fit compared with RAVEN. Parameter values are published in [25].

Qyer A+Bat+ca® (3)
n=wn; +wyn (—)
1M1 212 Uger —
N = Ay, exp (%) where i = 1,2 (4)

The MATLAB viscosity model was written and included the cure kinetics model as detailed
above. This model was also validated using Convergent RAVEN simulation software. A set of
0D cure profiles were evaluated using the CYCOM® 5320-1/IM7-12K material card, and the
viscosity curve was extracted. Isothermal cure cycles were run at 180 °C, 190 °C, and 200 °C,
and dynamic cure cycles were run from 20 °C to 300 °C at rates of 2.0, 5.0, 7.5, and 10.0 °C
per minute. A comparison of the RAVEN output with the MATLAB output is given in Figure
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2, showing good comparison between the models. Of note is the minimum viscosity is slightly
lower in the MATLAB model for both isothermal and dynamic cures. However, this study will

evaluate only the time at which the minimum viscosity occurs, which is comparable for both

models.
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Figure 2 - Comparison of MATLAB generated viscosity model from [25] for a (left) isothermal

cure and (right) dynamic cure rate, demonstrating a good model fitting compared with RAVEN.

2.1.2 Hexcel RTM6

Kinetic modelling of Hexcel RTM6 was also completed using MATLAB for the purposes of
validating the uncertainty quantification method presented in this paper. The kinetic model was

originally developed in [26, 148] and is given in Equation (5), with the comprehensive set of

parameter values reported in [50]:

da
= Ki(1— )™ + Kpa™(1 - @)™ )

L1421 Wherei= 1,2 (6)
K; Kg K.

— _Eaq _ b (7
Ka = Aq exp ( RT ) exp ( 0.00048(T—Tg)+0.025)

where K; and K> are modified by the Rabinowitch model [149] in Equation (6), which accounts

for either the control mechanism being chemical (¢) or diffusion (d) driven. For this, K. is given

by Equation (2) and Ky represents the diffusion rate constant given by the Macedo and Litovitz

expression [150] in Equation (7). In this equation, 44 and Ey; represent the coefficient and

activation energy for diffusion, b is a fitting constant, and 7, represents the instantaneous glass
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transition temperature. There are multiple diffusion models which may account for the rates
balance between the chemical reaction and diffusion step [145, 146, 151-154]. While RTM6
has been modelled using both the Macedo and Litovitz model [50, 148] and the Chern and
Poehlein model [84], this paper will use the Macedo/Litovitz expression for simplicity. RTM6
was unavailable for this study, so the validation of this model will be assumed from the

subsequent publications from the research group given in [50, 84, 124, 155].

2.1.3 Cure Cycles

The cure cycle used in this study is based on actual measurements taken during a part cure. The
cure cycle is a modified version of the manufacturers recommended cure cycle [100] which
has a 2 °C per minute dynamic ramp to 180 °C, followed by a 180 minute isothermal dwell.
The cure kinetics model used in this paper is a 0D model, meaning that it reports the cure
progression of a dimensionless point in space. As the 0D kinetic model does not account for
heat transfer influence on the actual temperature experienced by the laminate, the cure cycle
used is a representative temperature cycle taken from the mid-plane of the IDEX2 cure from
[101]. In this laminate cure, the oven temperature was set to the defined cure cycle, and the
temperature profile was measured by an embedded thermocouple in the centre of the laminate.
The laminate was verified to meet the manufacturers recommended cure cycle, which requires
a minimum of 120 minutes above 171 °C [100]. This laminate achieved exactly 120 minutes

at the cure temperature, and thus represents the threshold for complete cure.
2.2 Stochastic Methodology

2.2.1 Uncertainty Quantification

Accounting for sources of uncertainty is the foundation of the stochastic approach, as the
resultant variation in the manufacturing system has a very real impact on the actual process
conditions that the part experiences. This study focuses on uncertainty in the cure kinetics and
viscosity models and due to the applied temperature cycle. Both cure kinetics and viscosity
modelling uncertainty originate from variation in raw material composition (for example,
monomer content) and model fitting variation (for example, from baseline selection, equipment
measurement, data reduction and fitting [152]). The main source of temperature uncertainty is
due to equipment variability which can originate from the temperature control mechanism

[156], temperature tolerance [157], and part location within the oven or autoclave [158].

Kinetic Model
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Previous methods have attempted to capture the actual variation of the cure kinetics values, as
measured from batch-to-batch DSC testing [136]. However, as the 5320-1 model has 22
parameters this method was deemed impractical. Instead, a new approach for estimating
parameter variance is proposed here, in which a coefficient of variation (COV) of 3% was
assumed for all stochastic variables based on the expected model fitting of within 3% error
[152]. This assumption of a 3% COV is consistent with previous works [54, 126] and supported
by standard error expected by DSC measurements [159]. A sensitivity analysis was conducted
to verify that 3% is applicable to all parameters without distorting the cure kinetics outside of
reasonable bounds. Each parameter was varied by +/- 3% and the resulting maximum reaction
rate was compared to the deterministic solution. Previous works have indicated that variation
in model fitting practices can produce mode 10% variability of the result [152]. Thus, values
which yielded a greater than 10% deviance from the maximum reaction rate were rejected, as
such values would have likely changed the fitting of the original model. Any values with
deviations of over 10% were examined at reduced COVs until a value was found which kept it
within the 10% boundaries. To evaluate if the 3% assumption allows for excessive variation, a
second set of analyses were conducted using half the COV. The baseline variation was set to

1.5%, and any parameters which required a reduced variation were also reduced by half.

To validate this approach, a comparison was made on the well-studied epoxy, RTM6, which
has been evaluated for stochastic cure kinetics by Mesogitis et al. [136]. In the reported study,
the cure kinetic parameter variation was determined experimentally by fitting multiple DSC
curves and examining the variance of each parameter amongst the different fittings. Using the
kinetic model for RTM6 indicated in Equation (5) the three stochastic parameters indicated by
Mesogitis (ay, E2, m) were varied according to their calculated COV. A stochastic simulation
and convergence analysis was run for both a dynamic cure rate from 20 °C to 250 °C at a rate
of 2 °C per minute, and for the standard cure cycle used in this study. The time to reach 88%
cured was reported as the output variable. The results of this convergence analysis were then
compared to the method proposed here, of a standard 3% variance of parameters, and a
simulation using the actual COV of all parameters reported by Mesogitis. The half-variance

method was also included.
Viscosity Models

The viscoelastic behaviour of a thermoset polymer is primarily influenced by the temperature
and cross-linking of the polymer [160] and can be modelled with reasonable accuracy [161].

For this reason, the viscosity model absorbs the temperature and cure kinetics modelling

98



uncertainty. While viscosity modelling may have additional sources of uncertainty due to
measurement or fitting error, this will not be the focus of this paper. The viscosity modelling
uncertainty will focus only on the temperature and cure kinetics modelling variance, with the

aim to demonstrate the range of properties that these sources impact.
Temperature Profile

Temperature profile uncertainty was determined based on a series of oven measurements. The
oven used for this study is a fan forced convection oven with internal dimensions of 500 mm
(width) by 500 mm (depth) by 550 mm (height). Thermal measurements were made using a
thermocouple in air, approximately 100 mm above the part, and a thermocouple embedded in
the centre of the part. The tool was placed with the rack in the middle shelving position in the
oven, which places the part at approximately 150 mm below the top of the oven. The standard
cure profile used in this study was measured from [101] test measurement labelled IDEX2. Ten
cure profiles represented in this paper were compared to determine the actual expected variance
of mid-part temperature for cures in this oven. The stochastically generated standard cure
profile was varied by this percentage from the original IDEX2 temperature curve. As the small
oven used for this study demonstrated a very reliable temperature profile, an additional set of
analyses were done with a higher temperature variation of 5%. This limit was chosen to account
for the maximum temperature tolerance limit of 5% which is commonly imposed on

composites processing ovens and autoclaves [157].

2.2.2  Output Parameters

The output parameters which will be evaluated in this study are given in Table 2, including

their definitions for this paper.
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Table 2 — Test plan for comparing different methods of stochastic parameter assignment.

Model

Output Parameters

Definition

Cure Kinetics

Vitrification point (min)
Time at fully cured (min)

Final degree of cure (%)

T=T,
Time at degree of cure of
88%

Final value of the degree

of cure
Viscosity Time at minimum viscosity Time at  minimum
(min) viscosity
Gel point (min) Time at viscosity =
10,000 cP

2.2.3 Stochastic Methods and Convergence Analysis

The stochastic method involves identification and quantification of the parameters under
uncertainty, sampling of the parameters, incorporating these parameters into a deterministic
numerical model, and extraction of the output parameters. All of this occurs repetitively over

several iterations until the output parameters converge to a resultant value. The approached

used in this study is summarised in Figure 3.
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Figure 3 - Schematic depicting the stochastic methodology.
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The combination of sources of uncertainty to be examined are defined in Table 3. As previously
stated, the kinetic parameters are assumed to have a 3% variance (CK-3) due to natural batch-
to-batch fluctuations in resin composition and due to kinetic modelling error. The temperature
variance is calculated based on actual measured temperature variation from oven cures (T and
All). To evaluate the impact of these, cure kinetics with a half-COV (CK-Half) and a standard
5% of temperature (T-5) were also evaluated. The parameters were randomly sampled using a
Monte Carlo distribution method. The sampled parameters are then input to the deterministic
models, Equations (1) and (3). The output parameters were extracted in accordance with Table
2 and added to an iterative list. The output parameters are iterated for 2,000 cycles to ensure
that the standard deviation converges to within 5%. The stochastic outputs are compared with
the deterministic solution, for which the MATLAB code was run with a variance of 0% for all
variables.

Table 3 — Set of stochastic analyses to be evaluated in this paper detailing the sources of variation and their

limits.

Analysis Name Cure Kinetics Variance Temperature Variance
CK-3 3%* None

CK-Half 1.5%* None

T None Actual measurement (1.5%)
T-5 None 5%

All 3% Actual measurement (1.5%)

* Excepting parameters with reduced variances.

2.3 Experimental Validation

The results of the convergence analysis are compared with actual measurements from 5320-1
cures meeting the requirements of the standard cure cycle definition. The cure methods and
data collection techniques for the experimental tests can be found in [101]. The temperature
profile data from the laminate mid-point for each part was then run through the code used for
this paper, and the relevant outputs were determined in accordance with Table 2 for the standard

cure.
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3 Results and Discussion
3.1 Uncertainty Quantification

3.1.1 Cure Kinetics

The methods employed in [136] were compared to the new method proposed in this paper,
which uses a standard 3% variance of kinetic parameters. The kinetic parameters for RTM6
were varied by £3% to evaluate the impact to the reaction rate maxima. The results shown in
Table 4 demonstrate that all parameters excepting £; and E> provide a satisfactory outcome
when varied by 3%. E; and E> both exceeded 10% deviation to the maximum reaction rate,
indicating that the parameters are unlikely to be varied as high as 3% while still providing a
good fitting to the actual reaction rate. This is supported by the actual measured variation of
each parameter being 1% as reported by [136]. Subsequently, the COV of each parameter was
reduced until the fit falls within 10% with new COV values for E; being 2% and E> being 1.5%.
The half-COV measurements for these were 1% and 0.75% respectively.

Table 4 — Results of varying RTM6 kinetic parameters by £3% on the maximum reaction rate. Also indicated

are the parameters reported actual COV and an * identifying the stochastic variables from [136].

Parameter Reported Reaction Rate Reaction Rate Notes
COov Deviation, -3% Deviation, +3%
a,* 19% -0.1% 0.1%
A 3.5% -0.9% 1.0%
13.5% -15.1% Rejected, > 10%
E; 1% Updated COV ==
9.0% -9.4%
2%
ni 9% 0.0% 0.0%
A2 2.6% 1.1% -0.6%
-20.0% 16.4% Rejected, > 10%
E>* 1% Updated COV =+
-9.5% 8.6%
1.5%
m¥* 7% 1.5% -1.0%
n; 6% -2.7% 2.6%
A 4% 0.0% 0.0%
Ey 2% 0.0% 0.0%
b 11% 0.0% 0.0%
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Parameter Reported Reaction Rate Reaction Rate Notes

Cov Deviation, -3% Deviation, +3%
w 9% 0.0% 0.0%
19% 0.0% 0.0%

Using the determined COV values, the three parameter uncertainty methods were compared,
with the results in Table 5. All stochastic simulations converged to the deterministic solution,
which confirms that the parameters variance doesn’t distort the simulation results. The method
from [136] resulted in a variance approximately halfway between the 3% COV and half-COV
evaluations shown here. This indicates that the method from [136] may align best to a variation
of near 2.25%. While the variance for the 3% method is slightly higher than the method
reported by [136], it still produces a satisfactory result.
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Table 5 — Comparison of three methods of determining parameters variance on predicting the average value and

variance of the time for RTM6 to reach 88% cured.

Cure Cycle Method Average Standard COV (%)
(min) Deviation (min)
Deterministic
94 -- --
solution
COV from [136], 3
93.85 1.26 1.34
stochastic parameters
Dynamic COV from [136], all
parameters are 93.85 1.40 1.49
stochastic
3% COV 93.87 1.69 1.80
Half COV (1.5%) 93.84 0.90 0.96
Deterministic
156 -- --
solution
COV from [136], 3
156.07 4.74 3.03
stochastic parameters
Standard Cure
COV from [136], all
Cycle
parameters are 156.08 5.27 3.38
stochastic
3% COV 156.38 6.48 4.14
Half COV (1.5%) 155.98 3.27 2.09

As the 3% variance method has been shown to be comparable to previous methods for the
RTMB6 resin, the same sensitivity analysis was performed on 5320-1. The results of this are in
Table 6. Of note are the results for £, E3, and E4, which all produced variances which exceeded
the 10% threshold. As noted in the table, these parameter variances have been reduced to 2.5%,

0.8%, and 2% respectively, with the half variances at 1.25%, 0.4%, and 1%.
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Table 6 - Results of varying 5320-1 kinetic parameters by £3% on the maximum reaction rate.

Parameter Reaction Rate Reaction Rate Notes
Deviation, -3% Deviation, +3%
A -0.6% 0.7%
-16.6% 10.3% Rejected, > 10%
E; Updated COV =
-4.8% 6.0% +2.5%
my 1.0% -0.9%
nj -0.9% 0.8%
A2 0.1% -0.1%
E> -2.2% 1.3%
m; -0.1% 0.1%
n; 0.0% 0.0%
D; 0.0% 0.0%
Xco,2 0.0% 0.0%
Xcr,2 0.0% 0.0%
A3 1.8% -1.8%
-45.9% 26.3% Rejected, > 10%
E3 Updated COV =
-9.9% 8.5% +0.8%
ms -6.8% 6.2%
n;3 -3.9% 3.6%
Ay 0.7% -0.7%
-12.7% 8.1% Rejected, > 10%
Ey Updated COV =
-7.8% 5.8% +2%
my -2.6% 2.3%
ny -0.3% 0.3%
Dy 0.0% 0.0%
Xcoa 0.0% 0.0%
Xcra 0.0% 0.0%
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3.1.2 Temperature

Firstly, the range of temperatures measured during a standard cure profile for 5320-1 are shown
in Figure 4. The average variation between the runs was 1.5%, which will be used as the
temperature COV for this study. While this variation is representative of the small oven used
in this study, a 5% variation will also be used to demonstrate the variation which is possible in
larger ovens. IDEX8 demonstrates a slightly different temperature profile compared with the
other tests and shows more fluctuation throughout the cure. At the completion of the cure, it
was identified the laminate had shifted, and the part was cured under only one layer of breather
material, in contrast with the other laminates which were cured under two layers. This variation
resulted in a large impact on the heat transfer through the laminate and demonstrates another

source of uncertainty which can impact composite cures.

Temperature (C)

11 F I RRTRRRN

0 100 200
Time (min)

Figure 4 — Actual measured temperature profiles at the mid-plane of the 5320-1 IDEX panels.

3.2 Convergence Analyses

The impact of cure kinetics and temperature uncertainty on the viscosity modelling outcomes
is given explicitly in Table 7 and portrayed graphically in Figure 5. All stochastic evaluations
converge approximately to the deterministic solution, which confirms that the parameter

variance is not drastically impacting the simulation.

The variance for all scenarios is low, indicating that the viscosity of this material system has a
low sensitivity to cure kinetics and temperature variation. The highest variance is for the 5%
temperature COV on the gel point. For this case, the standard deviation of less than 4 minutes
shows that the gel point of 5320-1 is very stable. It is also evident that the cure kinetics variation

has a stronger impact on the output variance compared to the temperature. The 3% variance in

106



cure kinetics results in 2.63% variance in gel point, where the 1.5% variance in temperature
only results in 1.00% variance in gel point. When these two scenarios are combined (All) the
variance is 2.84%, which is largely dominated by the influence of cure kinetics uncertainty
rather than the influence being additive. The magnitude of temperature variation influences the
results, with the T-5 resulting in a 3.4% variation on the gel point time, indicating that a higher
temperature variation would likely contribute a proportionally stronger influence if coupled
with the cure kinetics variation.

Table 7 — Results of the 5320-1 convergence analysis of viscosity modelling outputs, reflecting the impact of

stochastic parameters.

. Time at Minimum Viscosity Time at Gel Point
Stochastic COV OV
Parameter

Avg Std Dev (%) Avg Std Dev (%)
Deterministic
85 - - 110 - -
Solution
CK-3 82.40 1.95 2.37 110.00 2.89 2.63
CK-Half 82.83 1.47 1.77 110.07 1.42 1.29
T 82.83 1.46 1.76 109.98 1.10 1.00
T-5 82.40 1.97 2.38 110.19 3.76 3.42
All 82.40 1.99 2.42 109.98 3.12 2.84
Minimum Viscosity Gel Time
100} [ ks — 1.00
M CK-Half
mT
T-5
075 P e 075
5 : =}
g 0.50 e E 0.50
~J] '
0.00 0.00 —
73 80 85 90 100 105 110 115 120
Minimum Viscosity Time (min) Gel Time (min)

Figure 5 — Probability distributions for the stochastic cases for 5320-1 Gel Time (left) and minimum viscosity

(right).

The results of the cure kinetics stochastic simulation are given in Table 8, with the probability
distributions shown in Figure 6. These output parameters follow similar trends to that of the

viscosity outputs: cure kinetics and high temperature variations have a strong influence, low
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temperature variation has minimal influence, and cure kinetics influence dominates when
combined with a low temperature variance. However, beyond this there are several items of

note.

Firstly, the final degree of cure for all scenarios showed a low variance, indicating that the final
degree of cure is stable for 5320-1. However, for CK-3, T-5, and All there are a number of
parts which do not achieve the necessary degree of cure. Visually, the 88% threshold is shown
in Figure 6 for the number of parts which are below 88% in the probability distribution. The
number of under cured parts is also detailed in Table 9, including the percentage of the total
parts for this set. The most extreme scenario, which includes both cure kinetics and temperature

variance, results in 5.8% of parts being under cured.

Secondly, the variation of the time to fully cured is quite high for CK-3, T-5, and All, with
variances of more than 10%. While most parts met the minimum cure threshold for this study,
the high COV indicates that there is a strong likelihood of under cure if an aggressive cure
cycle were to be used. It should be noted that the output parameter of Time to Fully Cured only
includes the parts which have achieved 88% cured. This is reflected in the probability
distribution in Figure 6, which shows a final probability of less than 1 for several of the cases.

The gap here is due to the under cured parts, which are quantified in Table 9.

The results of the probability distributions support the following recommendations for

processing considerations for 5320-1:

1. Determination of temperature variation for any given manufacturing conditions should
be accurately determined and minimised where possible. Common equipment
requirements allow for a 5% variation of temperature within the oven or autoclave, with
larger heating chambers and parts potentially having larger variations. If this translates
to a 5% variation of temperature within the part itself, a potentially large variation of
final cure properties can result. As can be seen in Table 8, the final degree of cure for
T-5 only varies by 3%, however, the time to fully cured varies by over 10%. While a
longer cure may guarantee a satisfactory part, a shorter or optimised cure may be at risk
of not meeting quality requirements.

2. The point of minimum viscosity and the gel point have low output variation, indicating
that the material system is a robust choice for out of autoclave processing. In the worst-
case scenario, there is a 1 5-minute window between the minimum viscosity and the gel.
During this time the prepreg can achieve satisfactory volatile release, resin flow, and

ply compaction prior to the gel event. However, if the early stages of cure are
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accelerated too quickly, this window may shorten and the resin may achieve gel prior

to achieving sufficient consolidation, resulting in a part with high porosity which must

be rejected. It is thus recommended that the compaction stage of the composite cure be

accelerated with caution.

The time to fully cured displays a high amount of variation, and the process times

should be treated conservatively. Shortening of process times may result in parts which

are under cured, unless a direct cure monitoring method is used to evaluate the degree

of cure progression [101]. Without directly monitoring the degree of cure it is possible

that under cured parts are fabricated, despite complying with an approved cure cycle.

Table 8 - Results of the convergence analysis of 5320-1 kinetic modelling outputs, reflecting the impact of

stochastic parameters.

Stochastic
Parameter Vitrification Point Time to Fully Cured Final DOC

Ay Std COV Ay Std COV Ay Std COV

€  Dev (%) € Dev (%) € Dev (%)

Deterministic
Solution 163 - - 218 - - 93.3 - -
CK-3 164.7 11.9 6.67 2215 243 10.97 93.0 2.7 2.95
CK-Half 164.2 5.5 3.33 220.1 12.7 5.75 93.2 1.5 1.57
T 164.0 1.5 093 220.0 7.2 3.25 93.2 0.9 0.96
T-5 164.1 5.1 3.12 2214 233 10.53 93.1 2.9 3.12
All 164.4 11.3 684 2196 23.6 10.75 93.1 2.9 3.13
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Figure 6 - Probability distributions for the stochastic cases for 5320-1 Vitrification Time (top left), time to fully
cured (top right), and final degree of cure (bottom).

Table 9 — Under cured parts (below 88% final degree of cure) for each stochastic scenario of 5320-1.

Stochastic # Parts Under Percent Parts
Parameters cured (of 2000) Under cured (%)
CK-3 55 2.75
CK-Half 0 0

T 0 0

T-5 70 3.50

All 116 5.80

3.3 Experimental validation

The results from the cure tests of the [0,90]s laminates are given in Table 10, with the values

being calculated in the same manner as the deterministic values provided in this paper.
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Table 10 — Results of the 5320-1 IDEX test temperature profiles, as calculated using the MATLAB code
methodology in this paper.

Part Minimum Gel Point Vitrification Time at Fully Final Degree
Viscosity (min) Point (min) Cured (min)  of Cure (%)
(min)
IDEX1 86.2 113.2 168.6 2232 93.3
IDEX2 84.0 110.0 164.0 219.8 93.2
IDEX3 82.2 110.2 165.0 217.8 93.6
IDEX4 83.2 110.2 164.8 218.6 93.5
IDEXS 84.2 110.6 165.2 218.6 933
IDEX6 83.4 110.8 165.0 217.8 93.5
IDEX7 83.2 111.4 165.2 217.2 93.7
IDEXS 77.2 103.4 158.8 210.4 93.9
IDEX9 82.2 111.4 165.4 219.0 93.5
IDEX10 86.2 112.8 166.6 220.2 93.3

As only one batch of prepreg was tested for this study, the cure kinetics variation will be
disregarded. The source of variation which will be investigated here is oven temperature
variance. The 1.5% COV value will be used as this is representative of the actual variance
measured for this oven. The results of the temperature convergence analysis compared with the

experimental results is shown in Figure 7.

All the values measured in Table 10 are consistent with the probability distribution predicted
by this study. The minimum viscosity, gel time, and vitrification time values span the
probability distribution ranges generated by the stochastic simulation. The final degree of cure
and the time to cure are also aligned with the predicted values, however the actual range appears
to follow a slightly tighter distribution than predicted. This indicates that the results of the
stochastic model maybe slightly more conservative than the experimental results. Additionally,
the convergence analyses were conducted as a 0D simulation of the epoxy cure only, not in the
presence of carbon fibres. The experimental validation was completed with 5320-1 prepreg,
which has a fibre volume content of approximately 67% [100]. The presence of the carbon
fibres can influence the heat transfer in the epoxy and is a potential source of deviation between
the experimental results and the convergence analyses. Additionally, IDEXS8 appeared to be a

slight outlier for some metrics, however it is noted in Figure 4 that the temperature profile
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appears to be deviated from the rest of the test replicates. This has been attributed to the shift
of the breather material during vacuum bagging and cure. This further demonstrates how slight
variations in the cure configuration can impact the final part properties for identical oven

programs.

Minimum Viscosity Gel Time Vitrification Time

1.00 1.00 1.00
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Figure 7 — A comparison of the distribution functions of the output parameters with actual measured values from

5320-1 IDEX panels from the results detailed in Table 10.

4 Conclusion

CYCOM® 5320-1 epoxy/carbon fibre prepreg was evaluated using stochastic methodologies
to capture the resulting variance due to cure kinetics and temperature uncertainty. A new
proposed method for estimating parameters uncertainty provided a satisfactory result compared
with methods which require extensive testing. This method is applicable to any known cure

kinetics model, regardless of the model type or complexity.

The impact of uncertainty on the resin viscosity and cure kinetics were demonstrated by a series
of convergence analyses. For this material system, the impact of strongly varied cure kinetics
or temperature conditions resulted in the highest amount of output variation. When
compounded with a consistently low-variation oven the cure kinetics effect dominated, with
the temperature effect only contributing slightly. Thus, it is important to capture the actual
temperature variation expected for a given manufacturing scenario. The convergence analysis
was compared with results from 10 cure cycles and confirmed that 1.5% temperature

uncertainty accurately represented the distribution of the given output parameters.
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Cure cycle limitations for 5320-1 have been proposed, including recommendations on utilising
direct-cure monitoring methods to ensure compliant parts are produced. Overall, 5320-1
displays robust viscosity behaviour which is suitable for an out-of-autoclave prepreg. However,
optimisation of the cure process should be viewed with caution to minimise the chance for
poorly compacted or under cured parts. Further, equipment temperature control should be well
characterised so that large temperature variations are avoided, thus avoiding unintended

product variability.
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CHAPTER 6: DISCUSSION AND CONCLUSION

6.1 Conclusions

While process monitoring for thermosets and thermoset composites is an actively researched
topic, there are still notable gaps in the literature to date. Across the range of sensor types and
analysis methods, there is a lack of clarity as to how and when methods should be used, and to
what extent can they provide material cure information. This PhD research aimed to close this
gap with regards to dielectrics, by identifying the capabilities of dielectric sensors for use in
cure monitoring. The work presented in this thesis demonstrates the accuracy and repeatability
for multiple types of dielectric sensors. Further, through the work on stochastic cure modelling,
this thesis asserts that direct cure monitoring such as with dielectric sensors is critical for

capturing process variation due to sources of uncertainty.

Paper 1, which is presented in Chapter 3, evaluated existing and newly proposed dielectric
analysis methodologies, and resulted in a new set of comprehensive and parameter-independent

methods. The key findings from this study support Research Objective 1 and include:

e Many dielectric analysis techniques are parameter independent. This finding enables
blanket use of the proposed methods across all dielectric parameters and includes clear

and consistent definitions for implementation.

e C(ritical cure events including the start and end of the cure reaction rate, the point of
minimum resin viscosity, the gel point, and the vitrification point can be determined

via dielectric analysis with a high degree of accuracy.

e Dielectric analysis methods can calculate the degree of cure or Ty progression with a
high degree of accuracy. This includes a method which has potential for predicting live

properties as the cure is actively progressing.

e Dielectric sensors have high part-to-part repeatability and produce consistent results

across multiple part replicates.

Paper 2, which is presented in Chapter 4, evaluated a novel through-thickness dielectric sensor

for cure monitoring of thick parts. Key findings and outcomes of this study include:

e The prototype through-thickness tool mounted dielectric sensor is capable of
monitoring cure for thermoset laminates between 2 and 20 mm in thickness, with good

part-to-part repeatability. By implementing a correction factor to account for sensor
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design, the sensor can successfully implement the dielectric analysis methods from
Paper 1 for through-thickness cure monitoring with results consistent to those for the

off-the-shelf IDEX sensor. This addresses Research Objective 2 item a.

The prototype sensor is free of polarisation effects, temperature effects, and is capable
of monitoring cure in the presence of conductive fibres without interference. This

addresses Research Objective 2 items b, ¢, and d.

Paper 3, which is presented in Chapter 5, proposed a new approach to stochastic cure modelling

of an out-of-autoclave epoxy, and included an assessment of expected output property

variation. Key findings and outcomes of this study include:

A new method for quantifying uncertainty in composite cure, which involves no
additional analytical testing, was demonstrated to produce comparable results with
existing methods which require extensive testing and replication. The method is based
on knowledge of sources of error in cure kinetics modelling and is capable of
quantifying uncertainty for any resin for which there is a known cure kinetics model. It
is particularly appropriate to resin systems, such as CYCOM® 5320-1, which have

complex kinetic equations. This addresses Research Objective 3.

The resin system under investigation, 5320-1, was evaluated for multiple combinations
and magnitudes of cure kinetics and temperature uncertainty, which addresses Research
Objective 4. It was demonstrated to be sensitive to uncertainty in cure kinetics
modelling and high amounts of temperature influence, with the time to full cure varying
by 11% and 10.5% respectively for the cycle studied here. The viscosity is less sensitive
to variation in cure kinetics and temperature, with the time at minimum viscosity and

gel varying by less than 3.5% for all cases studied.

Recommendations for cure cycle design for 5320-1, satisfying Research Objective 5,

include the following:

o The viscosity behaviour has low variation for the cure cycle presented,

indicating this prepreg system is appropriate for out-of-autoclave processing.

o The final degree of cure, for a 120-minute cure cycle, shows low variability.
This indicates that the current cure cycle requirements are likely to reliably

produce compliant parts.
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o The time to fully cured, defined here as 88% cured, has the highest variation.
This indicates that efforts to optimise the cure process by shortening it could

potentially risk a high percentage of parts being under cured.

o Temperature variation has a strong influence on the cure outcome range and
should be considered with caution. Equipment tolerances of 5 °C which result
in part temperature variances of 5 °C could result in parts being under cured or

cured to an unknown degree.

The cumulative findings of this study assert that a direct monitoring technique such as with
dielectrics are necessary to guarantee the quality of cured parts. The stochastic modelling study
sheds light on the extent of natural variation that a cure cycle can produce, potentially resulting
in parts of unknown quality. Using a technique which directly monitors the cure progress would
enable explicit confirmation that each individual cure is meeting the necessary requirements.
The works presented in this thesis demonstrate that dielectric sensing can produce high quality,
highly repeatable information about the cure progression for thermoset cure. Such sensors can
be integrated into a production environment to confirm the cure state of composite parts and

satisfy the quality assurance requirements for certifying composite components.

6.2 Suggestions for future work

The research conducted in support of this thesis investigated dielectric technologies for directly
monitoring the thermoset cure reaction to quantify the exact cure outcomes for a process which
is impacted by uncertainty. While the contributions of this work provide a deeper
understanding of dielectric cure monitoring and its applications in thermoset processing, there
is further research which can enable more widespread use of these technologies. Suggestions

for future work are as follows:

1. Validation of dielectric methods with other resin systems. The methods proposed by
Paper 1 were only applied to the CYCOM® 5320-1 carbon fibre/epoxy prepreg system.
Validating these methods for other epoxies and other thermoset systems would
demonstrate the robustness of dielectric technologies. Additionally, noting that 5320-1
is a toughened epoxy, it would be valuable to evaluate an untoughened version to assess

how the toughening potentially influences the signal.

2. Implementation of dielectric techniques for thermoplastics. Current literature
suggests that dielectric analysis and dielectric spectroscopy have applications in

thermoplastic processing relating to melt, crystallisation, and degradation monitoring.
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An understanding of how process monitoring techniques could be applied to this class

of materials would broaden the potential applications for dielectric analysis.

Commercialisation of the through-thickness dielectric sensor. The major limitation
of the through-thickness sensor used in this study was due to the presence of the PEEK
spacer rings. Production of a commercialised sensor with a traditional monotrode
design would allow for directly monitoring only the thermoset cure reaction and
provide clarity on how accurate the through-thickness sensor is. If such as sensor were
available, a more specific evaluation of through-thickness monitoring capabilities could
be accomplished. Additionally, a thorough evaluation of sensor repeatability and
uncertainty would be of value. In particular, determination of the statistical significance

of the signal would enable a successful implementation of this sensor.

Integration of dielectric sensing into an actively controlled cure system. The results
of these studies demonstrate a high fidelity of data collection during the monitoring of
thermoset cure. Such as sensor could integrate into a system which provides live cure
monitoring which then enables live updating of process conditions depending on the
information collected. For example, if a cure reaction is completed earlier than planned

the process could automatically shut down, which would result in time and cost savings.

Stochastic modelling and validation for alternate resin systems. The 5320-1
material system is a very robust out-of-autoclave epoxy. Applying the stochastic
methods used in this to a more volatile resin system could provide further insight to the
accuracy of the model for a material which has a higher range of output values. Further,
the stochastic methods used here could be applied to uncertainty in thermosets melting,

degradation, and crystallisation as well.

Stochastic modelling and validation for 2D and 3D architectures. The stochastic
model presented in this thesis is focused on the fundamental methods and stochastic
approach, as applied to a 0D resin system. Integration within a finite element model
incorporating heat transfer mechanisms would enable further information on how resin

exotherms and heat transfer variability impacts the viscosity and cure kinetics.
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APPENDIX A: MANUFACTURING PROCEDURE

This appendix is suggested to be used a supplement for the methods provided in Chapters 3
and 4.
Al. IDEX Sensor Definition

Technical details of the IDEX sensor and the NETZSCH DEA 288 Ionic are given in Figure 2
and Figure 3 [162]. The sensor used in this study is the filtered IDEX with a 115 um electrode

spacing.

Specifications for Available Sensor Types

Sensor Sensing Max. Electrode Main
Type Area Temperature Spacing Application
. 2.5 mm?, a
Micron Sensor 26 mm?, 200 .,c 3' 1,50r 25 um  Paints, inks, adhesives -
(MS) 20 mm? 350°C v
Mini-IDEX All resins
(Interdigitated 33 mm? 275°C 100 pm L
Electrode) {small cavities)
IDEX All resins
L 200°C or (epony, polyester PES,
r
(lnéggt'%éitfd 233 rmm 275°C* 115 pm polyurethane PUR,
etc.)
Carbon fiber-
o
IDEX, filtered 233 mm? 2;.}’55(:2’ 115 um reinforced polymers
(CFRP)
Tool Mountable 13 mm?, )
Monotrode 79 mm? 220°C - Especially for SMC/
(TMM) ?O?mmi BMC, PUR foams
Tool Mountable All resins
2 @,
Com?rildecc}trode 214 mm 220°C 500 pm (EP, PES, PUR, etc)
Coated Tool Allresins, composites
Mountable Comb 254 mm? 220°C sooum  2ndotherpolymers

with electrically

Electrode (TMCc) conductive fillers

* depending on the wiring of the sensor head

Figure 2 - Description of NETZSCH dielectric sensors, from NETZSCH brochure [162]. The IDEX sensors
used in this study are the IDEX filtered type.
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A2. NETZSCH DEA 288 Ionic
Key Technical Specifications

DEA 288 lonic

Frequency range 1 mHz to 1 MHz, freely selectable values

. Multiple DEA modules; true simultaneous
Data acquisition .

operation of all channels
Minimum data

s . <5ms
acquisition time

Shielded 4-wire technique (compensation
Sensor connection  of resistivity and capacity of the wire as a
prerequisite for precise measurements)

Portable version: All-purpose versian,
up to 7 channels

DEA modules Industrial Rack version: up to 8 channels
{extension possible forup to 16
channels)

Input and output of measuring signals or
signals from peripheral devices such as

/O ports  pressure or temperature sensors. DEA
allows for triggering by manufacturing
machines.

Figure 3 - Description of the NETZSCH DEA 288 Ionic, from NETZSCH brochure [162].

A3. Thermocouples

The thermocouples used for this research were PFA insulated flat twin Type K — 7/0.2 mm
thermocouples (Figure 4) purchased from TC Direct. They are rated to 250 °C. The
thermocouples were purchased as a spool, cut to approximately 1 meter in length, wired to

miniature K type thermocouple connector plugs (Figure 5), and welded at the tip.
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PFA Insulated Flat Twin (250°C)

We supply 7/0.2mm, 13/0.2mm dia stranded or 1/0.5mm dia solid cable in 25, 50, 100 or 200
meire lengths in thermocouple types KX, TX, JX, NX or RCA/SCA. Each conductor is
§ insulated in PFA, the cores are laid flat and then overall sheathed in PFA. All conductors used
ﬂ'ﬁ? (except for compensating cable) are made from the relevant thermocouple material and meets
IEC 60584-1: Class 2 up to 250°C. The insulafion material is colour coded to AMNSI MC96.1 as
shown below.

»  Ti0.2mm, 13/0.2mm dia stranded or 1/0.5mm dia solid conductors, laid flat and overall
sheathed construction

» Inzulation: PFA, rated to 250°C

» Colour coded:-
Type KX yellow outer sheath, yellow positive wire and red negative wire
Type TX: blue outer sheath, blue positive wire and red negative wire
Type JX: black outer sheath, white positive wire and red negative wire

view larger image Type NX orange outer sheath, orange positive wire and red negative wire

Type RX/SX: green outer sheath, black positive wire and red negative wire

» Awvailable in a variety of lengths

» Easy connection to our range of sensors via our range of connector systems or the rear
terminals on our range of indicators, controllers and programmers

The following types are available:

>

Type KX - 7/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

» Type KX - 13/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

F Y ¥ ¥ Y YY¥YIYIYYIYTY

Type KX - 1/0.5mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type TX - 7/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type TX - 13/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type TX - 1/0.5mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type JX - 7/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type JX - 13/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type JX¥ - 1/0.5mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type NX - 7/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type NX - 13/0.2mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type NX - 1/0.5mm PFA Insulated Flat Twin Thermocouple Extension Cable

Type RCA/SCA - 7/0.2mm PFA Insulated Flat Twin Thermocouple Compensating Cable
Type RCA/SCA - 13/0.2mm PFA Insulated Flat Twin Thermocouple Compensating Cable

Figure 4 - Thermocouple definition, with type K 7/0.2 mm dimensions being used for this research [163].

Miniature Thermocouple Connectors (rated to 220°C)

w -
- P o,
- r ' P
. Wl
i |
) A, gl |
These fiat pin miniature connectors are ideal for connecting thermocouple sensors and
extension or compensating cable fo each other. The pins are polarised fo avoid an incorrect
view largsr image conneciion and the connector body is additionally marked for polarity. They are rated for use
between -50°C and +220°C. In addition to offering a plug and socket, panel sockets and panel
blanking sockets are also available. Panel blanking sockets are useful for when using a panel
with less connectors than cut-outs, to aveid having an empty slot. Matching anodised
aluminium connector panels can also be found in this section. Weatherproof silicone rubber
boots for added protection in meist environments and cable clamps are also available.

» Body: Thermoplastic compound rated -50°C to +220°C

s Suitable for wire diameters up to 0.8mm

« Color coded to ANSI MC96.1-1982. Type K - Yellow, Type T - Blue, Type J - Black, Type
M - Orange, Type RX/SX - Green and Copper - White

« Dimensions: Plug 19x¢16x8mm (LXWxD) with 12mm long pins Socket 26x16x8mm
(LxWxD) Panel sockets are typically 19x16x8mm (Lx\WxD) and panel blanking sockets
are 14.5x16x8mm (LxWxD) wiih front bezel 23.5x14mm supplied with bracket for
aftachment to panel

s Cable clamps and weatherproof silicone rubber boots offered as opfions but cannot be
used at the same time

s Manufactured by the TC Group

Figure 5 - Thermocouple connector definition, with Type K plugs being used for this research [164].
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A4.  Analytical Testing (DMA and DSC)

All analytical test panels for the IDEX and TMM test specimens for DMA were cut by waterjet
(Figure 6). They were subsequently placed in an air circulating oven at 120 °C for a minimum
of 16 hours immediately prior to testing. Between leaving the oven and being tested they were
held in a sealed bag with desiccant. If the test coupons were not tested within 8 hours of leaving
the drying oven, they were dried again over night. The DMA test method used the dual
cantilever beam configuration per ASTM D 7028. The thickness measurements for each DMA
sample were taken halfway along the length of the individual test coupon using digital calipers.
The DSC test specimens were cut using shears from the trim space between the DMA coupons.

The standard error assumed from DMA and DSC measurements is typically within 3% [159].

—-.-w“.iq--t‘.‘lq
1f=ar-2
$=3T-3

TR =T 0
§ AT
| EAT-%

LT e

Figure 6 - Image of TMM analytical panels cut into DMA coupons via waterjet.
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APPENDIX B: DEA SIGNAL EVALUATION

This appendix is suggested to be used a supplement for the methods provided in Chapters 3
and 4.

B1. Dielectric Smoothing Procedure and Frequency Selection

As discussed in Chapter 3, there are several criteria for selecting an appropriate dielectric
signal. This section will explore the best practices for identification of measurement frequency
and signal smoothing. This section will use the loss factor curve for IDEXS, the details of
which are provided in Chapter 3. As a key finding of the paper provided in Chapter 3 is that
the dielectric signals can be used interchangeably, only the loss factor is provided for this

example.

Firstly, it is recognised that there is noise present in the dielectric signal, and it is beneficial to
use a smoothing operation to reduce this noise. The NETZSCH Proteus Analysis software has
a built-in smoothing function, which was used in this study. Figure 7 shows a successful
smoothing operation, in which the graph shape is retained but the signal appears more
consistent. This figure shows the smoothing to a Level 8, which is the maximum used in this
study. As a contrast, Figure 8 shows that smoothing this signal to a Level 9 causes a noticeable
distortion in the signal shape. For this reason, a Level 8 was the maximum used to smooth the
dielectric signals for this study. Each signal was smoothed independently to the minimum level
necessary to make the signal more consistent, and each smoothing was verified to not distort

the signal.

Successful smoothing:

Kev features such as [1] <CO1> IDEX5_29Mar22 ngb-dea
y . —— Lossf (1 Hz)

global maxima and curve

103 shape are retained

0 50 100 150 200 250 300
Time /min

Figure 7 - Smoothing to a Level 8, which successfully retains the graph features while still simplifying the

signal.
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T Cows 1 5] =~ e [

@7 Mo Smoothing x| freauency | v

Loss f.
Over-smoothing:
Graph shape is distorted [1] <CO1> IDEX5_20Mar22 ngb-dea
.. ————— Losst (1Hz)
away from the original
curve (seen as the
highlighted background
line)

0 50 100 150 200 250 300
Time /min

Figure 8 - An unsuccessful smoothing practice to Level 9, which is performed on the same signal as shown in

Figure 7. Smoothing to a 9 in this case causes the graph to distort away from the original signal.

In both examples, the original signal displays minimal signal noise. However, the first
derivative of the signal, shown in Figure 9 (left), does show noticeable noise. A smoothed
signal, shown in Figure 9 (right), shows a significantly more consistent derivative which

indicates an overall more consistent signal.

Lossf. d{Loss £yt /(1/min) | Lessf. d(Loss f.ydt /(1/min)

[1] <CO1> IDEXS_28Mar22 ngb-dea | 400 [1] <CO1> IDEX5_20Mar22 ngb-dea | 400
d{Loss 1.)dt (1 Hz) diLoss f.)/dt (1 Hz)
2 Loss f. (1 Hz) 2 Loss f. (1 Hz)

300
200
100
0
-100

-200

150 200 250 300 0 50 100 150 200 250 300
Time /min . Time /min

15 Va2 gt dea R

Figure 9 - Signal from Figure 7 shown with the first derivative of the signal (left) unsmoothed and (right)
smoothed. In both cases the original signal (the loss factor) was smoothed, and the derivative was calculated

from the smoothed signal.

Additionally, the higher frequency measurements contain more data points per time period,
and thus contained more noise. Figure 10 displays the signal used in previous examples, with
the addition of higher frequency measurements at 10 Hz, 100 Hz, and 1 kHz. The higher
frequency measurements show more signal noise near the beginning and end of the cure but
remain consistent in the remainder of the curve shape and time event. The smoothed signals,

shown on the right, show that all frequencies remain consistent once smoothed. It should be
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noted here that the examples show the loss factor, which is a frequency dependent value, and

thus the difference in magnitude between frequencies is expected.

Loss [1] <CO1> IDEX5_28Mar22.ngb-dea
’ 1Hz

[1] <C01> IDEX5_20Mar22.ngb-dea
1Hz

0 50 100 150 200 250 300 0 50 100 150
Time /min Time /min

a Remark : Farel 06 s Kemark ; Farel

Figure 10 - Signal comparison for 1 Hz, 10 Hz, 100 Hz, and 1 kHz measurements which are (left) unsmoothed
and (right) smoothed. The red arrow indicates the maximum area of noise on the 1 kHz measurement, and how

the area is more consistent after smoothing.

From Figure 10 we can see that each indicated frequency from 1-1,000 Hz displays
approximately the same graphical response. As stated previously the magnitude is disregarded,
but the times at which the graph exhibits key features (i.e., global maxima, endset) appear
consistent between all frequencies. This is further explored in Figure 11 which shows the total
set of frequency measurements for IDEXS5. On the left we see that the observation that the
graphs display consistent behaviour across all measured frequencies. On the right we explore
the frequency-domain response, which is explored more deeply in Chapter 4 in Section 3.1.2
of the manuscript. In this it is stated that within the frequency domain, signals which display a
slope of -1, as this data set does in the low frequency range, display Ohmic conductivity. This
means that the signal response in these ranges is driven by the conductive behaviour, which is
frequency-independent. Due to the lower noise levels in the lower frequencies, and the
frequency-independence in this range, the 1 Hz frequency was chosen for the signal analysis

for the work provided in this thesis.
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Figure 11 - Complete set of frequency measurements for the loss factor in IDEXS showing (left) the time-
dependent response for each frequency and (right) the frequency-dependent response for the duration of cure (40

minutes to 250 minutes).

The notable exception to the 1 Hz frequency choice, as stated in Chapter 2 Section 2.5.1 of the
published paper, is the dissipation factor. As explained in Chapter 4 Section 3.1.1 of the
manuscript, some signals display a double peak behaviour in the phase angle at low
frequencies. As the dissipation factor is calculated from the phase angle response, this directly
impacts the dissipation factor in a way that does not show up in the other dielectric parameters.
For this reason, the 100 Hz frequency was selected for the dissipation factor analyses, to ensure
that the analysis methods could be consistently implemented. As with the TMM tests, the IDEX
tests all displayed consistent single-peak behaviour at 100 Hz, such as is visible in Figure 12.
Due to the above rationale on frequency independence for the low frequencies, the 100 Hz

frequency was selected for the dissipation factor correlations.
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Tan.d

[1] <C0O1> IDEX5_29Mar22.ngb-dea
— 1Hz

0 50 100 150 200 250 300
Time /min
Main 2024-02-20 09:30 User: U1126263
Instrument : DEA 288 File : C:\Users\u1126263\OneDrive - USQ\Desktop\IDEX5\IDEX5_29Mar22.ngb-dea Remark : Panel IDEXS ground floor oven 29 mar 2022
Date/time :  29/03/2022 10:22:32 AM Identity : IDEXS TC: RTD Cu 30 Frequency : 1Hz;10 Hz;100 Hz
Laboratory : USQ Sample : IDEX5_29Mar22 Time range : 05:30 Dipole/E’ cut off : -/ —
Operator:  U1126263 Material : prepreg Segments :  1/1 Smoothing : 1e-06/1e-06 - 9
Project : 5320-1 Prepreg Trials Sensor : _filtered IDEX 115/60 T Cycle : 14025 ms

Created with NETZSCH Proteus software

Figure 12 - Dissipation factor for IDEXS at frequencies of 1 Hz, 10 Hz, and 100 Hz showing that the single peak

behaviour is present in the 100 Hz signal.

To further validate the choice of 1 Hz frequencies, the full set of analysis methods proposed in
Chapter 3 were performed on IDEX3 for multiple frequencies. The average time response for
each frequency, and the standard deviation across all dielectric parameters, is provided in
Figure 13. All signals are, on average, within 6% of the RAVEN estimate which indicates that
any of the frequencies can be selected with reasonable accuracy. For this sample, the 1 Hz and
100 Hz frequencies were the most consistent, and the 1 Hz frequency was selected due to

having the least signal noise.
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Figure 13 - Cure event correlations for IDEX3 performed on 1 Hz, 10 Hz, 100 Hz, and 1 kHz frequencies.

B2. TMM Sensor Correction Factor

It should be noted that the correction factor applied to the TMM sensor, discussed in Chapter
4, is specific to the prepreg system studied here. As stated in the chapter, the correction factor
is due to the multi-phase material evaluation of the PEEK rings and the 5320-1 prepreg under
test. For this case, the correction factor is specific to this material combination and to the range
of thicknesses tested. This concept is discussed in Chapter 4, Section 3.1.3 (Equation 9), which
explores how the mixed material response is driven by the ratio of the individual signal
responses. For a different material system, it would be expected that the ratio of responses is
different. As discussed in Chapter 4, the exact volume ratio between the PEEK rings and the
material under test is unknown due to uncertainties of the electric field and the field strength
in a given direction. Further, another material may have a different temperature response or

cure time, which would further influence the correction factor.

B3. TMM Fully Cured Prepreg Test

Chapter 4 Section 3.1.2 of the manuscript describes a fully cured test in which a previous
prepreg stack (TMM?20-2) was post-cured to 100% conversion and then re-run with the TMM
sensor to evaluate the influence of conductive carbon fibre without the epoxy curing reaction
on the sensor. For this test, the TMM20-2 panel was post-cured for 2 hours at 200 °C, and the
temperature profile was simulated in RAVEN to ensure that full conversion was achieved. The

RAVEN simulation for the oven cycle is shown in Figure 14.
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Figure 14 - RAVEN simulation of TMM20-2 post cure, demonstrating full conversion.
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APPENDIX C: STOCHASTIC MODELLING CODE
(MATLAB)

This appendix is suggested to be used a supplement for the methods provided in Chapter 5.

An example of one of the MATLAB code sets is provided below. This code includes:

1.

2.

4.

5.

Cure kinetics equation for 5320-1.

3% variation on all cure kinetics parameters (except where reductions are indicated per

Chapter 5).
5% variation in temperature profile.
Relevant convergence analyses.

An example output from this code compilation (Figure 15).

All other stochastic code is a variation on this, with the cure kinetics and temperature varied

depending on the data set in question. The viscosity code is written the same way, with the

inclusion of the viscosity model in addition to the cure model. The experimental validation

code is compiled using the same code with no variation of any parameters (s[x] = 0). For each

validation cure cycle, the desired file name is referenced in line 86.
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ORI W —

% Defining a randomly assigned normal distribution between -1 and 1 across

% 2000 iterations for each varied parameter

sl = -1 + (2).*rand(2000,1);
s2 = -1 + (2).*rand(2000,1);
s3 = -1 + (2).*rand(2000,1);
sd = -1 + ( .*rand (2000,1);
s5 = -1 + (2).*rand(2000,1);
s6 = -1 + (2).*rand(2000,1);
s7 = -1 + (2).*rand(2000,1);
s8 = -1 + (2).*rand(2000,1);
s9 = -1 + ( .*rand (2000,1);

)
2)
2)
2)
2)
2)
2)
2)
(2
(2
(2
(2
(2
(2
(2

s10 = -1 + ) . *rand (2000,1);

sll = -1 + ) .*rand (2000,1);

sl2 = -1 + ) . *rand (2000,1);

s13 = -1 + ) . *rand (2000,1);

sl4d = -1 + ) .*rand (2000,1);

sl5 = -1 + ) .*rand (2000,1);

sle = -1 + ) .*rand (2000,1);

num = 0;

uncured = 0;

for j = 1:1:2000 % loop 2000 times

Define baseline kinetic parameters
t g0 = -3;

t ginf = 235;

lambda = 0.8;

)

Al = 14800000;
E1 R = 10200;
ml = 0.17;

nl = 19.3;

A2 = 83000;
E2 R = 8540;
m2 = 0.70;

n2 = 0.87;

D2 = 97.4;

a c02 = -1.6;

a_cT2 = 0.0057;

A3 = 63900000;
E3_R = 8940;
m3 = 1.65;

n3 = 16.6;

A4 = 98000;
E4 R = 7100;
m4 = 1.66;

n4 = 3.9;

D4 = 63.3;

a c04 = -0.6;

a_cT4 = 0.003;

cureTime = 0;

% Assigning Stochastic Variables (3%

COV = 0.03;

Al S = Al + (Al * COV * s1(j,1)):
El S = E1 R+ (E1 R * 0.025 * s2(3
ml S =ml + (ml * COV * s3(j,1));
nl S =nl + (nl * COV * s4( 1))
A2 S = A2 + (A2 * COV * S5(j 1))

Cov)

1))
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108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

E2_S
m2_ S
n2 S
A3_S
E3_S
m3_S
n3 S
E4 S
A4 S
nd S

md_S =

doc = 0.

= E2_ R + (E2_R * COV * s6(j,1));
=m2 + (m2 * COV * s7(j,1));
=n2 + (n2 * COV * s8(j,1));
= A3 + (A3 * COV * s9(j,1));
= E3_R + (E3_R * 0.008 * s10(j,1)); % 0.8% Cov
=m3 + (m3 * COV * s11(j,1));
=n3 + (n3 * COV * s12(j,1));
= E4 R+ (E4_R * 0.02 * s16(3,1)); % 2% Cov
= A4 + (A4 * COV * s13(j,1));
=nd4 + (nd * COV * s14(j,1));
m4 + (md * COV * s15(3,1));
------ DEFINE CURE PROFILE----—=-—=————=-—————————-%
002 ; % 0.2% initial DOC

deltaTime = 12;

i=1;
st = (-1
tempM =

tempM =t

for

o

$ 1 min increments

+ (2).*rand(1,1)); % Temperature: varied randomly by 5%
readmatrix ('idex6L.xlsx'); % Read temperature profile file
empM + (0.015 * tempM * st); % Modify temperature

time = 0:0.2:309

[

T = tempM(i) + 273;

§————- Tg Calculation ----%
if doc > 0.999

t g =t ginf;

doc = 1;
else

t g-=

(doc))) )i

g————= Identify Temperature ----%

F————— 4 Rate functions

S

t g0 + (((t_ginf - t g0) * lambda * doc)/(l1 - ((1 - lambda) *

kl = Al S * exp(-E1 S / T);
k2 = A2 S * exp(-E2_S / T);
k3 = A3 S * exp(-E3_S / T);
kd = A4 S * exp(-E4_S / T);
rl = k1 * (doc’ml_S) ((1 - doc)”nl_8);
r2 = (k2 * (doc™m2_S) * ((1 - doc)”n2 S))/(1 + exp(D2 * (doc - (a_c02 + (a_cT2
*T)))) )
r3 = k3 * (doc™m3_S) * ((1 - doc)”n3_8);
r4d = (k4 * (doc™m4 S) * ((1 - doc)”™n4 _S))/(1 + exp(D4 * (doc - (a cO04 + (a _cT4
*T))))):
g————- Calculate cure rate ----%
if doc > 0.999
cureRate = 0;
else
cureRate = 0.8*rl1 + .35*r2 + 1.1*r3 + 1.2*r4;
end

doc = doc +

(deltaTime * cureRate);

% Calculate instantaneous degree of cure

§————- Calculate time to 88% cure ----%
if doc < 0.88

cureTime = time;
end
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138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

end

vitTemp = T - 273;
if t g < vitTemp

vitTime = time;
end
F————= Fill Matrices ----%
doc m(1,i) = doc;
time m(1l,i) = time;
rate(i,1l) = cureRate;
tg(i,1) = t_g;
temp(i,1l) = T-273;

if doc < 0.88
uncured = uncured + 1;

F————= Calculate Vitrification Time ----%

DOC matrix
time matrix
Rate matrix
Tg matrix

Temp matrix

00 o0 oo

o0

o0

end
doc m(1l,i) = doc; % DOC matrix
time m(1l,1i) = time; % Time matrix
temp(i,1l) = T-273; % Temp matrix
rate(i,1l) = cureRate; % Rate matrix
G————= Time to 88% Cure: Convergence ----%
if doc > 0.88

timeToCure(j,1l) = cureTime; % Cure Time Matrix
else

timeToCure(j, 1) = nan;
end

aT = nanmean (timeToCure, 'all');

avgTime (j,1) = aT;
sT = nanstd(timeToCure) ;

devTime (j,1) = sT; % STD time to cure Matrix - Convergence
F————= Total Degree of Cure: Convergence —----%
totalDOC(j,1) = max(doc_m); % Final DOC Matrix
aDOC = mean (totalDOC) ; % Avg total DOC
avgDOC(j,1) = abOC; % Avg total DOC - Convergence
sDOC = std(totalDOC) ; % Std dev total DOC
devDOC(j,1) = sDOC; % STD total DOC Matrix - Convergence
§————- Vitrification: Convergence ----%
vitM(j,1) = max(vitTime); % Final DOC Matrix
aVIT = mean (vitM); % Avg total DOC
avgVIT(j,1l) = aVIT; % Avg total DOC - Convergence
sVIT = std(vitM); % Std dev total DOC
devVIT(j,1) = sVIT; % STD total DOC Matrix - Convergence
g————- Maximum Reaction Rate (value): Convergence ----%
mRate = max (rate);
maxRate(j, 1) = mRate; % rate Matrix
aR = mean (maxRate); % Avg max rate
avgRate (j,1) = aR; % Avg max rate Matrix - Convergence
sR = std(maxRate); % Std dev max rate
devRate(j,1) = sR; % STD max rate Matrix - Convergence
count (j,1) = J;

00

Avg time to cure

00

o0

Std dev time to cure
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195

196 end

197

198 format longg

199

200  art;

201 sT;

202 covT = 100 * sT/aT;

203  disp(['Average time to 88% cured is ' num2str(aT) ' min'])
204 disp(['Deviation of time to 88% cured is ' num2str(sT) ' min'])
205 disp(['Time to cure COV is ' num2str(covT) '%$'])

206

207  apoC = aDOC*100;
208  spoC = sDOC*100;
209  covDOC = 100 * sDOC/aDOC;

210 disp(['Average final DOC is ' num2str(aDOC) ' %'])

211  disp(['Deviation of final DOC is ' num2str(sDOC) ' %'])

212 disp(['Total DOC COV is ' num2str(covDOC) '%'])

213

214 avIrT;

215 svIT;

216  covVIT = 100 * sVIT/aVIT;

217 disp(['Average Vitrification time is ' num2str(avVIT) ' min'])
218 disp(['Deviation of Vitrification time is ' num2str(sVIT) ' %'])
219 disp(['Total Vit time COV is ' num2str (covVIT) '%'])

220

221 disp(['Total number of undercured parts is ' num2str (uncured)])
222

223 aR;

224 sR;

225  covR = 100 * sR/aR;

226  disp(['Average Maximum Reaction Rate is ' num2str(aR) ' 1/s'])
227 disp(['Deviation of Maximum Reaction Rate is ' num2str(sR) ' 1/s'])
228 disp(['Total Maximum Reaction Rate COV is ' num2str(covR) '%'])
229

230

146



Command Window

>> S_Cure_IDEX6_KineticsTemp

Average time to 88% cured is 220.6478 min

Deviation of time to 88% cured is 24.0229 min

Time to cure COV is 10.8875%

Average final DOC is 92.8842 %

Deviation of final DOC is 2.9343 %

Total DOC COV is 3.1591%

Average Vitrification time is 165.0767 min

Deviation of Vitrification time is 11.4365 %

Total Vit time COV is 6.928%

Total number of undercured parts is 110

Average Maximum Reaction Rate is ©.00029037 1/s

Deviation of Maximum Reaction Rate is 3.8212e-05 1/s

TOtfl Maximum Reaction Rate COV is 13.1598%
_155>>

Figure 15 - An example output from the above MATLAB code, which varies the cure kinetics by 3% and
temperature by 5%.
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