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Matrix formulation for aero-grade high-performance carbon fibre reinforced thermoset composites is a chal-
lenging task relying on extensive knowledge of chemistry, legacy information and trial-and-error iterations to
identify a suitable pre-polymer resin/curative combination. This work proposes the development and application
of a cure kinetics methodology to tailor preliminary matrix formulations focusing on matrix constituents reac-
tivity. The kinetics of a ternary system containing either one epoxy pre-polymer and two amine curatives or two
epoxy pre-polymers and one amine curative is approximated as a linear combination of the kinetics of its
elementary binary systems containing the corresponding epoxy pre-polymer and amine curative. The method has
been evaluated on a wide range of epoxy/amine formulations and shown to be valid with a reaction rate error

lower than 0.003 min~'. The application of this predictive method allows the design of matrix systems with
tailored reactivity and cure time without extensive experimentation.

1. Introduction

Epoxy resins are a well-established class of polymeric thermosetting
materials due to their versatility, property stability and processability
which have made their application possible to a wide range of products
as coatings, structural adhesives and composite matrices [1-3]. The
market success of epoxies has been driven by the continuous innovation
in the synthesis of new raw materials aimed to improve performance and
by the flexibility offered in customising their processing conditions.

Different epoxy pre-polymers are available depending on their
method of synthesis, physiochemical properties and final end-user
application with bisphenolic, novolac and multifunctional epoxies the
most widely used types in industry [2,3]. Epoxy pre-polymers react with
a large variety of curative agents [3-5] such as aromatic amines and
anhydrides, which are ideal for high-performance applications due to
the superior characteristics and processing temperatures of the corre-
sponding formulations. Adjusting the epoxy pre-polymer(s)/curative(s)
relative composition allows to tailor the material to meet required me-
chanical and functional properties. However, success in this task relies
on the ability to understand the cure reaction and to balance the
required properties by judicious selection of possible constituents within
a large portfolio of potential choices.

Currently, there is no standard procedure to facilitate the screening

of candidate chemicals to be used in a matrix formulation. Decisions on
class, combination and processing conditions of the matrix constituents
rely on legacy information, historical data and experimental iterations.
This makes the design of matrix formulations time-consuming and cost-
intensive. The development of matrix systems with higher reactivity,
lower reaction enthalpy, faster manufacturability and reduced
exothermic risk is receiving greater attention as composite technologies
are nowadays challenged to demonstrate robustness towards high-rate
industrialisation scenarios and process sustainability with the aero-
space industry leading these developments [6-8]. Novel composite
materials and processes must be proven to be high-performance, scal-
able, flexible, cost-effective and fit for digitisation. This highlights the
need to identify efficient and unbiased approaches to develop the next
generation of thermosetting epoxy matrices; in this perspective, the
utilisation of predictive material models would help to progress from
traditional strategies, saving on development time needed to optimise
the matrix formulations and associated process parameters.

Matrix cure kinetics modelling has been used to represent the reac-
tion rate of polymeric matrices. Phenomenological approaches [9-39]
have represented a solid alternative to mechanistic models [40-54] as
they do not require a priori knowledge of the matrix reaction mecha-
nisms. Assuming the matrix reaction rate is a unique function of tem-
perature and degree of cure, they are based on empirical equations
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Table 1
Selected chemicals.
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Chemical Symbol Molecular weight (g/mol) Chemical structure Equivalent weight (g/eq)
Epoxy Amine hydrogen
TGPAP E; 277.31 N 100.0 -
vo /@/ o~—0
.
TGDDM Eo 422.52 113.0 -
3,3’ DDS Xy 248.30 - 63.0
4,4’ DDS Y, 248.30 - 63.0
M-MIPA X2 310.48 - 77.6
M-CDEA Yo 379.37 - 94.8
PES TP 232.26 - -

resembling chemical kinetics without necessarily corresponding to the
chemical reaction equation of the system. The general form of these
models is:

T —rr) W

The implementation of phenomenological models requires experi-
mental tests usually run through differential scanning calorimetry (DSC)
and numerical determination of the kinetics parameters of the selected
equation through curve fitting. This approach yields robust models, yet
specific to the fully formulated matrix system. This makes the invest-
ment in resources required for developing a detailed cure kinetics model
relevant only once the formulation has been established commercially.
Therefore, cure kinetics is neglected during the initial stage of resin
development. This results in missed opportunities as the huge variety of
commercial pre-polymers and curatives could offer alternative matrix
formulations which meet better process efficiency targets. A parametric
connection between matrix chemistry and associated reaction rate
factoring in the reactive functional group fractions has the potential to
overcome current limitations in the design of matrix formulations taking
kinetics into consideration.

This work aims to facilitate epoxy matrix formulation through the
development and application of a cure kinetics model which, in contrast
to state-of-the-art phenomenological methodologies, focuses on the
matrix constituent content to approximate predictively the cure process.
The proposed modelling methodology uses linear superposition of the
kinetics of two-component formulations to approximate the reaction
behaviour of more complex three-component systems. A few super-
position theories [55-58] have been applied in the context of composites
manufacturing in the past. However, these are not based on a matrix
constituent parameterisation and do not consider a modular matrix
formulation. The proposed approach is tested here on a large variety of
amine/epoxy matrices to assess validity over a range of different mo-
lecular weights and functionalities.

2. Materials and methods
2.1. Raw materials

High-performance thermosetting epoxy pre-polymers and aromatic
amine curatives were investigated in this work to cover a wide spectrum of
applications to aerospace composite matrices. Tri-glycidyl-p-aminophenol
(TGPAP) and N,N,N',N'-tetra-glycidyl-4,4'—diaminodiphenylmethane
(TGDDM) were the two selected epoxies, whilst 3,3'-dia-
minodiphenylsulfone (3,3’ DDS), 4,4'-diaminodiphenylsulfone (4,4’ DDS),
4,4’ -methlylenebis(2-isopropyl-6-methylaniline) (M-MIPA) and 4,4'-
methlylenebis(3-chloro-2,6-diethylaniline) (M-CDEA) were the four aro-
matic amines used. Also polyethersulfone (PES) was selected as thermo-
plastic toughener. Table 1 details the selected chemicals, their molecular
weight, chemical structure and epoxy or amine hydrogen equivalent
weight as well as the nomenclature used.

2.2. Developmental matrix systems

The constituents were mixed both in binary and ternary combina-
tions; binary blends were made of basic pre-polymer/amine pairs, whilst
ternary materials were made of either one pre-polymer and two amines
or vice versa spanning different fractions of the reacting constituent
functional groups. This resulted in twenty-seven matrix blends arranged
in five developmental matrix sets. All blends were based on a stoichio-
metric ratio as follows:

5 ()
_/ (2

where r is the amine/resin ratio imposed to be one, EEW;, AHEW; are the
i-th epoxy and amine hydrogen equivalent weight respectively and mg,,
mp, are the i-th epoxy and amine mass respectively. The ternary blends
were designed so that a fraction of each amine (or epoxy) completely
reacts with the epoxy (or amine) while preserving a stoichiometric

r=
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Table 2
Binary and ternary formulations.
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Group Matrix Mass fractions Functional group fractions
E; Ez X Xz Y, Y, TP £ £ £ f5
TGPAP/DDS E100x100 0.61 - 0.39 - - - - 1 - 1 -
E}00y}00 0.61 - - - 0.39 - - 1 - - 1
EJO0x30Y30 0.61 - 0.195 - 0.195 - - 1 - 0.5 0.5
E}00x20y80 0.61 - 0.08 - 0.31 - - 1 - 0.2 0.8
E}00x{0Y§0 0.61 - 0.16 - 0.23 - - 1 - 0.4 0.6
E}00X70y30 0.61 - 0.27 - 0.12 - - 1 - 0.7 0.3
E}00x90Y10 0.61 - 0.35 - 0.04 - - 1 - 0.9 0.1
MULTF/33DDS E100x100 0.61 - 0.39 - - - - 1 - 1 -
EL00x100 - 0.64 0.36 - - - - - 1 1 -
ES0ES0X100 0.29 0.34 0.37 - - - - 0.5 0.5 1 -
TGPAP/LNZ El00x100 0.56 - - 0.44 - - - 1 - 1 -
E100yl00 0.51 - - - - 0.49 - 1 - 1
EL00X50y50 0.54 - - 0.21 - 0.25 - 1 - 0.5 0.5
E100X30Y50 0.52 - - 0.08 - 0.40 - 1 - 0.2 0.8
E}00x30Y50 0.53 - - 0.17 - 0.30 - 1 - 0.4 0.6
EJ00x70v30 0.55 - - 0.30 - 0.15 - 1 - 0.7 0.3
E}00x30Y10 0.56 - - 0.39 - 0.05 - 1 - 0.9 0.1
TGDDM/DDS EL00x100 - 0.64 0.36 - - - - - 1 1 -
E}00yl00 - 0.64 - - 0.36 - - - 1 1
E3P0x30Y30 - 0.64 0.18 - 0.18 - - - 1 0.5 0.5
E00x207$0 - 0.64 0.07 - 0.29 - - - 1 0.2 0.8
E300X{0y$0 - 0.64 0.14 - 0.22 - - - 1 0.4 0.6
EOX70Y$0 - 0.64 0.25 - 0.11 - - - 1 0.7 0.3
EL0X70Y}0 - 0.64 0.32 - 0.04 - - - 1 0.9 0.1
TGPAP/DDS/TP EL00X100Tp 0.51 - 0.32 - - - 0.17 1 - 1 -
E}0Y}0TP 0.51 - - - 0.32 - 0.17 1 - - 1
E100X30Y30TP 0.51 - 0.16 - 0.16 - 0.17 1 - 0.5 0.5

Notation: E1:TGPAP; E;:TGDDM,; X;:3,3' DDS; X5:M-MIPA; Y;:4,4’ DDS; Y2:M-CDEA; TP:PES.

Table 3

Autocatalytic cure kinetics parameters of binary systems.
Group Matrix A(1/min) Eacr(J/mol) m n
TGPAP/DDS 100100 1.0-107 6.2-10* 0.9 2.1
E100y100 2.9-107 6.9-10* 07 20
TGPAP/LNZ El00x100 4.6-10° 5.3-10* 11 1.7
E100y100 4.9-10* 5.0-10* 1.0 15
TGDDM/DDS EJ00x100 1.2:107 6.6-10" 07 11
EJ00y100 1.0-10® 7.7-10% 0.5 1.0
TGPAP/DDS/TP  Elo°x100Tp 6.1-10° 6.2:10* 09 16
Elooyloorp 9.810° 6.5-10* 1.0 2.2

amine/epoxy ratio for the whole blend.

The epoxy matrix systems were classified into five groups: (i)
TGPAP/DDS which includes tri-functional TGPAP pre-polymer (E;) with
3,3’ DDS (X;) and 4,4’ DDS (Y;) curing agents; (ii) MULTF/33DDS which
includes tri-functional TGPAP (E;) and tetra-functional TGDDM (E5)
pre-polymers with 3,3’ DDS (X;) curing agent; (iii) TGPAP/LNZ which
involves TGPAP pre-polymer (E;) with M-MIPA (X;) and M-CDEA (Y2)
curing agents; (iv) TGDDM/DDS which involves tetra-functional
TGDDM pre-polymer (E3) with 3,3’ DDS (X;) and 4,4’ DDS (Y;) curing
agents; and (v) TGPAP/DDS/TP which is an extension of the TGPAP/
DDS systems to include PES soluble thermoplastic. Table 2 reports the

component mass fractions and the corresponding reactive functional
group fractions le (with i = 1,2; j =e,c for epoxy or amine) for all
blends. The notation used for each matrix blend indicates the constitu-
ents and functional fractions, e.g. E1%°X7°Y3% corresponds to 100%
TGPAP epoxy with 70% of the total amine reactive sites contributed by
3,3’ DDS and 30% of the total amine sites contributed by 4,4’ DDS.

The first two formulation groups (TGPAP/DDS and MULTF/33DDS)
aim to assess the cure kinetics approach for combinations of one epoxy
with two amines and of two epoxies with one amine. The third group
(TGPAP/LNZ) is used to test the approach for combinations of constit-
uents with a wider reactivity range and the fourth set (TGDDM/DDS) to
investigate the behaviour of systems with constituents with a large re-
action activation temperature difference. The fifth group (TGPAP/DDS/
TP) extends the application of the approach to systems containing a
thermoplastic modifier. The investigated range of matrix formulations
includes wide variations in both molecular weight and functionality to
challenge the proposed cure kinetics model.

2.3. Matrix cure kinetics experimental characterisation

A TA Instruments Discovery DSC was used to measure the heat
released during the cure of matrix samples. The sample size used was
about 2 mg (+10%). Hermetic aluminium pans and lids were used. Each
test was run in a controlled inert atmosphere at 50 ml/min nitrogen gas
flow. A single dynamic ramp at 1 °C/min from —20 °C to 350 °C and two
isothermal tests at 160 °C and 180 °C were carried out for each blend; a
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Fig. 1. Autocatalytic model fitting for the TGPAP/DDS group: (a) dynamic and (b) isothermal data for the E%OOX{OO binary blend; (c) dynamic and (d) isothermal data

for the E1°Y]% binary blend.

20 °C/min heating ramp was applied to reach the isothermal test tem-
perature, whilst the dwell duration ranged between 90 and 300 min
depending on the amine/epoxy reactivity. The dynamic thermograms
were integrated with an iterative baseline [59], whilst the isothermal
curves with a horizontal baseline. The reaction rate results for each
blend system obtained from dynamic and isothermal experiments were
superimposed in a degree of cure-temperature space to verify no cure
path dependence on the applied thermal history.

2.4. Formulation Ratio Superposition (FRS) cure kinetics modelling

Traditional phenomenological cure kinetics equations present
intrinsic limitations in supporting the formulation of new polymeric
matrices as they cannot take into account chemical composition modi-
fications. The Formulation Ratio Superposition (FRS) approach pre-
sented in this work establishes a connection between matrix chemistry
and cure modelling. The method focuses on the cure kinetics charac-
terisation of the matrix binary constituents combined through a
parameterisation of the constituent functional group fractions to predict
the reaction behaviour of fully formulated ternary matrices. The model
considers a unique value of the degree of conversion to account for
concurrent and competitive reaction mechanisms.

In the case of one epoxy pre-polymer (E) and two amine curatives
(X,Y), the reaction rate of a ternary matrix blend (EXY) is the weighted
average of the reaction rates of its individual binary constituents
(EX,EY) as follows:

da
dt

.da

S—
EX dt

_ cda

=fy—
EXY dt

3

EY

where « is the matrix degree of conversion, 4 the reaction rate and fy, £y
the crosslink fractions contributed by each curing agent XY

respectively.
In the case of autocatalytic kinetics [14-19] of each binary blend, Eq.
(3) becomes:

da

E _ (x)m:x + chAEYe—E,E—.‘YamEY (1 _ a)llF,Y (4)

C _Eex m
=3 Apxe ® oM (1
EXY

where A; is the pre-exponential factor, E; the activation energy and m;,
n; the reaction orders of each binary blend with i = (EX, EY); T is the
temperature in Kelvin and R the gas constant.

A single term autocatalytic model, such as the one used here, is the
simplest choice for representing epoxy cure, whereas more complex
models such as combined nth-order/autocatalytic kinetics or double
autocatalytic kinetics yield a better representation including secondary
mechanisms. This simplifying choice was made in this work to enable
robust characterisation of the cure of the numerous binary systems
examined to be carried out with an efficient testing campaign. Given the
focus on assessing the FRS methodology, the representation of the main
curing mechanism through the single autocatalytic model is sufficient to
satisfy this aim. Furthermore, the single autocatalytic model has been
used successfully to represent the curing of TGDDM\DDS-based epoxies
[35,60], which are similar to formulations tested in this work.

Similarly, for one amine curative (X) and two epoxy pre-polymers
(E1,E2), the reaction rate of a fully formulated ternary blend (E;E2X)
is the weighted average of the reaction rates of its individual binary
constituents (E;X,E»X) as follows:

da
dt

da

ce

E,E

. da
+ szE . 5)

E E2X

E;X

where g , f7 are the crosslink fractions contributed by each Ey, E; pre-
polymer respectively. For autocatalytic kinetics, Eq. (5) becomes:
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Fig. 2. Autocatalytic model fitting for the TGPAP/LNZ group: (a) dynamic and (b) isothermal data for the E3%°X1% binary blend; (c) dynamic and (d) isothermal data

for the E1°Y]% binary blend.
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da

_fEx ng _FEpx ng
dt =fg, Agxe R a™X(1 — o)™ + fp Apxe R (1 — o)

E E;X

(6)

where A, is the pre-exponential factor, E; the activation energy, and m;,
n; the reaction orders of each binary blend with j = (E;X, ExX).

The cure kinetics parameters of each binary blend (A;, E;, m;, nj, Aj,
Ej, mj, nj) in Eqgs. (4) and (6) were determined through application of the
generalised reduced gradient non-linear optimisation method [61] to
DSC results in order to minimise the error between prediction and
experiment. Following this, the reaction rate of ternary blends can be
determined in a predictive manner by changing the constituent func-
tional group fractions (f}) only. The initial degree of cure, which is
required for use of an autocatalytic model, was set to 2%. This is
necessary to allow to the model to start, as an initial value of zero would
result in zero reaction rate in Egs. (4) and (6). This assumption, which is
necessary for the model to work mathematically, is also relevant to
pre-cure taking place during resin preparation and mixing. As the extent
of this initial reaction is unknown and cannot be determined accurately,
the arbitrary value used becomes essentially a model parameter as the
cure kinetics parameter values are associated with this assumption.
Explicit integration was utilised to compute the evolution of the degree
of cure with time.

Data underlying this study can be accessed through the Cranfield
University  repository at  https://doi.org/10.17862/cranfield.rd
.14500809 [dataset] [62].

3. Results and discussion
3.1. Cure kinetics of binary systems

Table 3 reports the cure kinetics parameters determined through
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curve fitting for all binary blends. The data for the MULTF/33DDS group
are not listed as the kinetics data for E{%°X}°, E3°°X1% binary blends can
be inferred from the TGPAP/DDS and TGDDM/DDS groups respectively.
The pre-exponential factor (A) is indicative of the molecular collision
frequency and governs the width of the kinetics curve. The higher this
value, the narrower the curve. The TGPAP/LNZ group achieves the
lowest values in the 10*-10° min ! range, whilst the TGDDM/DDS group
attains the highest values in the 107-10% min~! range. The presence of
thermoplastic in the TGPAP/DDS/TP matrix system reduces the pre-
exponential factor by one order of magnitude versus the correspond-
ing non-toughened TGPAP/DDS matrix set, which is indicative of a
slower reaction in the toughened formulation in agreement with pre-
vious studies reporting a reduced reaction rate associated with dilution
of the reactant species and mobility limitations [63-66]. The activation
energy values (Eacr) have the same order of 10* J/mol across all matrix
sets. The TGPAP/LNZ matrix blends have the lowest values of activation
energy than any other investigated group. The TGDDM/DDS group
achieves higher values with the same curative as TGPAP/DDS, indi-
cating that a higher temperature and greater molecular motion are
required to initiate the reaction. The presence of thermoplastic causes
very little effect on the activation energy suggesting that no relevant
changes in the energy barrier required for initiation of the reaction occur
compared to the corresponding non-toughened TGPAP/DDS system.
The autocatalytic reaction order m, which ranges between 0.5 and 1.1,
influences the curve position. The TGPAP/LNZ group has the highest m
values as M-MIPA and M-CDEA are latent curing agents, whilst the
TGDDM/DDS the lowest values. The reaction order n affects the curve
amplitude and it varies in the range of 1.0-2.2. The TGDDM/DDS sys-
tems have the lowest n values.

Figs. 1-4 illustrate the results of the autocatalytic model fitting for
the dynamic and isothermal experimental data generated for all binary
blends; MULTF/33DDS is not explicitly reported as its binary blends
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Fig. 8. Experimental and predicted conversion degree evolution of the TGPAP/DDS/TP group: (a) dynamic and (b) isothermal data for the E}°°X1%°TP binary blend;

(¢) dynamic and (d) isothermal data for the E}°°Y1°°TP binary blend.
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(E100%700, E100%109) can be deduced from the results of TGPAP/DDS and
TGDDM/DDS. In all cases, the dynamic data are replicated with a
satisfactory level of accuracy both in terms of amplitude and onset, peak
and end reaction temperature. Small deviations towards the end of the
reaction are observed for the TGPAP/DDS and TGPAP/LNZ matrix sys-
tems; these are associated with the onset of a secondary reaction
mechanism which cannot be captured by a single-term autocatalytic
model. The fitting of the isothermal data is adequate with some dis-
crepancies after the main reaction peak due to the onset of diffusion
phenomena which the kinetics model does not account for. The average
absolute error in reaction rate between predicted and experimental
values across the investigated binary blends is 0.001-0.005 min ',
The TGPAP/DDS matrix set is the most reactive system characterised
by narrow curves and short cure times as shown in both dynamic and

00x100 gystem containing 3,3’ DDS re-

isothermal plots of Fig. 1. The E!
acts at a lower temperature of about 100 °C versus 125 °C for E120y]%
which contains 4,4’ DDS, implying a slower reaction for the latter. The
slower kinetics of the system containing 4,4’ DDS is also manifested in
isothermal experiments in which cure is completed in longer times by
about 50% compared to the system containing 3,3’ DDS. As observed in
dynamic plots, both blends present a main reaction event followed by a
secondary reaction at temperatures above 200 °C which is slightly more
extended in the cure of the low-reactive binary blend.

The TGPAP/LNZ matrix set is characterised by a wide temperature
reactivity window, as shown in Fig. 2. In the dynamic test, there is a
35 °C difference between the temperatures of the two maximum reac-
tion peaks compared to a 10 °C difference for the corresponding case of
the TGPAP/DDS group. In the dynamic experiments, the TGPAP/LNZ
systems start reacting at higher temperatures with a steeper conversion
rate gradient compared to the TGPAP/DDS due to this lower activation
energy. In the isothermal tests, the TGPAP/LNZ cure curves span over
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longer cure times with broader reaction peaks compared to TGPAP/
DDS. As the selected isothermal temperatures correspond to the initial
reactivity stages of these materials, a longer exposure time is required
for full conversion compared to TGPAP/DDS systems.

The TGDDM/DDS matrix set, illustrated in Fig. 3, differs in terms of
pre-polymer functionality compared to the TGPAP/DDS set. However,
its kinetics behaviour is similar to that of TGPAP/DDS as the matrix
reactivity window is governed by the amine. The initial stages of the
reaction are characterised by a lower conversion rate gradient which is
manifested in the curve asymmetry between the ascending and
descending phases of the reaction. The isothermal curing times are
slightly longer, but still close to those of TGPAP/DDS.

The TGPAP/DDS/TP matrix set involves the presence of a thermo-
plastic modifier. As shown in Fig. 4, the autocatalytic model fitting of the
toughened binary blends is satisfactory compared to the corresponding
experimental results despite the expected deviation around the second
reaction mechanism in the dynamic plots as the model is limited to a
single autocatalytic behaviour. However, an unexpected slope change is
observed after the main reaction peak in both isothermal curves which
might be attributed to dissolution of the thermoplastic which interferes
with the reaction evolution.

Figs. 5-8 compare the experimental and predicted degree of con-
version for all the investigated binary systems across dynamic and
isothermal profiles. The previous discussion about the reaction rate
evolution confirms the observations on the degree of cure evolution
strengthening the reliability and confidence in the performed reaction
rate fitting. This returns an average difference on conversion degree
between 1.6% and 5.6%. The predicted degree of conversion presents
the minimum deviation from the experimental value in the E{%X]%,
E]%°Y]% binary blends of the TGPAP/DDS group and in the E{%°X]%TP,
E100Y100TP binary blends of the TGPAP/DDS/TP group with an average
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Fig. 9. Application of the FRS model to the E{%°X3°Y3® (TGPAP/DDS) ternary blend versus their corresponding experimental data set: (a) 1 °C/min heating rate

profile, (b) 160 °C and (c) 180 °C temperature dwells.
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conversion degree deviation for each set of 1.6% and 2.3% respectively,
as shown in Figs. 5 and 8. In these cases, the prediction is very good as it
follows closely the experimental trends with minimum deviations in line
with the corresponding reaction rate fitting. As expected, the predicted
degree of conversion diverges from the experimental value towards the
end of the reaction in the isothermal plots due to the fact that diffusion
effects are not included in the models. The E}°°X1%, E]®Y1% binary
blends of the TGPAP/LNZ group and the E}*°X]%, E}%Y]% binary
blends of the TGDDM/DDS group present greater differences in degree
of conversion with an average conversion degree deviation for each set
of 4.0% and 4.4% respectively, as shown in Figs. 6 and 7. In both cases,
the model lags behind the experimental data in the chemically-
controlled region, whilst the neglected diffusion effects result in a
larger deviation at the later stages of the reaction mainly for the
TGDDM/DDS matrix set which is mirrored in the corresponding reaction
rate fitting. In any case, the maximum average error on conversion
reaches 2.5% if the high conversion values around the diffusion region
in the isothermal experiments are not taken into account.

3.2. Cure kinetics modelling of ternary systems

Figs. 9-13 illustrate the application of Formulation Ratio Super-
position (FRS) to the ternary blends across all investigated groups in
both dynamic and isothermal conditions. The experimentally deter-
mined evolution of the reaction of ternary blends is compared with the
prediction of the models based on application of Egs. (4) and (6) and the
parameter values reported in Table 3 for the binary blends. The ternary
blends with equally split constituent functional group fractions are re-
ported only, as they represent the most distant cases from the limit cases
of binary formulations. The experimental reaction rate for the ternary
blends is intermediate to the predicted reaction rates of the binary
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materials. In all cases, the FRS model confirms this trend reproducing an
autocatalytic reaction mechanism with an average reaction rate error of
about 0.002 min . Both predicted time/temperature and reaction rate
of the ternary blend peaks are intermediate to the corresponding pre-
dicted values of the binary blends in all cases. The only exception is the
dynamic data of the TGDDM/DDS ternary blend shown in Fig. 12(a). In
this case the predicted temperature results are intermediate, but the
reaction rate is higher than those of both binary materials by
0.001-0.007 min respectively. However, this small difference can be
attributed to potential variations of the baseline on which the fitting is
based.

As illustrated in Figs. 9 and 10, the prediction is satisfactory for the
TGPAP/DDS and the MULTF/33DDS matrix systems. The main de-
viations of the model from the experimental data, which are in the order
of 0.003 min~!, are attributed to the single autocatalytic process
considered in the model, which neglects the minor secondary reaction
mechanism above 200 °C observed in Fig. 9(a), and to the fact that
diffusion-controlled phenomena, which can be observed in Fig. 9(b), (c)
and Fig. 10(b), (c) arising towards the end of the reaction, are also not
included in the kinetics model. Table 4 indicates the maximum degree of
conversion determined in isothermal temperature profiles for the
ternary blends and compares them with the predicted values. The model
predicts conversion degrees greater or equal to the experimental data as
it does not take into account diffusion phenomena. These findings sup-
port the validity of the approach in predicting the cure behaviour either
of a one epoxy/two amines system or two epoxies/one amine system.

Similar observations apply to the TGPAP/LNZ and TGDDM/DDS
systems reported in Figs. 11 and 12. The model discrepancies are
exacerbated in the TGPAP/LNZ dynamic cure experiment of Fig. 11(a)
with the predicted reaction rate peak being higher by about 0.008 min~!
than in the experiment and the predicted curve narrower as the energy
content associated to the second reaction mechanism of the experiment
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Fig. 13. Application of the FRS model to the E{%°X3°Y;°TP (TGPAP/DDS/TP) ternary blend versus their corresponding experimental data set: (a) 1 °C/min heating
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Comparison on experimental and predicted maximum conversion degrees achieved in isothermal cure conditions for ternary systems.

Group Matrix Degree of conversion at 160 °C dwell Degree of conversion at 180 °C dwell
Predicted Experimental Predicted Experimental

TGPAP/DDS EJ00X30Y3° 0.89 0.83 0.91 0.89
E100x20y80 0.91 0.82 0.92 0.88

E100x{0y%0 0.88 0.82 0.93 0.89

E100X70v$0 0.91 0.82 0.93 0.88

E100x%0y10 0.92 0.82 0.95 0.89

MULTF/33DDS EPES X300 0.95 0.95 0.98 0.98
TGPAP/LNZ E%ooxgngo 0.98 0.96 0.98 0.98
E100x20y§0 0.97 0.91 0.98 0.98

E10040y80 0.97 0.94 0.98 0.98

E100x70Y30 0.97 0.94 0.98 0.98

E100x90y10 0.95 0.92 0.99 0.99

TGDDM/DDS E300X50Y30 0.99 0.83 0.99 0.95
E100x20y80 0.98 0.78 0.99 0.92

EL00x40Y§0 0.98 0.82 0.99 0.94

EL00X70y30 0.99 0.86 0.99 0.96

EL0x50v10 0.99 0.87 0.99 0.99

TGPAP/DDS/TP E%DOXT)Y?OTP 0.93 0.84 0.94 0.89

is included in the single mechanism considered in the model. As the
reaction rate is proportional to the heat flow and the reaction energy
content must be the same as the one of the experiment, the model tends
to shrink the curve in the temperature direction and stretch it in the

12

reaction rate direction so that the area under the curve is representative
of full cure. The difference between experimental and predicted ternary
blend peak reaction is lower in the isothermal data shown in Fig. 11(b)
and (c) as the phenomenon is compensated by greater reaction towards
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Fig. 14. Reaction rate comparison between TGPAP/DDS and TGPAP/DDS/TP matrix systems on the E]°°X;°Y;°TP (TGPAP/DDS/TP) ternary blend versus their
corresponding experimental data set: (a) 1 °C/min heating rate profile, (b) 160 °C and (c) 180 °C temperature dwells.

the end of the cure in the model. The average reaction rate error
measured across both dynamic and isothermal data is about 0.003
min~". Similarly, the correspondence between model and experiment in
the TGDDM/DDS group is acceptable with an average reaction rate error
of 0.002 min~!. In the dynamic plot of Fig. 12(a), the difference in peak
heights is affected by baseline variations, whilst in the isothermal plots

Table 5
Average reaction rate error of the FRS model for the ternary blends.

Matrix blend Ternary blend Average reaction rate error (min~')

TGPAP/DDS Eiooxfoyllw 0.0018
E}00x{0y$e 0.0019

E100x30y30 0.0025

E}00X70y30 0.0018

EJ00x30y10 0.0015

MULTF/33DDS ES0ES0X100 0.0028
TGPAP/LNZ E%ooxgoygo 0.0018
Ej00x30v§0 0.0021

E%ooxgoygo 0.0031

EJ00X70Y30 0.0018

E100x30yL0 0.0018

TGDDM/DDS E100X20y80 0.0020
EL00x{0yse 0.0020

EL00x30Y30 0.0017

EL00X70y30 0.0015

EJ0x30Y10 0.0013

TGPAP/DDS/TP EL00X50yS0Tp 0.0020
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of Fig. 12(b) and (c) the deviation towards the end of the reaction of both
binary blend models is linked to the fitting of the model which does not
consider diffusion effects leading to a non-zero reaction rate plateau.
These findings extend the applicability of the FRS model also to matrix
systems with a wide curative reactivity range and to matrix systems with
higher functionality.

Fig. 13 reports the results for the TGPAP/DDS/TP group for both
dynamic and isothermal data which confirm the intermediate kinetics
behaviour of the ternary blend. The FRS holds even in this scenario
showing a satisfactory match to the experimental data both in terms of
curve width and maximum reaction peak value. Although the toughener
does not contribute to the cure, it slows down the reaction progress as
demonstrated in the reaction rate curves of Fig. 14 which compares the
toughened system to the non-toughened TGPAP/DDS matrix set under
dynamic and isothermal data. All toughened systems are shifted towards
the right along the time axis; however, they still maintain the relative
positions among binary and ternary blends. With equal masses for the
toughened and non-toughened matrix blends, the addition of a modifier
component reduces the mass of both the epoxy and the curing agent.
This results in a lower probability that epoxides and amine active
hydrogen groups crosslink and therefore in a reduced reaction rate. This
effect has been observed in similar matrix systems for different per-
centages of tougheners and for similar matrix system constituents
[63-66].

Table 5 summarises the average reaction rate absolute error for all
investigated blends which falls within the 0.001-0.003 min" interval.
The maximum error of 0.0031 min~! occurs in the E§°°xg°Y§° (TGPAP/
LNZ) blend, whilst the minimum value of 0.0013 min~! in the
EL%X$°Y1% (TGDDM/DDS) blend. This error range can be considered
satisfactory as it is one order of magnitude lower than the determined
reaction rate values; as a general trend, the deviation tends to be
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Fig. 15. Experimental and predicted conversion degree evolution of the E{®X3°Y3® (TGPAP/DDS) ternary blend: (a) dynamic and (b) isothermal data.
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Fig. 16. Experimental and predicted conversion degree evolution of the ES°E3°X1%° (MULTF/33DDS) ternary blend: (a) dynamic and (b) isothermal data.
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Fig. 17. Experimental and predicted conversion degree evolution of the E{Ooxgngo (TGPAP/LNZ) ternary blend: (a) dynamic and (b) isothermal data.

minimal in the chemically controlled reaction stages, whilst it is
enhanced by the onset of diffusion phenomena which have not been
taken into the model. These findings confirm the reliability of the FRS
model to predict any intermediate reaction behaviour for ternary matrix
systems starting from constitutive models of the binary materials.

Figs. 15-19 compare the predicted degree of cure to the calorimetry
data for all the investigated ternary systems with equal distribution of
constituent fractional groups. The prediction is satisfactory in the
chemically-controlled region, whilst it tends to deviate from the exper-
iment when diffusion starts playing a dominant role towards the end of
the reaction under isothermal conditions. The average error in degree of
conversion ranges between 2.6% and 6.4% for the TGPAP/DDS and
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TGDDM/DDS matrix sets respectively. The major deviations resulting in
the E{%°X3°Y3° blend of the TGPAP/LNZ group and in the E}?°X3°Y3°
blend of the TGDDM/DDS group, as shown in Figs. 17 and 18 respec-
tively, mirror the fitting of the binary systems kinetics for these sets with
an average error in degree of conversion of 3.9% and 6.4% respectively.
This is also evident in the E3°E3°X]% blend of the MULTF/33DDS matrix
set shown in Fig. 16 where the weighted contribution from the E}%0x1%0
binary blend of the TGDDM/DDS group influences the trend in the
isothermal profiles which results in a 3.5% average error. Compared to
the TGPAP/DDS group, the addition of a thermoplastic component in
the TGPAP/DDS/TP group results in a milder evolution of the cure. As
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Fig. 18. Experimental and predicted conversion degree evolution of the E;OOXE{’OY?O (TGDDM/DDS) ternary blend: (a) dynamic and (b) isothermal data.
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shown in Fig. 15 for the E1°°X3°Y3° blend of the TGPAP/DDS set and in
Fig. 19 for the E1%°X3°Y3°TP of the TGPAP/DDS/TP set, the prediction
reproduces the experimental progress of the cure successfully. In both
cases, the average deviation on degree of conversion is around 2.6%.

The results presented demonstrate that the FRS methodology pro-
vides a valid approximation and can be used as part of the formulation
process. This approach overcomes the complexity associated with
mechanistic modelling, whilst further enhancing kinetics phenomeno-
logical modelling by introducing an explicit connection to matrix
composition. The proposed methodology allows to adjust the cure re-
action characteristics of a ternary formulation focusing on a weighted
superposition of the reaction rates of its individual-pair constituents.
Reactivity and time-to-react of complex matrix formulations can be
tailored in an automated fashion tuning the constituent fractions of in-
dividual epoxy/amine blends with different molecular weights and re-
activities. The FRS methodology can be applied to any type of
phenomenological cure model incorporating more mechanisms and
diffusion control terms. Furthermore, the FRS approach has the poten-
tial to be extended to non-epoxy formulations.

4. Conclusions

The proposed cure kinetics methodology establishes an explicit
connection between material chemistry and material modelling over-
coming traditional limitations of standard cure kinetics phenomeno-
logical techniques and reducing experimental effort and development
time for resin formulation. The Formulation Ratio Superposition (FRS)
approach has been demonstrated to approximate satisfactorily the ki-
netics of ternary blends over a wide variety of amine/epoxy systems.
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Matrix formulations can be tailored to specific design requirements
controlling reaction intensity and time-to-react by changing the con-
stituent functional group fraction. The characterisation of the binary
blend cure kinetics and the parameterisation of the matrix constituent
functional groups provide greater design flexibility, as complex matrix
formulations can be tailored to improve toughness, damage tolerance
and environmental stability. This cure kinetics modelling strategy could
also be extended to matrix systems with more than three constituents
and potentially support the development of bespoke raw chemicals with
an intermediate behaviour. The FRS approach is also potentially useful
to manage matrix exothermic risk by adapting the formulation to spe-
cific composite laminate thicknesses and spanning the reaction progress
across a convenient temperature range. In this perspective, the FRS
model can be integrated in a thermal cure process simulation and
component cure optimisation algorithm to identify efficient matrix
formulations suitable for high-rate cure cycles that minimise potential
process failures due to temperature overshoots.

Dataset
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