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ABSTRACT: Over the last few years, scientists have developed new ways to overcome the recycling issues of conventional
thermosets with the introduction of associative covalent adaptable networks (i.e. vitrimers) in polymer materials. Even
though various end-use vitrimers were already reported, just few of them targeted high performance industrial applications.
Herein, we develop a promising high-performance epoxy vitrimer based on a commercially available resin widely used in
aeronautics with the highest glass transition temperature (Tg) of 233°C ever reported for a vitrimer. A complete study of its
physico-chemical properties and cure kinetics was conducted enabling the construction of the first time-temperature-trans-
formation (TTT) diagram reported in the literature. This diagram allows a full determination of the processing and curing
parameters leading to the manufacturing of vitrimers samples by Resin Transfer Moulding (RTM) process. The reshapability
and limits therefrom of this high Tg vitrimer was evaluated by three successful thermoforming cycles without degradation.

1. Introduction

Aeronautics uses more and more thermosets for high per-
formance applications (e.g. structural parts such as fuselage
or wings) owing to their exceptional durability and struc-
tural integrity.! They are also commonly used in many other
areas such as transportation or energy (e.g. wind turbines).
In many applications, there are usually combined with rein-
forcements such as carbon or glass fibres (fibre-reinforced
polymer composites (FRPC)) which exhibit very competi-
tive strength/weight ratio that can outperform metal mate-
rials in many settings. Current recycling processes use ther-
molysis,?? solvolysis*> or other methods®’ to degrade the
polymer matrix from a composite part, so that the reinforce-
ments can be reclaimed and reused, but mostly with altered
mechanical properties.® Therefore, these fibres cannot be
recycled several times and used for the same applications
as they were initially intended for.510

In the last few years, the scientific community has devel-
oped new approaches to overcome the difficulty of recycling
thermosets matrices by either introducing cleavable bonds
into the polymer matrix (but with often detrimental loss of
properties) or by replacing the permanent bonds with

dynamic analogues. The later strategy involving dynamic
bonds endows these polymer materials with new proper-
ties such as reprocessability, healability and recyclability.
Among the large research thematic dealing with dynamic
materials, vitrimers appear as a promising alternative gath-
ering the advantages of thermosets with good mechanical
characteristics and viscous flow at high temperature. Vitri-
mers properties are induced by an associative exchange
mechanism in the polymer network which maintain the
cross-link density constant during thermal activation with
an unchanged number of chemical bonds through the repro-
cessing procedure.!! This confers to vitrimers similar char-
acteristics to those of vitreous glass at high temperature (i.e.
Arrhenius dependence of viscosity with temperature) facil-
itating healing and reprocessing without the need of precise
temperature control.

Since then, a strong enthusiasm has emerged from the
composite community to implement the recently developed
dynamic chemistries for industrially relevant composites
parts. For a more exhaustive report on vitrimers compo-
sites, the reader is directed to our recent review!? and some
other related reports.’314 Among the many different chem-
istries implemented or purposely developed by



chemists!t15-17 for vitrimers, only few of them were used in
the context of composites: transesterification,!81° transam-
ination of vinylogous urethanes,202! disulfide ex-
changes,?223 and imine exchanges,?4?> to name the most
popular ones. This poor diversity is strongly connected to
the limited large-scale commercial availability of dynamic
chemical precursors preventing the use of sophisticated
chemical platforms. Besides simple availability considera-
tions, their implementation in practical industrial applica-
tions is not straightforward, especially for aeronautics
where the qualification process is very strict and lengthy.
For some aeronautical applications, a high glass transition
temperature (>200 °C) is one of the most important charac-
teristics to consider. However, only few recent reports fulfil
this criterion2627 with most of the reports exhibiting T, be-
low 170 °C.28-30 Ruiz de Luzuriaga and co-workers recently
developed a high T, epoxy vitrimer based on commercial
resins TGMDA (MY21) and DGBF (PY306) and compared its
properties to those of aerospace-certified resin Hexcel Hex-
Flow® RTM6 which is widely used in industry for many
decades and especially designed for resin transfer moulding
(RTM) process. 2627 However, the resulting resin afforded a
glass transition of 176 °C still well below the Ty of 220 °C of
RTM6-based thermoset benchmark. In addition, the optimi-
sation of the composite manufacturing process RTM was
not investigated. Zhang and co-workers used one of the
RTM constituents (tetraglycidyl methylene dianiline,
TGDDM) which they cross-linked by epoxy/anhydride reac-
tions affording materials with high mechanical perfor-
mance and high T, (>200 °C). 2627 However, the modification
of the crosslinking strategy from epoxy/amine towards
epoxy/anhydride considerably modified the crosslinking
procedure and network composition with the formation of
hydrolytically sensitive ester bonds. A full network degra-
dation was achieved in pure water without addition of cat-
alyst. Although being an interesting property for certain ap-
plications, it becomes crippling in the context of aeronauti-
cal specifications. From a composite manufacturing process
point of view, although a few papers reported vitrimer com-
posites produced by RTM,26:31-33 none of them studied com-
pletely the crosslinking kinetics and reactivity with a time-
temperature-transformation (TTT) diagram and the opti-
misation of the process parameters and curing cycles. TTT
diagrams3435 were developed in the mid 80’s and widely
used for thermosets, but were never reported for vitrimer
materials, to the best of our knowledge.

Therein we report a high-performance epoxy vitrimer
based on the commercial epoxy resin RTM6-236 widely used
in aeronautics and with the highest glass transition of 233
°C ever reported for vitrimers. A comprehensive cure kinet-
ics study was conducted enabling the construction of the
first time-temperature-transformation (TTT) diagram for a
vitrimer. This TTT diagram enabled the production of vitri-
mer plates by resin transfer moulding (RTM) process, and
their reprocessability /reshapability properties and limita-
tions were especially investigated.

2. Experimental
2.1. Materials

HexFlow® RTM6-2 Part A (4,4'-Methylenebis[N,N-
bis(2,3-epoxypropyl)aniline]) and Part B (4,4'-

Methylenebis(2,6-diethylaniline) 60-100%, 4,4'-Meth-
ylenebis(2-isopropyl-6-methylaniline) 30-60%) was pur-
chased from Hexcel. 4-aminophenyl disulfide (4-AFD) was
purchased from Molekula group.

2.2. Characterizations

Densities were obtained using the Density Determina-
tion Kit Sartorius YDKO3 at room temperature. The re-
ported results are averages of three measurements.

Soxhlet experiments were conducted using chloroform
at reflux temperature for 24h. After Soxhlet experiments,
the samples were carefully removed and dried in a vacuum
oven at 120°C during 24h to remove the solvent remaining.
Then, the soluble fraction was calculated according to equa-
tion [1].

Minitial — Mary

Soluble fraction (%) = x100% [1]

Minitial

Differential scanning calorimetry (DSC) analyses were
performed with a DSC 25 TA instruments under nitrogen at-
mosphere at different isotherms and/or ramps in standard
mode. The modulated mode was also used with the follow-
ing parameters: ramp 2°C/min, period 120s and amplitude
x1°C.

Thermogravimetric analyses (TGA) were performed
with a TG 209 F3 Tarsus Netzsch under air at a heating rate
of 10°C/min from 30°C to 900°C.

Rheological analyses were performed with a rheometer
MCR 302 Anton Paar. Oscillatory measurements using par-
allel plates of 25 mm diameter with a gap of 0.5 mm, an an-
gular velocity of 10 rad/s and a strain of 4% were typically
used (in the linearity zone).

Dynamic Mechanical Analyses (DMA) were performed
with a DMA+ 100 Metravib under air at a heating rate of 3°C
from 25°C to 280°C. Measurements were performed in ten-
sile mode with a static strength of 2N, a frequency of 1 Hz, a
displacement of 15 um (in the linear viscoelastic region) on
rectangular samples measuring 40 x 6.00 x 1.20 mm. The
reported results are averages of three measurements.

3 point flexural tests were performed with an INSTRON
4466 and an adapted 3 point flexural bench in accordance
with the ISO 14125 standard, 3 samples per system.

Stress relaxation experiments were performed with a
hybrid rheometer HR20 TA Instruments under air at differ-
ent isotherms. After reaching the requested temperature, a
waiting time of 15 minutes was set for the system to reach
the equilibrium before applying the strain. Measurements
were performed in 3 point flexural mode with a strain of
0.5% on rectangular samples measuring 40 x 6.00 x 1.10
mm.

2.3. Synthesis of RTM®6 vitrimer

The RTM6-2 reference epoxy network was prepared fol-
lowing the recommendations of Hexcel: the weight ratio be-
tween the RTM6-2 part A and part B was fixed at 100 : 68.1.
For the RTM6-V network, the weight ratio of RTM6-2 part A
and 4-AFD was fixed at 100 : 54.5. For both systems, the
epoxy resin and the hardener were mixed and stirred at
80°C for 30 minutes to obtain a homogeneous mixture.



2.4. Manufacturing of RTM6 vitrimer by Resin Trans-
fer Moulding

After obtaining the mixture, two manufacturing pro-
cesses were used to produce plates: moulding and RTM. For
the conventional moulding, the mixture under stirring was
degassed at 70°C for 20 min in a vacuum chamber and
poured in a mould, then cured at 180°C during 90 minutes
for the RTM6-2; and 170°C during 90 minutes for the RTM6-
V. The dimensions of the plates obtained were 150 x 40 x 2
mm.

The RTM manufacturing unit is comprised of an injection
unit I[sojet and a heat press Enerpac to maintain the mould
closed. Furthermore, the mould, made of stainless steel with
different gaps to control the final plate’s thickness contains
1 injection port and 1 vacuum port on opposite sides (Fig-
ure S1). The final plates obtained measured 300 x 300 x 4
mm.

3. Results and discussion

One of the objectives of this work is the construction of a
TTT diagram which is of paramount importance to set the
parameters of industrial manufacturing processes such as
RTM. To do so, the chemical structure of the RTM6-2 part A
(epoxy resin) and part B (permanent hardener) was studied
in order to select a dynamic hardener compatible with the
RTM6-2 part A chemistry and commercially available. The
use of aromatic amine for the dynamic hardener was an im-
portant prerequisite in order to reach a similar reactiv-
ity/cure kinetics to the one obtained with RTM6. Hence, 4-
AFD (4-aminophenyl disulfide) was selected as dynamic
hardener and its reactivity with RTM6 epoxy resin was
deeply investigated and strictly compared to the permanent
hardener reference (RTM6-2 part B), Figure 1. The dynamic
properties are introduced through the disulfide linkage em-
bedded within the dynamic hardener which undergoes both
associative and dissociative mechanisms at high tempera-
ture through a radical-mediated mechanism.3738 The gen-
eral synthetic routes to obtain both types of networks are
described in Figure 1.3° Because the difference of structure
may lead to non-negligible differences in reactivity and
change in viscosity, this aspect is deeply investigated in the
following sub-section.
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Figure 1. Reactions occurring between (1) RTM6-2 part A
(epoxy resin) and (2) RTM6-2 part B (permanent hardener) to
obtain (3) reference epoxy thermoset RTM6-2. The reaction
between (1) and (4) 4-AFD gives (5) RTM6-V network.

3.1. Crosslinking kinetics and TTT diagram

To build and determine the cure kinetics model and its
parameters, the crosslinking kinetics of the RTM6 vitrimer
(RTM6-V) and RTM6-2 permanent analogue were evalu-
ated by rheological experiments and DSC analyses. First, the
complex viscosity n* (at 10 rad.s-1) was determined at typ-
ical processing temperature since a low complex viscosity
(< 1000 mPa.s) is mandatory for RTM process. For both
mixtures, a complex viscosity lower than 1000 mPa.s was
obtained at temperatures from 110°C up to 160°C for
RTM6-V and RTM6-2 (Figure 2).
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Figure 2. Complex viscosities as a function of time for different
isotherms (130°C to 160°C) for the RTM6-V compared to the
RTM6-2.

A faster reactivity is clearly visible (Figure 2) for RTM6-V
with a complex viscosity of 103 mPa.s reached after 27 min
compared to 150 min for the RTM6-2 permanent analogue
(130 °C). In addition to viscosity, the gel times were also de-
termined in this temperature range*? (Figures S2, S3 and
Table 1). A similar trend was observed with a significant de-
crease of gel times by a factor of 5 for the vitrimer. Owing to
the higher reactivity of 4-AFD vs RTM6-2 part B, the curing
procedure of RTM6-V is faster than typical RTM6-2 for com-
parable temperatures or could be purposely conducted at
lower temperatures to reduce the overall manufacturing
process costs.

Table 1. Gel times in minutes for different isotherms for
RTM6-2 and RTM6-V.

Curing isotherm 130°C 140°C 150°C 160°C
RTM6-2 193.3 1224 80.0 54.1
RTM6-V 34.5 21.5 15 10.5

Different DSC experiments were also conducted. Firstly,
isothermal DSC experiments were performed at different
temperatures for RTM6-V and RTM6-2. Then, the changes
in the degree of conversion as a function of time were calcu-
lated using equation [2]:
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With a the degree of conversion, the integration from 0 to
t represents the enthalpy of reaction at a specific time and
AHr the total reaction enthalpy. Secondly, isothermal DSC
curves were used to identify the parameters of a phenome-
nological Kamal-Sourour model*! defined by equation [3]:

da _ m n
E— (kg + kya™)(1 - a) [3]

With da/dt the reaction rate, k; and k2 the reaction rate
constants following an Arrhenius-type dependence on tem-
perature [4], a the fractional conversion and m and n the re-
action orders. This law has been used several times in the
literature to model the polymerisation of epoxy resins.#2-45

k;(T) = Aje®™ i=1;2 [4]

With A; the pre-exponential factor, E: the activation en-
ergy of the system following an Arrhenius law, R the univer-
sal gas constant and T the curing temperature. The param-
eters of the Kamal-Sourour model were identified on the
isothermal curves using a Nelder-Mead simplex direct
search.*647 The objective function of this unconstrained
multivariable optimization is the normalized difference be-
tween the numerical solution and the experimental data.
The fitting line equation (Figures S4 and S5) of the opti-
mized set of parameters were then obtained to determine
the activation energies and the pre-exponential factor of the
rate constants. Regarding the reaction order m, it does not
follow any significant temperature trend and is rather con-
stant, and this whatever the temperature of the DSC isother-
mal scans. Therefore, the mean value was taken to obtain a
global modelling of the system. However, this is not the case
for the reaction order n, which linearly increases with tem-
perature. The information on parameters of the global
Kamal-Sourour model obtained for RTM6-V is gathered in
Table 2 compared to the standard RTM6-2 system.

Table 2. Parameters of the global Kamal-Sourour model
for RTM6-V compared to RTM6-2.

RTM6-2 RTM6-V
Ay (s) 6.99.104 5.96.105

Ay (s1) 1.12.105 3.47.10

E; (KJ.mol1) 73.93 73.75

E, (kJ.mol1) 63.81 51.88

m 1.41 1.76

n 0,0145*T-1,21  0.0083*T+0.26

Afterwards, the experimental data were compared to the
identified Kamal-Sourour model for RTM6-V (Figure 3) and
RTM6-2 (Figure S6) as a comparison.
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Figure 3. Conversion curves as a function of time during the
curing at different isotherms for RTM6-V.

Even though this model is based on isothermal curing, it
could be extended and applied to dynamic curing with dif-
ferent heating ramps from 1°C/min to 10°C/min with satis-
factory fitting for both networks (Figures S7 and S8). It is
important to note that the pre-exponential factor A: and Az
are strikingly different for RTM6-2 and RTM6-V. A stronger
contribution of A1 compared to A: is observed for RTM6-V
implying a strong dependency towards initiated and cata-
lysed reaction from H-donor molecules with no or low in-
fluence of internally catalysed reactions from generated hy-
droxyl groups. In contrast, RTM6-2 shows a balanced con-
tribution of both reactions. This difference could explain the
higher reactivity of 4-AFD compared to RTM6-2 part B es-
pecially at low conversion.

The correlation between the gel times (Table 1) obtained
at different isotherms with oscillatory rheological and iso-
thermal DSC experiments (Figure 3) led to the determina-
tion of the specific degree of conversion to a change from a
liquid to a gel state of the resins, and considered independ-
ent of temperature (Table 3). age values obtained lay within
the usually found ager range for epoxy thermosets.*8

Table 3. Specific degrees of cure age obtained at differ-
ent curing isotherms for RTM6-V compared to RTM6-2.

Curing isotherm 120°C  130°C 140°C 150°C

A gel RTM6-2 - - 0.71 -
0.50 0.53 0.53 0.60

agel,vitrimer

160°C 170°C 180°C [ 7%
0.73 0.72 0.78 0.74 £ 0.03
0.66 - - 0.56 + 0.06

Furthermore, Ty can be linked to the degree of conversion
using the Di Benedetto’s equation*® [5]:

Aa

Ty =Ty + (Tgoo — Tgo).m



Where Ty and Ty are respectively the glass transition
temperatures for the uncrosslinked (a = 0) and fully cross-
linked (a = 1) polymer, and A a structure-dependent param-
eter. Theoretically A is equal to ACpw/ACpo, where ACpe and
ACpo are the differences in heat capacity through the glass
transition for a fully cured and uncured systems, respec-
tively. Isothermal DSC experiments were conducted and in-
terrupted at different times in order to determine Ty and the
residual heat of reaction AHes (i.e. conversion calculated
with [6]) for each experiment.

a=1-——— [6]

A was determined, thus giving access to the evolution of
Ty as a function of the degree of conversion for both net-
works (thermoset and vitrimer),Figure 4.
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Figure 4. Experimental and Di Benedetto’s model curves for
RTM6-2 and RTM6-V.
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Figure 5. TTT diagram of RTM6-2 (left) and RTM6-V (right).

Finally, the results were combined into so-called TTT
(Time, Temperature, Transformation) diagrams widely
used for thermoset polymers and especially for epoxy res-
ins.3* The TTT diagrams of RTM6-2 as a reference and
RTM6-V are presented Figure 5.

TTT diagrams are important as they illustrate in one
graph the critical temperatures and material state modifica-
tions that are taking place during crosslinking (gelation, vit-
rification, complete crosslinking and degradation). This in-
formation can then be used to define the parameters of the
manufacturing process, but also to determine an optimized
curing cycle.

The conventional TTT diagram is usually comprised of 3
types of curves: vitrification, gelation and isoconversional
curves. The vitrification and gelation curves represent the
border between the different states of the thermoset/vitri-
mer resin during a curing cycle. More precisely, the vitrifi-
cation curve is reached when Ty is equal to the isothermal
curing temperature (Tcur). ISoconversional curves (herein
from a = 0.1 to @ = 0.99) indicate the increase of the conver-
sion degree during the curing cycle, but can also be very
useful to set a limit of temperature/time for the manufac-
turing processes. Herein, the isoconversional curves were
plotted before reaching vitrification. Indeed, after this point
the model used could not be extrapolated to the glassy do-
main since the cure kinetics becomes very slow and the re-
action is diffusion-controlled. Furthermore, the TTT dia-
gram includes the glass transition temperature of the un-
cured (Tgo) and fully cured (Tyw) resin, but also Tyger. Tggei is
defined as the intersection point between gelation and vit-
rification curves and was calculated using the Di Bene-
detto’s equation [4] with a = ager.
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As noticed before, these diagrams confirm the faster
crosslinking kinetics of RTM6-V compared to RTM6-2 refer-
ence network. For instance, at a curing temperature of
180°C for RTM6-2 it would take around 31 minutes to reach
a curing degree of at least 0.9 while it would only take 8
minutes for the RTM6-V. In addition to the sought repro-
cessing properties, this could have a real positive impact on
the manufacturing cost, directly linked to temperature and
curing time to produce polymer and composite parts ena-
bling energy savings.

As previously mentioned, a viscosity below 1000 mPa.s is
necessary for injection. In that regard, manufacturing sys-
tems must be heated to reach sufficiently low viscosity, but
this increase in temperature initiates polymerisation which
results in shorter time frame to manufacture parts. There-
fore, a compromise should be found between the viscosity
needed to produce a specific part and the time needed for
the manufacturing process before curing. Preliminary stud-
ies and TTT diagrams enabled the resin injection pressure
and curing temperature paths to be determined (Figure 6).
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Figure 6. Injection and curing profile of RTM6-V. 1 Degassing in
the vacuum chamber at 70°C and 15 mBar during 20 minutes.
2 Filling in the mould (120°C) at 0.1 MPa (1 bar) + post filling
at 0.2 MPa. 3 Heating ramp from 120°C to 170°C at 3°C/min. 4
Isotherm curing at 170°C during 90 minutes. 5 Cooling ramp
from 170°C to 30°C at 3°C/min.

A temperature of 70°C in the RTM injection pot (Figure
6.1) was thus selected for RTM6-V and RTM-2 analogue giv-
ing more than 3 hours and more than 15 hours for the out-
gassing and injection process, respectively. During the in-
jection step, the resin temperature is gradually increased to
120°C (Figure 6.2) thanks to a heating jacket around the in-
jection tube (Figure S9). This elevation of temperature was

necessary to decrease the resin viscosity and hence facilitat-
ing the resin injection in the mould cavity. After the mould
filling, a post filling at a higher pressure was performed to
avoid the presence of porosities. Finally, a heating ramp
from 120°C to 170°C (RTM6-V) and 180°C (RTM6-2) at
3°C/min was applied (Figure 6.3) and then a curing iso-
therm during 90 minutes (Figure 6.4). Afterwards, the
mould was cooled down at 3°C/min to ambient tempera-
ture, and the plates were removed from the mould. Two
plates for each system were produced with dimensions of
300x 300 x 4 mm.

3.2. Physico-chemical and mechanical properties

Different analyses were conducted to characterize the
physico-chemical properties of both networks (Table 4).
Samples were taken on plates manufactured by conven-
tional moulding and RTM, and identical properties were ob-
tained. From now, all results presented for cured samples
come from plates manufactured by RTM following the pro-
cess parameters presented in section 2.1. In addition, the ar-
omatic structure of the 4-AFD is relatively close to the struc-
ture of the permanent hardener, thus a high Ty (>200°C) is
in principle expected. However, some differences may have
a significant impact on the final material properties. For in-
stance, the RTM6-2 hardener (Figure 1.(2)) consists of 3-di-
ethyl substituents which are not present in the 4-AFD
(Figure 1.(4)). This means that RTM6-2 network should ex-
hibit higher free volume than RTM6-V analogue with possi-
ble impact on network density and Ty Therefore, the den-
sity was verified for both materials on three samples and
the results are listed Table 4.

As theoretically expected, a higher density was obtained
for the RTM6-V with an obtained value of 1.267 compared
to 1.145 for the thermoset reference. The density of the ref-
erence network corresponds to the one given by the tech-
nical datasheet of RTM6 resin manufacturer3¢ and the in-
crease of density with the use of 4-AFD was also noticed by
Ruiz de Luzuriaga et al.2¢ The 10% increase in the density of
RTM6-V system can be somewhat penalizing for aeronauti-
cal applications where engineers always aim to lighten
parts and structures, but this could be compensated with all
the benefits of vitrimers compared to conventional thermo-
sets.

The thermal stability of RTM6-V is a key parameter for
processing and reprocessing the vitrimer. TGA measure-
ments of the onset degradation associated to a 5% mass loss
is observed at 291.4°C for the vitrimer while the reference
is stable up to 319.9°C (Figures S12 and S13). This decrease
of thermal stability for RTM6-V is likely due to the presence
of the disulfide bonds as described in the litterature.??

Table 4. Physico-chemical properties of RTM6-2 and RTM6-V obtained by: a. Soxhlet; b. DSC; c. DMA; d. TGA. E’ values

were taken at 30°C.

Density Gel content (%)a Tgo [°C]p Enthalpy Exothermic Tgw[°C]lb T« [°C]c E’[GPa]c Ta[°Cla
/gl peak [°C]p
RTM6-2  1.145+0.003 0.15 -16.7 496.1 242.0 222.5 233.6+x 258+ 319.9
2.0 0.17
RTM6-V  1.267 £0.001 0.85 -10.6 589.0 200.5 232.5 2431+ 2.71+# 291.4

1.0 0.12



From DSC measurements (Figures S10 and S11), compa-
rable glass transition temperatures were obtained for both
networks but with an enthalpy of crosslinking largely in-
creased for RTM6-V (+93 ]J/g). In addition, the exothermic
peak has been lowered by more than 40°C for the vitrimer
showing again that cross-linking reactions occurred at
lower temperatures.

Dynamic mechanical analysis (DMA) was also carried out
on cured resin samples (Figure 7) to study the influence of
the dynamic hardener on the storage modulus and the alpha
temperature (T.). The a peak is the main mechanical relax-
ation and corresponds to the mechanical manifestation of
the glass transition with T. being the corresponding tem-
perature at the a peak.
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Figure 7. Dynamic mechanical analysis (DMA) for a 3°C/min
ramp from Tamb to 280°C for RTM6-2 and RTM6-V.

The storage modulus E’ of both systems was identical and
the T« slightly increased for RTM6-V meaning that the use
of 4-AFD as hardener did not affect these properties. The
width of the T« peak is also similar implying comparable ho-
mogeneity of the networks. In contrast, the decrease of T«
height suggests a more elastic network for RTM6-V than
RTM6-2.

Furthermore, 3 point flexural test were chosen to charac-
terise the mechanical strength of RTM6-V compared to
RTM6-2 reference network (Figure 8).

140

——RTM6-2 RTMG-V

120 4

100 4

o
o
L

Flexural stress (MPa)
= o
[=] (=]
. |

20

0 T T T T T
0 1 2 3 4 5 6
Strain (%)

Figure 8. 3 point flexural stress (MPa) as a function of strain
(%) for RTM6-V compared to RTM6-2.

Indeed, this test reflects the ability of the samples tested
to withstand compressive, tensile and shear constraints and
is best suited for the reprocessing by thermoforming of
RTM6-V described in the next section. The maximal flexural
stress (Omax), strain (€max) and flexural modulus (Er) are re-
ported Table 5.

Table 5. Mechanical properties obtained by 3 point flex-
ural tests for RTM6-V compared to RTM6-2.

Omax (MPa) Emax (%) Ef (GPa)
RTM6-2 118.7+4.6 542+051 2.94+0.03
RTM6-V 1104+6.6 457+0.66 3.34%0.17

The maximal flexural stress obtained for both networks
is identical and corresponds to high performance polymers.
For RTM6-V, a lower strain and a higher flexural modulus
indicates a slightly stiffer network; which should not have a
significant influence on the mechanical properties of com-
posites produced using this matrix.

3.3. Reprocessing of RTM6 vitrimer

The main issue with such high Ty, vitrimers is the repro-
cessing temperature frame. Indeed, to activate the dynamic
bonds and have enough polymer-chain mobility, the repro-
cessing temperature needs to be higher than Tgand lower
than the degradation temperature Ta. If Ty is too close to T,
it might be not possible to fully reprocess the material with-
out degrading it.

Following the TTT diagram of the aforementioned RTM6-
V, unreinforced RTM6-V plates produced by RTM were
tested. Stress-relaxation experiments were conducted at an
isothermal temperature of 245°C to highlight the repro-
cessability of the vitrimer (Figure S14). This temperature
was chosen above Ty and below Tq to avoid as much as pos-
sible any degradation of the materials. In a very short time,
RTM6-V could fully relax the stress giving a relaxation time
T* of around 50 seconds.

After validating the stress relaxation of RTM6-V, its re-
processability was investigated. Generally, two main differ-
ent ways to reprocess vitrimers are studied: mechanical
grinding followed by reprocessing in a mould to obtain a
new plate, or reshaping by thermoforming to obtain the
same plate reshaped.

Firstly, RTM6-V plates were ground into flakes, poured
into a stainless-steel mould inserted into a hot press. The
temperature, time and pressure are the parameters to opti-
mize in order to obtain the best reprocessed plates. Despite
different settings studied, it could not be possible to repro-
cess the RTM6-V plate without starting to degrade it due to
its very narrow reprocessing temperature window (Figure
S$15). Indeed, such reprocessing would need a longer time
or a higher temperature to obtain acceptable reprocessed
plates, which is here intrinsically not possible without deg-
radation.

Nevertheless, as RTM6-V is targeted to be used to manu-
facture composites materials using long carbon fibre rein-
forcements, reprocessing after grinding is not really



relevant as it will significantly impair mechanical proper-
ties. Effectively, changing the shape of a composite part
from a flat plate into an L-shape stiffener for reusing it for
instance is one capability of vitrimer matrices. Another in-
teresting property lies in the possibility of “self-healing” de-
lamination and cracks between the plies of a vitrimer matrix
composite stemming from a low energy impact.

Therefore, thermoforming experiments were conducted
on RTM6-V plates in 3 point bending at 245°C (Figure 9).
Every thermoforming cycle was comprised of: (i) inserting
the vitrimer flat sample into the oven at 245°C, (ii) enabling
the sample to stabilise at 245°C for 2 minutes, (iii) applying
a vertical displacement of 6 mm at a rate of 0.1 mm/s, (iv)
maintaining this 6 mm displacement for 1 minute enabling
thus internal stresses to be relaxed, (v) the samples are
taken out from the oven and freely cool down to room tem-

perature.
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Figure 9. Reshaping of an RTM6-V sample (bottom) in a few
seconds thanks to its dynamic exchanges (top).

The L-shape samples obtained by 3-point bending are
taken back to their initial flat shape by putting them back in
the oven at 245°C and mechanically cancelling their deflec-
tion. This corresponds to a whole duration of 8 minutes of
thermoforming (R1). This thermoforming process was ap-
plied up to 3 times to the same sample in order to assess its
reforming ability several times in a row, respectively R2 and
R3. No visual degradation was observed during the ther-
moforming process, and this was confirmed with ATR-FTIR
curves obtained with RO (no reshaping), R1, R2 and R3 (Fig-
ures S17 and S18) even though isothermal TGA at 245°C re-
vealed a loss of mass of 2.5%, 3.3% and 4.0% for R1, R2 and
R3, respectively (Figure S16). The aforementioned samples
were stored at room temperature during 10 months and a
drying procedure in an oven highlighted a water uptake of
almost 1 wt%, meaning the mass losses recorded R1 to R3
cycles must be corrected to give 1.5%, 2.3% and 3% losses
linked to degradation by-products other than water. FTIR
measurements were conducted on both surface (Figure
S$16) and core (Figure S17) of the samples, showing for the
surface analysis the appearance of an oxidation peak at
1660 cm, which was not detected in their core. FTIR re-
sults presumably mean that this residual mass loss was not
originated from the main functional bonds of the vitrimer
network.

DMA experiments were also performed on the reshaped
samples to ensure no degradation of the mechanical prop-
erties (Figure 10). Even after 3 thermoforming cycles (R3),
the samples conserved their initial storage modulus and Te.
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Figure 10. DMA for a 3°C/min ramp from Tamb to 260°C of
RTM6-V samples reprocessed x times (noted Rx).

Thus, the thermoforming of unreinforced RTM6-V was
successfully conducted up to 3 times with no degradation
noticed by FTIR and DMA. This result suggests that despite
the tight temperature window, the reshaping of this high Ty
vitrimer was still possible opening various opportunities
for correcting/repairing industrial parts.

3. Conclusions

In summary, we have demonstrated the possibility to ob-
tain a high-performance epoxy vitrimer based on the com-
mercial epoxy resin RTM6-2 widely used in aeronautics and
with the highest glass transition of 233 °C ever reported for
vitrimers. A complete study of its physico-chemical proper-
ties and a comprehensive crosslinking kinetics study was
conducted enabling the construction of the first time-tem-
perature-transformation diagram reported for a vitrimer.
The replacement of the permanent hardener by a dynamic
analogue did not considerably modify the curing behaviour
nor the physico-chemical/mechanical properties of the re-
sulting materials, although a slightly higher reactivity was
evidenced. The TTT diagram enabled the production of vit-
rimers samples by RTM process with a full control of the
processing and curing parameters. Due to its very narrow
reprocessing window, the reprocessability by mechanical
grinding presented severe limitations. Nevertheless, the re-
shapability was highlighted by the successful thermoform-
ing of RTM6-V samples up to 3 reshaping cycles, which
could answer the needs of the composite industry concern-
ing the deformation or damages of laminated composite
parts; and therefore, drastically reduce the number of re-
jected parts. Further investigations remain to be done on
high Tg (~230°C) carbon fibre reinforced RTM6-V compo-
sites and their thermoforming ability.
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The construction of the first time-temperature-transformation (TTT) diagram for a vitrimer enabled the preparation
of high Tg epoxy vitrimers (Tg >230 °C) by resin transfer moulding
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