N

N

Thermolatent Heterogeneous Epoxy—Acid Formulation
for the Manufacture of Preimpregnated Sheets and
Composites with Vitrimer Properties
Quentin-Arthur Poutrel, Ianis Retailleau, Ugo Lafont, Olivier Damiano,

Francois Tournilhac

» To cite this version:

Quentin-Arthur Poutrel, Ianis Retailleau, Ugo Lafont, Olivier Damiano, Frangois Tournilhac. Ther-
molatent Heterogeneous Epoxy—Acid Formulation for the Manufacture of Preimpregnated Sheets and
Composites with Vitrimer Properties. ACS Applied Polymer Materials, 2023, 5 (8), pp.6095-6106.
10.1021/acsapm.3c00778 . hal-04179218

HAL Id: hal-04179218
https://hal.science/hal-04179218
Submitted on 17 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04179218
https://hal.archives-ouvertes.fr

Thermolatent heterogeneous epoxy acid formulation for manufacture

of pre-impregnated sheets and composites with vitrimer properties.

Quentin-Arthur Poutré| lanis Retailleal) Ugo Lafonf, Olivier Damian6, Francois Tournilhdt

& Molecular, Macromolecular Chemistry, and MaterialS&SPCl-Paris PSL, CNRS, 10 rue
Vauquelin, 75005 Paris, France;

PESTEC, European Space Agency, Keplerlaan 1, NL ZZB0Noordwijk, The Netherlands;

¢ Thales Alenia Space, 5 allée des Gabians, 06166e3da Bocca, France.

Author information.

Corresponding author. Francgois Tournilhac. frantmisnilhac@espci.fr orcid.org/0000-0002-
2478-0393

Author. Quentin-Arthur Poutrel. orcid.org/0000-080259-2173

Author. lanis Retailleau. https://orcid.org/0000066558-425X

Author. Ugo Lafont. orcid.org/0000-0002-4925-7240

Author. Olivier Damiano. orcid.org/0009-0005-920350

Keywords: CFRP composites; carbon fibers; epoxy vitrimeeppeg, latency.



ABSTRACT

The goal of this work is to develop carbon fibegmforced polymer (CFRP) composites showing
vitrimer properties and manufacturable by the prgpechnique. Since their invention in 2011
epoxy vitrimer matrices have shown appealing paéta produce CFRP with healing, adhesion
and recycling abilities. While techniques such esirr infusion or resin transfer moulding have
been successfully applied, production of composiigshandling of pre-impregnated sheets
requires a specific set of properties which id &itking. Starting from commercially available
monomers, we hereby investigate the design andapgpn of a thermolatent reactive
composition complient with the prepreg techniquiee Tesigned composition is heterogeneous,
being comprised of a crystalline hardener dispenseubvolac-based epoxy resin. It thus offers i)
latency and the required viscosity profile for imgnation of carbon fibers around 100°C; ii)
chemical inertness and tackiness for storage andling at room temperature, and iii) awakened
reactivity for cure at higher temperature (>130°The whole CFRP composites manufacture
(from resin mixing, impregnation and composite egjiwas transferred from laboratory to an
industrial environment. The resulting CFRP vitrinmmposites are investigated in regard to
mechanical properties, interfacial welding, dambgaling and reprocessing through chemical

depolymerization allowing to recover carbon fibkests with limited damage.



Introduction

Modern composites, comprised of a polymer matrid ibers (carbon, glass, polyamide, etc.)
are widely used in demanding applications such wenaotive, aerospace, building, sporting
goods, boats, efc® These composites, called fibers reinforced polgnERP) often incorporate
an epoxy based polymer as matftikhe assets of the epoxy chemistry are i) the wadhge of
commercially available resins and curing agents wittually infinite combinations thereof, ii) a
state of low viscosity before curing, permittindi@ént impregnation of fibers and iii) curability
without solvent, with almost no shrinkage and withby-product$:®> The existence of a liquid
state before curing is of utmost practical impoctaas it determines the suitability of the system
to be implementated by any manufacturing methodoi®ecuring, the reactants are usually
combined as to form a more or less fluid mixtureing the possibilities to be processed in
various manners such as infusion, resin transfeulaimy, as well as assembly of pre-
impregnated filaments or sheets. Epoxy resins havs wery well suited for manufacturing
complex and high quality parts but they come wité inherent drawbacks of thermosets: repair
is not possible, assembly of composite parts requgtuing or bolting, inducing weight increase
in lightweight structures or even compromising thechanical properties of those structires.
Moreover, in current time (2023), the environmerdgatl economic impact of such thermoset
structures is questioned. The chemically crosstinkature of such polymer matrices makes them
hard to recycle, giving choice of either waste lagd incineration, pyrolysis, or using harsh
chemicals to attack the polymer mattifn top of being energetically intensive, those/céng
techniques damage fibers making them only usabtéenform of short strands, degrading the

most expensive component of FRP composites.



In this context, vitrimers constitute an interegtaiternative to regular thermosétgitrimers are
fully crosslinked chemical networks, yet able teleange bonds upon thermal excitation. Unlike
chemically adaptable networks where bonds are sasible, being opened and closed by
effect of temperature, bonds in vitrimers are saichangeable, meaning the topology of the
network can change but the number of links in tlystesn is constarit® Vitrimers are
intrinsically insoluble, like thermosets but hahe ability to flow upon elevation of temperature,
unlike thermosets. The link-exchange ability ledds attractive properties such as stress
relaxation, controlled creep, healing, reprocessorgeven chemical depolymerization in
relatively innocuous solvents.§., ethylene glycol) presently investigated througheziment
and simulationg*/

The vitrimer concept was first demonstrated on gpostworks. Notwithstanding the existence
of alternative chemistr{, % the epoxy route remains the straightforward opfir transfer of
the vitrimer concept in structural composite apgiens. Proof that epoxy vitrimers are a suitable
matrix for FRP composites was made several tithé§?° Chabert et al. produced vitrimer
matrices with exchangeable ester links arifl,aalue > 100°G* Composites containing more
than 50 vol% of continuous glass fibers showed Highding strength and repeated welding
ability while their mechanical properties were cargble to those of non-vitrimer control
samples. Odriozola and coll. investigated reprangsseparation and recycling of glass-fiber
reinforced composites using an epoxy-amine matiik @xchangeable disulfide linkS.In these
works, composite plates were manufactured fromtireaixtures showing an initial viscosity
of no more than a few Pa.s as to be implementegdiy transfer moulding. Odriozola and coll.
additionally reported the assembly of multilayeysdompaction of fully cured sheets. Although

nicely illustrating the original properties of vitrers, fully cured impregnated sheets have the



disadvantage of showing no tack and therefore, glosess does not allow precise positioning
comparable with handling of classic prepregs. Raep& and recyclable woven carbon fiber
reinforced composites were also reported usingeable polyimine network€ These materials,
can show a Jup to 135°C and are sometimes also called vitsmEnese are however networks
made up of condensed small molecules (aldehydepramdry amines) as to form imine bridges.
The imination reaction is not a ring opening reactit produces water that has to be stripped out
during the condensation. Furthermore the drawbddkime (or Schiff base) compounds, well
known for their uses in the past in liquid crystadstheir inherent chemical, thermal and photo-
physical instability’>>*

Aforementioned epoxy vitrimers compositions wellenghde from a homogeneous mixture of a
so-called resin (the epoxy monomer) and the otkactant, called hardener. Desirably, the
hardener is well molten and homogeneously mixedoalse poured or injected within a few
minutes and reacted shortly after. This makes sehea preparing bulk samples or composites
through injection, infusion or resin transfer teicjues where sedimentation or separation of
components may lead to inhomogeneity in the cuystem. In the prepregs case, the resin has to
be impregnated and stored for occasionally a venygltime before lay-up. Having a
heterogeneous, yet homogenizable formulation mag tmite to obtain tackiness and latency at
ambient temperature and awakened reactivity atemigamperature. Hence, we turned our
attention to recent vitrimer formulations using @hhmelting point crystalline harden&r?
Those networks proved to work with the vitrimer ehgtry producing high glass transition
networks, suitable to FRP composites. When attergpto transfer such formulations from
laboratory to a larger scale workshop or factdng, key point is the knowledge of the operating

window, including the viscosity profile, chemicabroversion and exothermicity issues, as a



function of temperature and time. Here, we inveddgthe capacity of such heterogeneous
network, comprised of a viscous epoxy-novolac resid a crystalline dicarboxylic acid, to show
i) a low viscosity (< 100 Pa.s, preferably < 10sp&r impregnation of high volume fractions of
fibers and latency (one or a few hours) at imprégnatemperature, ii) virtually no reactivity
over weeks at the so-called storage temperatuegefably room temperature, or below) and iii)
fast reactivity at a temperature higher than thpregnation one, giving rise to a homogeneous
polymer matrix, but desirably as low as possibles@vations combining thermalized ATR-IR
spectroscopy, optical microscopy and rheology aeiito determine the physical and chemical
state at any step of the process. Processing camslihus developed in the laboratory were then
passed to a subcontractor to realize large pregmated samples (at the?’rscale) on an
industrial platform. After impregnation, layup aadring, the subsequent carbon FRP composites
was mechanically tested and compared to classieainoset CFRP. The panel was further tested
to demonstrate original properties connected tovitnener nature of the polymer matrix such as

healing, adhesion and reactive depolymerization.

Experimental procedures

Materials

An epoxy-novolac resin, poly[(phenylglycidyl ethed-formaldehyde] with an average

functionality of 3.6 epoxy functions per molecuRRPGEF (Epalloy 8830 from Huntsman Ltd)
type was chosen for its tackiness at ambient teatyier and low viscosity when heated, allowing
lay-up and impregnation. Moreover, novolac resifso goroduce high density crosslinked
networks resulting in high glass transition tempae polymers (> 120°C) usually favoured for

CFRP composites. The hardener is a crystalline'lolieglic acid (Cyclohexane-1,4-dicarboxylic



acid, CHDA from Abcr) with high melting temperatute limit potential curing at ambient
temperature thus offering long latency, promotorgéiroxyl-ester links (exchangeable bonds
and functions) responsible for vitrimer propertig®nding and reparability). A high melting
temperature catalyst (allowing to trigger the exgeupon heating) was also chosen to limit
cure at ambient temperature (zinc acetylacetonadeate, Zn(acag)from Abcr). Structure and
properties of the aforementioned chemicals arengimeTable 1. Octanoic acid was obtained

from Alfa Aesar. All chemical were used as receivwetthout further treatment.

Table T Chemical structure and properties of the thrempmunds used in the preparation of

latent reactive mixtures.

Monomers Epoxy Hardener Catalyst

Name®  PPGEF CHDA Zn(acag)
Yy
0]
(@) (@) [0) o 0@ .
FOI’mU|a f}[ /% © Ho%(OH H3C)]\)\CH3 Zn“". x H0
fHCT GPHCT |
N N N

(o)

n=3.6®
Molar mass 171-183 g/mof? 172.18 g/mol  263.59 g/mol
Viscosity (52°C): Melting T°: Melting T°:
Properties
20-30 Pa.® 164 - 167°C  135-138°C
Suppliers Huntsman Ltd. Abcr Abcr

(1) PPGEF: poly[(phenylglycidyl ether)-co-formaldele], CHDA: Cyclohexane-1,4-
dicarboxylic acid, Zn(acag)Zinc (Il) acetyl acetonate hydrate. (2) Epoxy igglent weight. (3)

Manufacturer's specification



The chosen carbon fiber is of the plain weave wedional (UD PW) type with a nominal
weight of 160 g/rh As the impregnation is to be performed manualpure unidirectional tape
is not suitable as individual tows need to be helgether during manipulations. The selected
material (HSO3K carbon fabric G0947 D 1040 HS fridexcel Composites) is a 1040 mm wide
ribbon with 97% of HTA fiber (7.6 yarn/mm) in theawp direction, and 3% nylon wire (4
picks/cm) in the weft direction to hold all towsgtiher. Mechanically speaking, it can be

considered as a pure unidirectional tape.

Reactive mixtures

Two different compositions are hereby investigatedmely without and with the Zn(acac)
catalyst, they will be further on referred RPGEF-CHDA and PPGEF-CHDA-Zn(acac),
respectively.

For thePPGEF-CHDA composition, PPGEF (10g) was heated to 100°C ¢cedse its viscosity
(well below 30 Pa.s, see Table 1) whereupon CHD86@) was added via manual mixing (using
a stainless steel spatula) before leaving the maxtool down to ambient temperature. Whenever
larger quantities were manipulated, the same proeedvas applied using an overhead
mechanical stirrer. The slurry thus obtained, doeth small solid particles dispersed in a liquid.
For thePPGEF-CHDA-Zn(acac), composition, Zn(acag)vas handled as previously reported in
previous worké*3** The catalyst quantity was set to 5 mol% with resge epoxy functional
groups. At room temperature, Zn(agais)a powder solid, sometimes agglomerated; thegefb
was grinded in an agate mortar before being mixitil the CHDA powder. Then the mixture of
powders was suspended in the epoxy resin (prehaatdd0°C to soften it) as previously

described for the non-catalyzed composition. At thoint, the reactive mixture is ready for



impregnation of fibers. The following only concerte preparation of fiber-free specimens and
is similar for both catalyzed and non-catalyzed positions: a 30 min degassing at 100°C,
followed by a pre-cure step at 130°C for 1h, whpoeuthe initially white mixture turned to

transparent. The pre-cured resin temperature s tised to 145°C over 1h and left to cure 8h.

An 8h postcure is then applied at 180°C.

Infrared spectroscopy

Attenuated total reflection infrared (ATR-IR) speccopy was used to monitor the variation in
concentration of reactive functions and producfmx§ and carboxylic acids for the reactants,
hydroxides and ester for products) throughout tivéng process, and for studying the latency of
reactive mixtures at ambient temperature. A Brukensor 37 spectrometer equipped with a
Specac Golden Gate ATR heating cell was used ®exiperiments. More details on the infrared

analysis and spectroscopy can be found in Sl anefénence®

Rheological monitoring

An Anton Paar MCR 302 rheometer equipped with 25 dsposable plates and operating at a
constant 1 rad/s oscillatory shear was used to unedlse viscosity of the epoxy resin at different
temperatures and the evolution of the viscositthefreactive mixture during cure and detect the

occurrence of the gel point.

Thermal analysis
Differential scanning calorimetry (DSC) measuremsewere performed using a DSC Q1000

analyser from TA instruments, the enthalpy sigridhe investigated reactive mixtures have been



analysed according to the Kissinger di Benetto o@tf*” More details on this method can be
found in SI. Thermogravimetric analysis (TGA) wasfprmed using a Netzsch Libra TG 209 F1
analyzer. The weight loss of the samples was medduwrm 25 °C to 600 °C at a constant rate of
10 °C/min under a nitrogen atmosphere. Dynamic ieiclal analysis (DMA) was performed
using a MCR 702 Anton Paar rheometer operatingértarsion mode at 1 rad,susing 3°C/min
ramps and 1% strain. Additional experiments usihg three point bending accessory are

described in SI.

Optical microscopy

Polarized optical microscopy observations were n@ad@ Leica DMRD microscope equipped
with a Fluotar 5x0.12 objective, Sony XCD-100CRiilgcamera and Mettler FP50 heating
stage. Mixtures of CHDA and PPGEF were placed betwe glass slide and cover slip for

temperature investigations between 80°C and 200°C.

Composites prepar ation

Carbon fibers impregnation of4targe panels was made manually in the premiséseoKalliste
Composite company (Nice France). The methodologseldeed in the laboratory to evaluate
fiber impregnation and CFRP composites was pasgetb ahe company as follow: for initial
fibers soaking, an impregnation on both sides veassidered to be optimal to maximize fibers
wetting. According to viscosity measurements andngucharacterization, all chemicals were
mixed together at 100°C, the mixture was then agpdiirectly on either side of the carbon fiber
tissue. The mixture was kept between 100°C and @Q28id spread over with the help of a

smoothing iron. The impregnated carbon fiber shieeteby obtained was then cooled down to
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room temperature and cut into smaller squares 0€m3 these squares were laid up according to
the following stacking sequence 0° / 60° / -60%//®0° / -30°. Once stacked, the multilayer
assembly was squeezed in a vacuum bag and put pregesure in an oven with the help of iron
weights. The curing conditions remained similarthose of non-reinforced polymer samples:
130°C for 1h, a 15°C/h ramp until 145°C, an isoth&r cure at 145°C for 8h. Finally, the
composite plate was postcured 8h at 180°C. Thdtiagyanel was cut into 10 cm x 2 cm
samples for further testing. The fiber content veasluated on the basis of density values
(detailed calculations in SI).

Compressive tests have been performed accordiigSiiM D3410 standard at Thales Alenia
Space facilities. Composite samples healing wa®peed in the hot press at 180°C for 1h at 0.5
bar pressure. This procedure also led to flattermthole samples to equivalent thicknesses and
prepare them for adhesion. Composite samples weldas achieved after sanding and cleaning
2.5 cnf surfaces of CFRP. Then those surfaces were presgedst each other by pairs, as to
form three lap-shear joints with an overlap are&.6fcnf. The lap shear specimens were placed
for 1h30 at 180°C in a clamp comprising two M5 s@dightened with a torque of 1.7 N.m, thus
ensuring a force of approximately 4000 N over thtaltarea of 7.5 cfn The adhesion strength
was measured with an Instron 5900 machine with agic clamps (pressure, 2 bars) at a

deformation rate of 1 mm.niih

Results & discussion
The workflow of experiments hereby reported is pnesd in Figure 1. First, reactive mixtures
are devised with suitable latency and viscositffil@®as to be spread on a dense layer of carbon

fibers and stored for long time in the form of pmgregnated sheets. Then, individual layers are

11



stacked, compressed and cured, as to form comsasitples with & 40 % volume fraction of
crossed fiber reinforcement. Then a few propertéshe composite parts are evaluated in
different conditions including some new propertiesught by the vitrimer nature of the matrix,
such as composite healing, welding and matrix depefization.
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Figure 1 Thermolatent epoxy formulation with vitrimer-likproperties: workflow from
heterogeneous preparation to chemical depolymezaand fibers recovery; 0) pre-
impregnation in the quiescent state, 1) epoxy-adiition at the curing temperature, 2) chemical

exchange by transesterification with the solvent.

Formulation of alatent pre-vitrimer composition

Strategies to impart latency in epoxy formulatiohsve been reviewed.The most
straightforward approach is to rely on the regudarhenius law and select an epoxy-based
system showing a high activation energyg. 100 kJ/mol or more. Such systems have been
designed based on supramolecular chemf&ti{High activation energy, in this case, means that

the contrast between reaction rate at high temperaind reaction rate at low temperature is
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more pronounced. The main downside of this pattinas, residual reactivity at the ambient is
small but finite and this affects the viscositytbé reactive mixture over time. Other strategies
use macro or microphase separation, or encapsulatitere, the idea is to prevent reaction by
physically separating the reactants. Dicyandian{idéCY) which is typically used for this
purpose is crystalline. This crosslinker slowlysdilves in the epoxy resin and starts to react on
heating but shows no reaction at all at room teatpee. Furthermore, with this reagent, cross-
linking takes place through a rather complex memninvolving both step and chain
polymerization mechanisms, eventually beneficial letency. Curing with DICY, allows to
reach a Tg of about 140%€ However, in the current state of knowledge, DIG¥mot be used
to produce a network with exchangeable links (FegBta). On the other hand, cyclic anhydrides
are used for this purpose because their reactiinepioxides produces exchangeable ester links.
The problem of this type of curing is that the proeld networks lack of hydroxide groups, which
are also necessary to activate the transesteitiicakchange reaction. To solve this problem, it
was recently proposed to blend the reactive mixtitk a rigid diglycol co-monomer to serves
as a hydroxide souré®.This strategy enabled to produce high-Tg epoxyydritie vitrimer
networks with accelerated relaxation potentiallitadale for CFRP composites. Yet, anhydrides
show relatively low melting points and a moderativation energy making them poorly suitable
towards formulation of thermolatent compositionsetding the idea of a monomer or
comonomer both rigid and protic but also crystalliour choice fell here on the 1,4-cyclohexane
dicarboxylic acid®3* As for the chosen resin, it is a prepolymer ofrtbgolac epoxy ether type,
conventionally used in prepregs because it has thetlappropriate viscosity and a high density

of crosslinkable groups. The expected curing reads shown in Figure 1.

13



Figure 2A shows the IR measurements of the reaatixéure at 25°C over a period of 25 days.
There is no noticeable change in the IR spectrunh@fPPGEF/CHDA mix, the characteristic
signal of the epoxide (Figure 2A right panel) does evolve over a period of 25 days indicating
latency on this time scale. As for C=0 stretchinlgrations, neither the starting material (acids)
nor the expected product (ester) is detectablau(EigA right panel). To explain this, it must be
reminded that in the ATR technique utilized here tbgion scanned by the infrared radiation is

not deeper than the depth of the evanescent Mgyes given by equation 1.

P 2
2mrn, /sin2 9—[nlj
n2

WhereA is the IR wavelengthn; andn, the indexes of refraction of the ATR crystal aadhple

and @ the incidence angle. Practically, is of the order of a few microns, or less. In cata
two-phase sample, the heterogeneous distributionhef constituents in the vicinity of the
interface may cause one of them to disappear.i$hidat is happening here, due to the granular
shape of CHDA crystals, there is poor contact a$ tomponent along the interface. Thus,
CHDA molecules, blocked in the crystals did noemept the evanescent wave (to produce an
ATR-IR signal the substance must form a liquid fiin0.5 - 4 pm thickness) and did not react
with the epoxy either. Hence, as long as the sabsté in its crystals form, it is not detectable
using ATR-IR spectroscopy, nor reactive which ek@awhy nothing is visible in the C=0
stretching region. This is further confirmed by 8tability of the signal in the 2500 €m4000
cm® region (Figure 2A left panel) corresponding to tsieetching of alkyl and hydroxyl
functions. The mix PPGEF/CHDA without thermal treant therefore shows chemical stability

for at least 25 days at room temperature.
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Latency thus proven has significance for storage next step is to monitor how the reactivity of
the mixture at temperatures suitable for impregmatf carbon fibers. As the novolac-based
epoxy resin has a drop in viscosity above 60°CTable 1), we study the reactivity at three
different temperatures: 100, 110, and 130°C. Teesssghe impregnation parameters in this
processing window, we recorded the evolution ofnalcal species over 24h using thermally-
controlled ATR-IR spectroscopy. In parallel, rheplowas performed to record viscosity
evolution and time to gel point. The gel point stimated by the crossover of the storage
modulus G' and loss modulus G" at 1Hz (For thengudf epoxy resins, this determination was
found close to the frequency-independent valuefifi'y

Figures 2B-2D show the IR spectra of the PPGEF/CHDIA att = 0 h andt = 24h for each
temperature. The first remarkable feature is tkarchppearance of the C=0 signabo(andoxy
H-bonded acids, Figure S2) due to the melting oDBHtrystals and dissolution of this reactant

inside the epoxy at temperature$00°C.*
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Figure 2 Infrared spectra of the PPGEF/CHDA mix at (A) @5%ver a span of 25 days, no
noticeable change is detected; absence of barttie ih700 crit region demonstrate insolubility
of CHDA at this temperature. B-D: comparison ofdpectra of the PPGEF/CHDA mix at t = Oh

and t = 24 h at: (B) 100°C, (C) 110°C, and (D) 130°
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Furthermore, comparing the IR traces takert at Oh for 100°C, 110°C, and 130°C, where
evidently the peaks around 1700 tmre growing, lead to the conclusion that dissotutiakes
place in this temperature window. After 24h at XDFigure 2B) the characteristic signals of
acid, epoxy and the OH stretching region (left pabarely evolved indicating that the mixture
has little reactivity and thus leaves enough timeerform impregnation. After 24h at 110°C,
both epoxy and acid signals have evolved and theackeristic ester’s vibration appears (Figure
2C right panel), with a clear increase of the Ok¢tshing at 3500 cth(Figure 2C left panel),
indicating that the polymerization is started bot sompleted (as revealed by the remaining
epoxy signal after 24h (right panel). At 130°C (g 2D), the characteristic signals of
carboxylic acid and epoxy completely disappear wi4 h and a clear ester vibration is seen,
together with the OH stretching band at 3500™cthus indicating that the polymerization
reaction is completed.

Further analysis of these monitoring was perfortogdhtegrating the signals defined earlieft (
experimental procedures) over this 24h period. Figure 3 shows the evotutbthe characteristic
species: epoxy (a), esters (b), and the hydroxyladi(c) of the3-hydroxy ester fragment. It is
clear that at 100°C, the system barely reacts 4Ry upon increasing to 110°C it comes evident
that the system reacts faster but is still contirslyp evolving after 24h. However, at 130°C, the
system reacts fast for ~500-600 mire.( > 10h), then the conversion slows down for thé¢ oés
the measurement. This indicates that most chemioaties reacted through polymerization and
once most of reactants are consumed (~883hke reaction slows down. Another classical reason
for slackening is the vicinity of the.Je and T, (T4 of fully cured network) once the monomers

are exhausted.
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Figure 3 Time dependence of characteristic IR signals aothplex viscosity of the
PPGEF/CHDA mix over 24h at 100°C, 110°C and 1308€ &) epoxy, b) C=0O stretching

vibration of ester, ¢) O—H stretching vibrationestter, d) complex viscosity at 1 rad/s.

Figure 3D shows the rheology measurements madehensame mixture (PPGEF/CHDA),

displaying the complex viscosity over time at the=aperatures. At 100°C, the system has little
to no reactivity, hence, the measurement does imetgarticular information except that the gel
point is not reached in 24h. This confirms whaswserved in ATR-IR - that no esters are

produced by the PPGEF/CHDA reaction. At 110°C, epsion of epoxides and carboxylic acids
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happens leading to effective cross-linking. Follogvidefinition given above, the gel time at
110°C is of about 12 — 13h (crossover of G' andn&®ig S3). At 130°C, the gel time is reduced
to about 3h. Before gelation, the viscosity of thactive system is of 18-40 Pa.s at 110°C and
2-6 Pa.s at 130°C. At 110°C, the viscosity is i tbquired range with little to no reactivity for
nearly 10h. The impregnation temperature was s&0@t+110°C, which leaves enough time to
manually impregnate large carbon fibers as shoven ia this work.

The crystallinity of CHDA with high melting tempédteie gives, therefore, a satisfactory latency
for storing, handling and impregnation of this negipe. Control experiments with octanoic acid
and sebacic acid confirm this relationship: Sebacid is a solid (MP = 135°C), its mixture with
epoxy shows no sign of reaction over 2 hours aC90hile the ester typically forms in less than
20 min at 125°CG? Octanoic acid is a liquid. At 25°C, its mixture twiPPGEF shows the
carbonyl vibration in ATR. Effective dissolution 25°C induces a drop in viscosity, detrimental
to prepregs’ manipulation (Figure S4); and the g@mid system is known to be reactive at
100°C once dissolvet.

However, heterogeneous formulations bring challengeobtain homogenous samples: a fast
curing at high temperature led to samples with kegland high quantity of unreacted CHDA
crystals. Meanwhile, with a temperature too lovwe #iow curing unfavourably allows time for
sedimentation of CHDA at the bottom of the sampfesy systems already reported examples of
heterogeneous networks to prepare vitrimers fropstalline hardener, including a degassing
phase at elevated temperattfré

Per se, the application of temperature during tegadsing step has not for sole purpose to
decrease the resin viscosity and allow bubbles vaimadn those reports, the heterogeneous

mixture was reported to pass from a white colotrémsparent state indicating dissolution of
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crystals in the resift>°> Hence, we used optical microscopy to observe thstals behavior
within the epoxy when temperature is increasedpdoson of the raw mix in polarized optical
microscopy (Figure S5) demonstrates that the CHBAtals initially seen at room temperature
are still present until 130°C, whereupon they gedigumelt. At 170°C most of the crystalline
phase is molten and dissolved in the opticallyrggmt mixture. Yet, a minority of birefringent
areas are still detected, and this even at 200f@ui§ S6). This revealed that the mixture of
cis/trans CHDA was comprised of crystals with inlog®neous melting temperature. The
majority of them show a melting temperature of ~“I7@nd are easily dissolved in PPGEF Yet,
a minority of crystals show a higher melting tengtere (>200°C) and proved difficult to react.
Nonetheless, from the unreacted crystals size amdining quantity, it was concluded that the
CHDA was still suitable as hardener for the forniola of vitrimer resin aiming to impregnate
carbon fibers.

Rather than combining degassing and dissolutiopssgs in previous reports, degassing was
performed at 100°C, where crystals remained irr thaid form, thus keeping the latency of the
system when temperature is brought back to ambiém. homogenization of the system was
then performed following IR and rheology resul@nirour data previously shown (Figure 3). We
set the reactive mixture for 1h at 130°C to allowltmg of most crystals while remaining far
below the gel time. This "pre-curing" step led #ystem to pass from a white opaque aspect to
transparent (Figure S7) — indicating that most CH@¥stals were dissolved in the epoxy. The
remaining opacity of the resin can be attributedtite unsolvable crystal fraction observed
through microscopy (Figure S5 and S6).

The infrared spectrum of the reactive mixture befoeating and after 1h and 24 h curing at

130°C are presented in Figure S8. As already obdethe signal of the carboxylic acid hardener
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is not detected at room temperature. At 130°C,crboxylic acid signal (doublet at 1712 and
1740 cnt) is detected: dissolved molecules can accessitaddce and give rise to detectable IR
absorption signals. As for the epoxy signal, itsipon changes between room temperature and
130°C, then, it decreases but remains present 24tér of curing, showing slow reaction at this
temperature. This is all truer since the decreagbe epoxy signal is partially due to increased
volume fraction of dissolved CHDA crystals.

Right after this precuring step, characteristicalg of the carboxylic acid are then evident. As
already mentioned, the C=0 stretching vibratiorspst due to different forms of H-bonding.
After long stage at 130°C, the C=0 stretching \iibraof the ester, has appeared at ~1725 cm
but the carboxylic acid is still detected, showieffective dissolution of CHDA with slow
reaction at this temperature.

Once resin homogenization was probed, a curingeched to be defined to achieve most
epoxide/acids conversion within a reasonable amoiitime. The evolution of precured samples
has been monitored by ATR-IR, for different curitggnperatures (100, 110, 130, 145°C). The
results are shown in Figure S8 a-c , similaritiedwieen raw mix and precured resin
(homogenized) in the temperature 100-130°C rangeodstrate that the precuring step has for
main goal to components through formation of epGYPA adducts at early stage of the
reaction (see Figure S2 for detailed explanatiblonetheless, to obtain rapid and full curing of
the epoxy resin, an increase to 145°C after prelctoe 8h is necessary. A postcuring step at
180°C for 8h was then applied to ensure maximunvexon of remaining monomers. To go a
step further in the suitability of such heterogarenetworks for CF impregnation, the intensities
of two characteristic vibrations related to the GD@roup are plotted (Figure S9) as a function

of cure time at different temperatures. Before expent, all samples have been subjected to a 1h
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precure at 130°C. Even though O-H stretching sigaala higher level of noise, the information
brought by both measurements are the same. Atnikial itime, the concentration of COOH
increases almost linearly with temperature. Then l6dvel remains constant at 100°C, slowly
decreases at 110°C, faster at 130°C, even fasigf58C. Interestingly, complete consumption is
observed at 130 and 145°C after 24 hours but faadl is almost the same as the initial one
when cure is performed at 110 or 130°C.

To better visualise the behavior of the reactivetare in temperature and understand the design
of the material, Figure 4 plots the viscosity o€ thesin (measured by rheology), the epoxy
opening reaction rates measured by the initialeslopthe epoxy conversion graph (Figure 3a),
and the percentage of black pixels of the imageBigifires S5 and S6 (pixels with luminance
under 30 in a 0-255 scale are considered blackkeleted to the disappearance of CHDA
crystals. On this graph appear three temperaturgesgsuited for the successive steps of the
composite manufacturing: at low temperature (bel®@°C), the reaction rate close to 0 and the
high viscosity of the resin allows long latency dmgh tackiness for proper handling, storage and
layup of prepregs sheets. At intermediate temperghetween 100 and 120°C), the reaction rate
stays finite but the viscosity of the resin is I¢avound 200 mPaZ, allowing impregnation of
carbon fiber sheets without reaching the gel pdimtng the process. At high temperature (above
120°C), the reaction rate steeply increases whehemamelting of CHDA crystals is ascertained
by POM. In Figure 4, the reaction rate data areeditby a solid line corresponding to an
Arrhenius activation energy of 159 kJ/mol. Such aug higher than 100 kJ/mol clearly

corresponds to the above definition of a thermaolasgstem.
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Figure 4 Diagram showing the correlation between epoxjnrescosity (o), effective melting

of CHDA crystals &) and initial reaction rate of the epoxy-acid reacie).

These data demonstrate that two different factordribute to the latency of the CHDA—-epoxy
system: low solubility, due to its high melting pbiand low reactivity between 100°C and
130°C. In this temperature range, approaching tiibslow the melting point of CHDA (164 -
167°C), the instantaneous concentration of carbhoxgid is thus determined both by the kinetics
of dissolution and that of reaction with the ep@xi@ractically, this means that this composition
has an excellent latency profile for impregnatidtilers but on condition that it remains in this
temperature range. Otherwise, there is a riskttigasystem will viscosify in the event of cooling,

with formation of clots as well as in the evenhefting with premature hardening of the resin.

Resin with catalyst: PPGEF/CHDA/Zn(acac),

To produce a system with vitrimer properties, aalyat for transesterification is required to
display the capacity of the polymer to be weld hedled in a suitable time/temperature window.
Adding a catalyst to the mixture potentially leadsseveral changes in the resin behavior,

especially latency and curing. Hence the exact spmeedure was applied to the reactive
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mixture with catalyst to measure its latency ovedays. Figure 5 shows the IR measurements of
the raw mix at 25°C over this period of time. Thare no noticeable changes in the IR signatures
of the reactive mixture incorporating PPGEF, CHD®l &n(acag) indicating that after 25 days
the network has no reactivity at room temperatilités confirms latency over period of weeks
for both uncatalyzed and catalyzed systems. Astiility over a longer timescale, samples of
the catalyzed formulation have been stored at -18A@ re-analyzed two years later after
thawing. The sample showed unchanged pasty texur25°C, IR analysis revealed slight
solubilization of the acid and remnant epoxy groupsle kinetics at 130°C demonstrates the

system is still reactive (Figure S10).
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Figure 5 Infrared spectra of PPGEF/CHDA/Zn(acan)ixed manually at 100°C and left to cool

down to room temperature. Measurements are pertbah25°C.

To preserve latency while fostering vitrimer prdpes, the catalyst should not accelerate ring
opening reactions. Exchange reactions are atheanthfing-opening ones are exothermic. These
latter are therefore selectively monitored by DS®@Ge results for catalyzed and uncatalyzed

systems are presented in S| (Figure S13, TablesS3), In isothermal curing at 145°C, the
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reaction rate is roughly the same for both systekh&igher temperatures, DSC data at variable
heating rates (Kissinger method,*fefjive a measure of the activation eneify, The catalysed
system show&, = 65 kJ.mof while the uncatalyzed system givies= 74 kJ.mof. These values
are by far lower than the one (159 kJ.Modletermined by fitting the data of Figure 4. Ireth
Kissinger's method, the key for determination of #ctivation energy is the position of the
reaction exotherm as a function of the heating. ritethe data presented in Table S1, the
maximum exotherm always falls between 200 and 250F@e activation energies thus
determined are therefore relevant to that tempesatange where the homogeneity of the
reaction mixture is at its best and moreoverEhealue is not much lowered with the catalyst.
This indicates that the heterogeneity of the mixigrby far the principal factor of thermolatency,

and demonstrate the interest of this design.

Polymer characterization

The glass transition temperature after cure wasraéted by dynamic mechanical analysis using
a dual motor MCR702 rheometer. The uncatalyzed Eaehibits am relaxation temperature
of Ty ~ 100°C at 1 rad’s while the catalyzed sample hag ~ 107°C (Figure 6A and 6B
respectively). The measuré@d meet the objective of a vitrimer matrix witly ¥ 100°C for CFRP
composites. Moreover, two distinct features apgeam this characterization: (i) In the vicinity
of T, and above, the storage and loss modulus of tiadyzatl system are both higher than that of
uncatalyzed one, probably due to a higher converaidahe end of the cure stage. (ii) In presence
of the catalyst, the tad peak deforms with shift of the maximum towardshieigtemperatures.

This trend, (also observed in other metal-catalyaedemsY-* reflects a network densification,
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probably due to larger involvement of alcohol +gpadditions?? conducive to additional ether

links.
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Figure 8 Dynamic mechanical measurement of the PPGEF CHitem. A: without catalyst,

B: with 5 mol% Zn(acag)

The thermal stability of the cured networks waslgated using thermogravimetric analysis TGA
under a nitrogen flow. Results are presented irureigS15, both networks exhibit an initial
weight loss in the vicinity of 100°C, probably dtgethe release of humidity. Then, the samples
show a high temperature of degradation (> 300°Cjchwhs classical for thermoset epoxy
polymers. For the catalyzed system, the temperatfir6% weight loss is of about 325°C
compared to 360°C for the uncatalyzed system. Heweit can be seen that moisture
evaporation is more important for the catalyzedanif the 5% weight loss is considered with

respect to the weight at 100°C, the value is ~3@6T®oth samples.
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CFRP composites

The preparation of large size preimpregnated shsettustrated in Figure S16: After fibers
impregnation, layup and curing, the resulting pama$ then cut in small samples of 10 x 2 cm
with the help of a dry diamond saw, to proceed BRE characterization.

The outgassing properties of the neat matrix an@RERP composites have been measured based
upon the micro-VCM test (ECSS-Q-70-02). Data aneegiin Table S3, the CFRP composite
presents a CVCM (Collected Volatile Condensableevial) of 0.17 % and a recovered mass
loss (RML) of 0.98 %. The European Space agenoymetwends values of CVMV < 0.1% and
RML < 1% for aerospace applications. This CFRP ausiip already satisfy the requirement of
RML, and improvement of the formulation or manutaetare envisioned to reach the CVMV
requirement making those long latency of vitrimemiulation suitable for use in the aerospace

industry.

Compression tests were also performed and compardte expected value of a reference
thermoset CFRP composite cured with DICY. Thoststesade at different temperature (-70°C,
25°C, 60°C/90°C) allow to strongly engage the resid are thus a relevant test for assessing the
health and quality of composite laminates, the Itesare collected in Table 2. For Young's
modulus, the measured values bracket the expectedAs for the compressive strength, three
samples were tested giving an average of abouiI/80MPa at ambient temperature. This result
is at least 40% lower than expected, considerirgstrength at low temperatures (see Table 2,
—70°C value), matching the prediction, this lonesgth at room temperature is likely linked to
early softening of the matrix, visible on the DMAop(Figure 6). Another cause, reflected on the

large dispersion of results may be the non-optipnessure cycle.g., with weight rather than in
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autoclave) during curing. This may have an imparctt® compressive strength, combining with

the heat sensitivity point indicated just before.

Table 2 Calculated and measured Yong's modulus and casipeestrength for CFRP vitrimer
composite following ASTM D3410 standard. *Due teefpansitional softening on approaching

the T.

Environment  Young’'s modulus (Gpa) Mechanical stteng

Expected Measured Expected Measured Agreement
-70to -40°C 38 38-39 360 344 Good
+25°C 38 3572 360 95225 Fair
+60 to +90°C 38 N/A 360 N/A Poor*

At high temperature, compression tests failed tdpce reliable values. Measurements in the
three point bending mode (Table S4) demonstratattie flexural modulus of composite plates
specimens decreases by about one order of magrigtdeen 25 and 60°C, thus confirming the

effect of matrix softening.

Vitrimer-like properties

Stress relaxation properties of the cured matriguie S14) were measured and show that
increasing temperature (from 180 to 200°C) leaddaster relaxation, but slackening above
200°C, probably due to formation of ether linksibtermolecular dehydratioff. However, it is
noticeable that full relaxation is not achievedaay temperature within a measurable timescale

and consequently this matrix will be referred aitaer like' by analogy with materials showing
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the same structure and properfie® This can be explained by the nature of the netw®He
epoxy monomer used in this work has an averagetiuradity of 3.6 epoxy function per
molecule and CHDA a functionality of 2 acid funetgper molecule. Following the reasoning of
ref, expected conversion at the gel point for thestolchiometry is 62%. This is the case only
if transesterification reactions are not considetétransesterification reactions are considered,
conversion at gel point shifts to 56%. Thus, trates#fication reactions do not influence much
the gelation of the system.

However, when comparing time to gel point determiaé 130°C (Figure S3) with conversion
obtained in IR measurement (Figure 3B), it appdheg gelation happens at much lower
conversion (20%) than expected. This demonstréi@sside reactions are occurring: alcohol +
epoxy reaction was mentioned above; the aniong ajpening polymerization of epoxies can be
also considered for off-stoichiometric composigidh® This reaction is likely to take place here,
due to incomplete melting of the trans-CHDA isonioth lead to ether bonds formation which
are not exchangeable, making the network unableedch full relaxation. The network is
therefore considered as a vitrimer-like materitilsable to bond or heal.

As a proper protocol is yet to be determined ireotd measure relaxation of CFRP vitrimer and
reshaping is rather limited by the fib&sour focus went on showing interest of such CFRP
vitrimer for sustainable applications: capacitycodcks healing, adhesion without the use of glue
or bolts, and recovery of fibers at the end of tieenposite’s life cycle. Crack healing and
samples welding rely both on the system capacityrtdergo transesterification upon heating
(Figure 7). Firstly, we chose a damaged sample stgpsigns of delamination induced by the dry
cutting mode. After flattening at 180°C for 30mithcan be seen that the fibers adhered to the

matrix, reducing initial delamination which can beluced either during manufacturing or
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processing or the CFRP composite plate (Figuréftgr flattening, six samples were taken to
form lap-shear specimens according to proceduréaiegul earlier. To measure the strength of
the adhesion, lap-shear tests were performed,aimplss were pulled 4 times to 1 kN pulling
force & 4 MPa) without break, showing shear strength exjaitt to classical epoxy glue. Upon
5th pulling event, one of the samples broke at ithterface (Figure S18). Post mortem
examination of the fracture surface showed evidericeohesive fracture and that the effective
contact was smaller than the overlap surface; meatiiat the intrinsic debonding strength is
between 4 and 6 MPa. This indicated that adhesfothe two CFRP pieces was achieved

through effective welding of the matrix, permittey the vitrimer bond exchanges mechanism.

o {o o { | Welding
Healing

Figure 7 Cracks healing and adhesion through chemical angd leading to bonding strength

around 5 MPa.

30



Finally, as one of the main issues of thermoset EiRhe end of life, with recycling leading to
potential environmental wastes and degradatiomefeixpensive carbon fibers, we took a small
sample (2 cm x 1cm) to investigate the soft chelhdepolymerization of the vitrimer matrix.
The sample was plunged into an ethanol/acetoné@ol{50:50), and heated for 4h at 180°C in a
pressurized reactor. After removal and cooling,fiber sheets were separated with the help of a
spatula and recovered. Figure 1 shows the fullysbam monomers to CFRP with vitrimer
properties and eventually chemical depolymerizattiowing fibers recovery. Despite small
damage induced by the separation process, it & dleat the depolymerization allows to
separates laminates in the size of the initial $amythout the use of high temperature or harsh
chemical usually used to remove classical thermegexy resin.

Product of the depolymerization was analyzed witPO3Figure S19) and compared to initial
monomers, the trace overlay shows a larger praportof higher oligomers in the
depolymerization mixture, consistent with the ocence of etherification side reactions above

discussed.

Conclusions and outcomes

The use of a heterogeneous reactive mixture (lijgpdxy and crystalline hardener) shows
potential to produce long latency prepreg sheets GRRP composites with vitrimer properties
and demonstrated to be feasible on an industratfgsgm. When the hardener is chosen to be
insoluble at ambient temperature, tackiness andosit/ are governed by the epoxy resin
properties, allowing impregnation, layup and stetagnsured by the low reactivity of
components and without need of cold storage, Bbtdays of latency are allowed by the chosen

composition. If the mix remains below its homogeatian temperature, the layup can also be
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undone and remade in another configuration duenéohigh latency of the system. Simple
combination of thermalized IR spectroscopy and aaptimicroscopy was used to determine
impregnation and homogenization temperatures whlichwed to prepare and handle the prepreg
vitrimer without risk of premature curing. The inggnation, made in an industrial environment,
demonstrates an ease of transferring the vitrieehrtology where it is still lacking applications:
high performance CFRP composites.

As for the PPGEF/CHDA system, the current prelimyneesults on such CFRP composites
demonstrates that vitrimer properties, such askdnaaling, adhesion without bolts or glues (for
weight reduction) or reactive depolymerization @amneliorate both life cycle and end of life of
the materials. Nonetheless, outgassing and mediangsults (at high temperatures) also
emphasis remaining marge of progress in the dewedop of vitrimer resins for space
applications. The broad glass transition and pmstti@nal softening of vitrimers when
approaching § are currently limiting factors for their use inghi performance CFRP.
Formulation of high glass transition vitrimer, wduheed to carefully consider up to which
temperature the system exhibits high strength.ebsing these properties means reducing chains
mobility and getting closer to the degradation terapure of the polymers (either through
unwanted secondary reaction or proper thermal degcm). This reduces the temperature
windows to obtain healing or adhesion. Recent @m®gyrin high glass transition temperature
vitrimer suggest this issue is solvable througteftdrdesign of the formulation. Hence, there is
no doubt that heterogeneous systems with highdsitean be used for prepregs FRP combining

both requirement of thermoset resins and the dynanoiperties of vitrimers.
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Supporting information. Strategy to impart vitrimer properties in a latepbxy formulation;

IR band assignment; fiber content; activation emlsrglR and rheology monitoring, optical
microscopy of curable compositions; latency in pree of catalyst; stress relaxation and thermal
degradation of cured compositions; preparatioragjd size preimpregnated sheets; composites'
outgassing, three point bending, facies of fractaféer bonding and analysis of the

depolymerization products.
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