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ABSTRACT

In this research, the synthesis and application of vitrimer epoxy coatings for long-term corrosion
protection of metal surfaces are described. To that end, a polyamine curing agent based on
vinylogous urethanes (VUs) was developed to add repairability, recyclability and recoatability to
thermosetting materials. Thin films with excellent resistance to water penetration and damage
could be obtained by combining the dynamic hardener with existing epoxy resins, resulting in
good barrier properties. Various formulations were investigated yielding transparent coatings with
durable corrosion protection, even after being scratched, exposed to saltwater, and subjected to
steam condensation. Furthermore, stress-relaxation experiments revealed sufficient material flow
at 150 °C, which could be significantly slowed down below 100 °C. Optical microscopy was used
to demonstrate the healing ability of the vitrimer coatings, resulting in the restoration of barrier
properties after scratching. The dynamic properties of the epoxy resin were used to recoat an
aluminium plate as a proof of concept, demonstrating that the thin layer could be adhered to a
surface again in its cured state. As a result, the service life of epoxy coatings and protected metals
could be extended while maintaining excellent mechanical properties, opening the door to a wide

range of potential applications such as marine coatings and concrete bonding.



INTRODUCTION

Epoxy coatings are thermosets with superior performance characteristics in terms of strength,
toughness, thermal and adhesive properties, making them ideal for a variety of bonding, structural,
and protective applications.!™ Epoxies, in particular, are arguably one of the most commonly used
industrial barrier coatings to prevent corrosion of metal surfaces, thereby avoiding significant
economic losses.* However, after prolonged environmental exposure or mechanical damage, the
protective layer may fail, exposing the metal surface. To withstand these stringent requirements,
new types of cross-linkers with improved performance have been developed. For two-component
epoxy coatings, the most popular compounds in this regard are (poly)amines and reactive
amidoamines, which offer the advantage of flexibility and high hydrophobicity.>’ Nevertheless,
like all covalently cross-linked materials, epoxy resins do not flow and cannot be healed, reshaped
or recycled, and are thus discarded after damage or failure. As a result, there has been an increasing
interest in the synthesis and application of robust, but responsive hardeners for dynamic polymer

networks in recent years in order to (re)use epoxy materials more efficiently.® 13

Vitrimers are an important subclass of dynamic materials in which rapid exchange of cross-links
results in material flow upon heating without losing connectivity.!'* In this sense, the nature of the
dynamic exchange reaction primarily determines the obtained material properties, which has been
the subject of several dedicated reviews.'>! Consequently, several cross-linkers based on
(polyfunctional) amine curing agents, have been modified to obtain epoxy vitrimer materials.?*®
For example, our research group prepared a straightforward type of amine curative, based on
vinylogous urethane (VU) bonds, for the fast (re)processing of high T, epoxy networks.?’ Despite

the fact that the use of epoxy vitrimers has been demonstrated frequently for bulk applications,

their use for 'smart' coating systems has had limited success.>*>* This can be explained by the



required use of additives, catalysts, or hardeners, which results in formulations with (physico)-
chemical properties that are quite different from those found in existing formulations. Therefore,
an increasing demand exists for more appropriate methods to introduce damage-tolerant epoxy

coatings without sacrificing durability or performance.*

In this work, we report the design and synthesis of vitrimer epoxy coatings with intrinsic damage
resistance and repairability. To accomplish this, an amine-acetoacetate mixture was
prepolymerised to obtain an oligomeric vinylogous urethane-based amine curing agent (Figure
1a), which was then mixed with commercially available epoxy monomers and cured as a thin layer
on an aluminium substrate (Figure 1b). Various monomer compositions were tested using this
scalable approach to determine the effect of dynamic bonds on adhesion, hardness, wetting, and
repairability. We show that the transparent coatings retained their water-repellent barrier
properties, even after being scratched, cut, exposed to saltwater, and subjected to steam
condensation. Furthermore, the efficiency of dynamic bond exchange was demonstrated by

performing healing and recoating tests as well as stress-relaxation measurements on bulk samples.
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Figure 1. Design concept of vitrimer epoxy coatings. a) Polycondensation reaction resulting in a
vinylogous urethane-based polyamine curing agent. b) Application of the two-component epoxy

formulation on an anodised aluminium panel.

RESULTS AND DISCUSSION

Because one of the primary goals of this research was to develop a dynamic (poly)amine curing
agent with competitive properties compared to a readily used polyamidoamine hardener
(Ancamide 2864), the starting point of this research effort was the selection of appropriate
monomers. Generally, polyamidoamines are obtained by reacting a bio-based fatty acid with an
amine mixture,® whereby good flexibility and hydrophobicity are mainly attributed to the dimer
compound. Analogously, when preparing the VU-based curing agent (see Figure 1), the fatty acid
derived Priamine 1074 (1) was selected for its hydrophobic nature and mixed with 1,3-

bis(aminomethyl)cyclohexane (BAC, 2) and 1,4-butanediol diacetoacetate (BDAA, 3). To this



end, a fixed ratio of 3:7 Priamine to BAC was determined (as primarily based on 7, analysis by
DSC, vide infra) for good mechanical stability and flexibility, while different ratios of
amine:acetoacetate (NH2/AA), ranging from 1.1 to 1.4, were used to determine the most preferred
composition. Polycondensation was done at 80 °C for 24 h in a vacuum oven to remove the water

condensate, according to a previously reported procedure.?’

In a next step, coating formulations were obtained by mixing the aforementioned curing agents
with bisphenol A diglycidyl ether (BADGE) in an epoxide-to-amine (E/NH) ratio of 0.95 at 60 °C
for 15 min. Importantly, the calculated 5 mol% excess of pendant amines serves three different
purposes: promote VU exchange reactions,? inhibit corrosion (i.e. adsorption barrier for corrosive
species),*® and enhance adhesion to the metal surface.” Without addition of any solvent or diluent,
viscosities of the curatives ranged from 5 to 40 Pa.s at 100 °C, which was too high compared to
Ancamide 2864 (0.05 Pa.s, 100 °C). The significant difference in viscosities can be explained by
the presence of up to 50 wt% of benzyl alcohol in Ancamide 2864. As this high boiling solvent
(bp =205 °C) cannot be easily removed upon curing, which was expected to interfere with thermal
and rheology measurements of the vitrimer coatings, up to 50 wt% of ethyl acetate (bp = 77 °C)
was added to the formulations. This was found to ensure good wetting upon film application (see
SI for details on film application). After drying for 24 h at 100 °C, tack-free transparent films with
a coating thickness of 20 to 40 um could be obtained, further referred to as VUE-1.1, VUE, 1.2,
VUE-1.3 and VUE-1.4 with the numbers referring to the NH2/AA ratio (Figure S1). The obtained
materials had a relative variable amount of dynamic VU bonds ranging from 83 to 56 mol%, which
were necessary to introduce sufficient (re)processability to the final material.>>>*’ Using an E/NH

ratio of 1.0, Ancamide 2864 was mixed with BADGE to obtain a reference material with no visual



difference and similar film thickness (Figure S2). The transparency of all films was confirmed via

light reflectance, showing high gloss values of ca. 120 GU.

Thermal and barrier properties

To ensure that the dynamic cross-linker was incorporated as intended, completion of curing was
confirmed via IR analysis, indicating the presence of distinct VU signals at 1648 cm™ and 1602
cm™!, while no residual signals corresponding to epoxide groups could be detected at 910 cm™!
(Figure S3-S4). Moreover, as determined by DSC analysis, no further exothermic reactions were
observed in the first heating scans, while 7, values ranging from 17 °C to 41 °C could be obtained
for the epoxy vitrimers and reference material (Figure S5-6). Since healing of the coatings is
expected to be activated upon heating, further thermal characterisation included TGA
measurements, yielding relatively high decomposition temperatures in the range of 285 °C to 300
°C (Figure S7-S8). In addition, no significant mass loss (< 1%) could be detected from isothermal
TGA analysis after heating at 160 °C over a period of 2 h (Figure S9). In contrast, a large mass
loss was measured for the reference material, which is attributed to evaporation of the (high
boiling) additive benzyl alcohol (Figure S10). Further, good network integrity was confirmed via

Soxhlet extraction and swelling experiments in THF for 24 h (Table 1).



Table 1. Overview of composition and physical properties of (vitrimer) epoxy coatings.

Coating T Tasw® Swel. Sol. Thickness | Adhesion’ 0e H/E"
°C) (°C) | Rat®(%) Fracd(%) | (um) ©)
VUE-1.1 17 295 317+8 11.4+£2.7 20-30 5B 80 0.6
VUE-1.2 23 287 176 £5 44+0.5 25-32 5B 79 1.7
VUE-1.3 39 289 273 +£25 54+0.7 25-32 5B 77 2.6
VUE-1.4 41 301 257+ 13 51+0.5 27-33 5B 82 43
Reference 36 - 340+ 12 5.8+£1.2 34-39 5B 69 4.8

@ Determined from the second heating in DSC analysis (10 °C.min") ® TGA onset temperatures after 5%
weight loss (Tuse), ¢ Obtained from a four-sample measurement in THF at rt for 24 h. ¢ Obtained from
Soxhlet extraction in THF for 24 h. ¢ Dry film thickness was confirmed using an elcometer 345 coating
thickness gauge  Determined by cross-hatch adhesion test (ASTM D3359). ¢ Measured via static water
contact angle measurements. " Hardness (H) and elasticity (E) values obtained by nanoindentation.

Interference by evaporation of benzyl alcohol (diluent) did not allow accurate determination.

Having determined the materials’ thermal properties after curing, the barrier properties of the
cured epoxy film could subsequently be studied. To assess adhesion to the metal substrate, a
standard cross-cut adhesion test (ASTM D3359-02) was first performed (Figure S11-S12).
Excellent adhesion of both the vitrimers and benchmark samples could be concluded from the
intact edges without any coating detachment, as shown in the photographs in Figure 2a (5B
rating). Following that, static water contact angle measurements were performed to determine the
hydrophobicity of the adhered films in comparison to the plain metal surface (Figure S13). When

comparing the reference material to the epoxy vitrimers, the contact angle () increased from 67°



to 76-82°, which were both significantly higher values than for the uncoated sample (6 = 43°)

(Figure 2b).

a)

b)

Al plate VUE 1.3 Reference

Figure 2. a) Photographs of the epoxy vitrimer and reference coatings after a cross-cut adhesion
test. b) Static water contact angle measurements of plain (uncoated) aluminium sheet and coated

samples, indicating an increase in hydrophobicity after coating.

Motivated by the increased hydrophobic character of the vitrimer system, the coatings were
immersed in a water solution to evaluate the coating stability. After immersion for one day, no
signs of delamination could be observed. Because water did not pass through the barrier easily,
the corrosion resistance of the coated samples was qualitatively investigated by cutting St.
Andrew’s crosses along the surface and soaking the samples in a 5 M NaCl solution at room
temperature for one month. After a visual inspection every 5 days, no signs of corrosion on the

metal surface of any of the tested coatings could be found (Figure S14-S18). However, blistering



could be observed as a result of water penetration in VUE 1.1, VUE 1.2 and the reference coating,
leading to reduced adhesion and eventually delamination over time. The effects were even more
dramatic when the same samples were subjected to a boiling water adhesion test (Figure S19-
S23). Significant corrosion and blistering were indeed found in VUE 1.1 and VUE 1.2, resulting
in poor corrosion resistance under boiling water conditions (Figure 3a). Although blistering was
found in the reference coating, no macroscopic corrosion could be detected. On the other hand,
VUE 1.3 and VUE 1.4 exhibited no blistering or corrosion, indicating excellent corrosion
resistance, even when exposed to boiling water. The improved performance of VUE 1.3 and VUE
1.4 over the other two coatings was rationalised by the larger epoxy content, resulting in a higher
cross-linking density and stronger adhesion (i.e. more hydroxyl groups available to interact with
the surface).’® Moreover, optical microscope images were taken to confirm the difference in

blistering behaviour (Figure 3b and Figure S24-S25).
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Figure 3. a) Camera images and b) Optical microscope images of epoxy vitrimer and reference
coatings, having undergone a boiling water adhesion test after corrosion resistance experiment for

30 days. c¢) calculated hardness and elastic moduli (H/E) ratio of all coated samples.

Nanoindentation experiments were carried out to further evaluate the mechanical properties. For
the VUE coatings, it was observed that a higher cross-linking degree resulted in an increased
coating hardness (H), while yielding relatively similar elasticity (E) (Figure S26). Due to
differences in composition, absolute values of the vitrimer and reference coatings are not
comparable, but competitive values for a H/E ratio could be obtained (Figure 3c), indicating that
resilient thin films have been obtained. These encouraging findings, that ultimately could be
further supported by a more quantitative description of the barrier properties, indicated that the

vitrimer coatings produced equivalent barrier properties in comparison to the commercial resin.

11



Material flow & repairability

A preliminary assessment of the possibility of activating material flow of the cured resins at
higher temperatures was performed using stress-relaxation experiments on separate disc-shaped
samples from 150 °C to 110 °C (Figure S27). This experiment was preceded by a compression
moulding (i.e. thermo-mechanical recycling) step at 150 °C with a slight variation in reprocessing
time, ranging from 25 to 45 min when transitioning from VUE 1.1 to VUE 1.4. Prior to analysing
the relaxation data, it was critical to consider the theoretical model that was used to fit the data.
Traditionally, relaxation curves of vitrimers have been fitted to a single-exponential decay model
(single Maxwell element, Equation S3), assuming that the chemical environment of each bond in
the system is more or less identical.!*** However, the chemical environment of the herein reported
material was expected to be heterogeneous due to sample stoichiometry variation and the
combination of dynamic VU and static epoxy bonds. Therefore, all relaxation data were fitted to a
stretched exponential decay model (also known as Kohlrausch— Williams—Watts, Equation S4),
that includes a factor 0 < 3 < 1 that represents the breadth of the distribution of relaxation times
(Table S1).>”4° An example of fitting the experimental data to both models was added to the
supporting information for comparison, which also supports the needs to use the stretched
exponential decay model (Figure S28). When comparing the high and low temperature intervals
on an Arrhenius plot, a non-linear viscoelastic behaviour could be observed (Figure 4 and Figure
S29). To account for this behaviour, it is assumed that during the heating of the vitrimer coatings,
relaxation was first dominated by segmental motion (i.e. super-Arrhenian or WLF viscosity
behaviour), which was followed by a scenario where relaxation was dominated by dynamic bond
exchange (i.e. Arrhenian viscosity behaviour).!®*' Such a thermal transition is common when a

glassy solid is heated and transforms into a viscoelastic liquid. Moreover, drastic reduction in

12



relaxation due to limited segmental motion results in materials with improved creep resistance.’’

Interestingly, the decreased segmental mobility at lower temperatures had no significant effect on
the reprocessability of the samples, as relatively similar relaxation times (7*) could be measured
at higher temperatures with t* values at 150 °C ranging from 6000 to 14000 s. We hypothesise
that the comparable relaxation rate can be explained by the fact that the rate determining step of
bond rearrangement relies on the availability of reactive functional groups (i.e. dangling primary

amines), which was calculated to be the same for every VUE material.!**?
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Figure 4. Temperature dependence of material flow for VUE materials, highlighting two
viscoelastic regimes where relaxation is first controlled through diffusion (WLF) and then by

exchange kinetics (Arrhenius law).
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To gain additional experimental insight into the macroscopic healing capacity of the vitrimer
coatings, controlled surface scratches were applied to VUE 1.4 and the reference coating, using an
Elcometer cross hatch cutter. Healing could be easily monitored using optical microscopy after
heating the damaged samples in a hydraulic press at 160 °C under 2 tons of pressure (Figure S30).
Already after 5 minutes, the damaged area of approximately 4 mm in length vanished for the
vitrimer coating VUE 1.4 (Figure Sa and Figure S31). This was in stark contrast to the reference
coating, which showed no significant signs of healing, even after 1 hour of heating at 160 °C
(Figure 5b), highlighting the potential of the dynamic covalent bonds to substantially extend the

lifetime of the presented epoxy coatings.

a) VUE 1.4

t=0min;cut t =5 min; repaired

b) Reference coating

t=0min; cut t=5min;cut t=60min; cut

Figure 5. Scratch healing performance of the a) vitrimer coating VUE 1.4 and the b) reference
coating, as characterised by optical microscopy after scratching and repairing at 160 °C under 2

tons of pressure.
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Another intriguing result of incorporating dynamic covalent bonds into epoxy coatings is the
ability to reactivate surface wetting via material flow, which promotes the formation of adhesive
interactions between the protective layer and the substrate.*** This process is conceptually similar
to the application of powder coatings, in which the solid contents of the powder melt and wet the
surface in its viscoelastic liquid form.* To test the ability to apply the vitrimer coating starting
from a thin film, a VUE 1.4 sample was first coated onto a glass plate (Figure 6). The cured layer
was carefully removed from the surface and transferred to an aluminium sheet, which was
sandwiched between two metal plates weighing approximately 1 kg. The setup was transferred to
a hydraulic press at 160 °C and 2 tons of pressure for 15 min to initiate surface wetting to the
metal. To confirm that good adhesion of the layer to the new substrate had occurred, the metal
sheet was first immersed in water for 48 h, which revealed no delamination. Following that, a
cross-cut adhesion test revealed excellent adhesion to the substrate with no coating delamination,

indicating that the coating barrier properties could be regained (5B rating).

15



160 °C, 2 tons, 15 min

=)

Figure 6. Proof of concept recoating procedure of a vitrimer coating on aluminium plate. After
heating at 160 °C and 2 tons of pressure for 15 min, the thin film adhered to the surface again,

showing no delamination after a cross-cut adhesion test.

CONCLUSION

Polycondensation of an amine-acetoacetate mixture in various stoichiometric ratios resulted in the
successful synthesis of dynamic curing agents, used for the preparation of vitrimer epoxy coatings.
By comparing adhesive, hydrophobic, corrosion, and deformation resistance properties, successful
samples could be identified. Interestingly, even after boiling water tests, hydrolysis of VU bonds
was not detected, indicating the robustness of the vitrimer coatings. As a result, competitive barrier
properties could be obtained when compared to a reference coating. The stress-relaxation data of
the bulk samples revealed a clear transition from WLF to Arrhenius behaviour, resulting in an
apparent non-linear viscosity profile. This resulted in significantly different relaxation behaviour
at the higher and lower investigated temperatures. The ability of the vitrimer coatings to recover
barrier properties after damage was investigated by monitoring the disappearance of surface

scratches for 5 minutes at 160 °C under 2 tons of pressure. Furthermore, the reapplication of a used

16



vitrimer coating on an aluminium substrate was demonstrated by applying the sample at 160 °C
under 2 tons of pressure for 15 minutes, with no signs of delamination. Importantly, real
applicability and industrial adaptation will mainly depend on the design of technologies that are
able to apply heat across large structures during use. In summary, we can conclude that this
straightforward approach enabled us to demonstrate the applicability of vitrimer epoxy coatings
for corrosion protection of metals with competitive, if not superior, properties when compared to
a commercial coating. Moreover, the added dynamic bond features offer the possibility to repair
damages and restore barrier properties without the need for stripping and complete reapplication

of the coating material.
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