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Abstract: Self-healing strategies including intrinsic and extrinsic self-healing are commonly
used for polymeric materials to restore their appearance and properties upon damage. Unlike
intrinsic self-healing tactics where recovery is based on reversible chemical or physical bonds,
extrinsic self-healing approaches rely on a secondary phase to acquire the self-healing functionality.
Understanding the impacts of the secondary phase on both healing performance and matrix properties
is important for rational system design. In this work, self-healing coating systems were prepared by
blending a bio-based epoxy from diglycidyl ether of diphenolate esters (DGEDP) with thermoplastic
polyurethane (TPU) prepolymers. Such systems exhibit polymerization induced phase separation
morphology that controls coating mechanical and healing properties. Structure—property analysis
indicates that the degree of phase separation is controlled by tuning the TPU prepolymer molecular
weight. Increasing the TPU prepolymer molecular weight results in a highly phase separated
morphology that is preferable for mechanical performances but undesirable for healing functionality.
In this case, diffusion of TPU prepolymers during healing is restricted by the epoxy network rigidity
and chain entanglement. Low molecular weight TPU prepolymers tend to phase mix with the epoxy
matrix during curing, resulting in the formation of a flexible epoxy network that benefits TPU flow
while decreasing Ty and mechanical properties. This work describes a rational strategy to develop
self-healing coatings with controlled morphology to extend their functions and tailor their properties
for specific applications.

Keywords: self-healing coating; structure property relationship; bio-based epoxy

1. Introduction

Motivated by extending material lifetime through restoring performance upon damage, research
aimed at developing self-healing polymers that self-repair is growing [1-4]. Besides prolonging material
service life, using the self-healing concept also helps minimize cost during damage repair. To obtain
the self-healing functionality, a “mobile phase” that can close the crack should be generated [5,6].
The mobile phase can be used to distinguish between extrinsic and intrinsic self-healing polymers.
Intrinsic self-healing systems repair cracks by chain rearrangement via the formation of primary
or secondary reversible chemical/physical bonds [7-13]. While intrinsic healing materials offer the
advantage of repeated restoration at the same damage site [14], the complex chemistry, processing
difficulties and weak mechanical properties due to the presence of dynamic reversible bonds makes
them impractical for commercial applications [15,16]. In contrast, extrinsic self-healing systems
require the incorporation of external healing components such as catalysts or thermoplastic additives
in the system [17-22]. These healing agents can be encapsulated or form blends during material
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manufacturing. To achieve the self-healing functionality, the external healing component must diffuse
to the damage site to mend the crack. Since the extrinsic self-healing approach can be deployed in a
wide range of material formulations, it has been used for a broad range of material applications such
as aerospace, coatings, and structural materials [23-26].

Polymer coatings applied on metal substrates can form a thin barrier layer that prevents corrosion
by impeding direct exposure to the environment [27-29]. Therefore, self-healing coatings, which can
provide unassisted repair to prevent exposure of the underlying substrate to the environment, are highly
desired solutions of considerable commercial interest. Strategies like dispersion of a microencapsulated
catalyst and healing agents in the coating matrix [30-32], loading the healing agent in a core-shell
bead-on-string morphology [33], or blending thermoplastics with polymerization-induced phase
separation (PIPS) morphology [34] were reported to achieve self-healing coatings [35]. Although
researchers have shown the effectiveness of introducing a secondary phase for self-healing, the impacts
of the secondary phase on the engineering performances of the polymer system have rarely been
studied [36—41]. Therefore, for rational material design it is important to understand the underlying
mechanisms by which the secondary phase function (i.e., microstructure to macro properties) and
elucidate its effects on system properties.

In a previous work, a highly transparent self-healing coating with facile process ability and
good mechanical properties was obtained by blending epoxy with thermoplastic polyurethane (TPU)
prepolymers [42]. TPU prepolymers form domains in the epoxy matrix through PIPS that, upon heating,
can flow to the damaged area to mend the crack. We have previously observed that modifying the TPU
prepolymer molecular weight results in changes in the curing kinetics and system mechanical properties.

In this work, a bio-based epoxy resin synthesized from n-alkyl esters of diphenolic acid was
used in place of the petroleum based epoxy derived from bisphenol A (BPA) that has been associated
with health risks [43,44]. The healing behavior and mechanical performance as a function of TPU
prepolymer molecular weight were studied. TPU prepolymer diffusion was related to PIPS morphology
by scanning electron microscopy (SEM) and chemorheology analyses. The self-healing mechanism
was analyzed through correlations with epoxy matrix relaxation behavior and TPU chain diffusion.

2. Experimental Section

2.1. Materials

The diglycidyl ether of diphenolate butyl ester (DGEDP) epoxy (see Figure S1) was synthesized by
methods described in previous work [45]. Hardener poly(propylene glycol) bis(2-aminopropyl ether)
(Jeffamine D230) was purchased from Sigma-Aldrich. Polyurethane prepolymers were synthesized by
reacting 1,4-phenylene diisocyanate (PPDI) with polycaprolactone diol (M ~2000 g/mol) in different
ratios. Abbreviations for compositional ratios of PPDI-to-polycaprolactone diol ([INCO]J/[OH]) are
as follows: “TPU 0.27, “TPU 0.4, “TPU 0.6”, “TPU 0.8”. The molecular weight and crystallinity of
the prepolymers were determined in an earlier study by our group and the values are listed in Table
S1 [42].

2.2. Preparation of Self-Healing Coatings

70 phr (parts per hundred) DGEDP monomers were mixed with 30 phr of TPU prepolymers at
80 °C until a clear homogenous blend formed. Once the mixture cooled down to room temperature,
the blend was mixed with a stoichiometric amount of hardener Jeffamine D230 (weight ratio of
DGEDP/Jeffamine 2.88:1) and stirred for 3 min until fully mix. Vacuum was applied to the mixture to
remove air bubbles formed during mixing. Subsequently, the mixture was applied on a steel substrate
(40.0 mm length x 20.0 mm width x 0.2 mm thickness) using a doctor blade to form a uniform coating
layer with ~250 um thickness. Then, the samples were cured first at room temperature for 48 h, then at
60 °C for 4 h. and at 80 °C for 4 h.
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2.3. Characterization

2.3.1. Microscopy Characterization

To observe the damages before and after self-healing, SEM (Nova NanoLab 200, FEI Co, Hillsboro,
USA) was used with operating voltage of 15 kV. Cracks were generated by using a home-made scratch
machine in which a coating sample was placed in the sample holder and a razor blade was mounted
and positioned at 45° to the sample. By controlling the distance between the blade and the coating
substrate and the movement of the blade, cracks labeled as “mildly” (depth of the crack is half of the
coating thickness) or “severely” (cracks penetrated the entire coating thickness) were made. Coatings
with cracks were heated at 80 °C for 10 min to obtain the healed sample. All samples were coated with
gold prior to observations.

The morphology of the coatings was observed utilizing SEM (Nova NanoLab 200) with an
operating voltage of 5 kV. The cryo-fractured sample was immersed in tetrahydrofuran (THF) and kept
under sonication in a water bath for 20 min to remove the soluble TPU prepolymers on the fractured
surface. Specimens were sputter coated evenly with a thin layer of gold.

2.3.2. Thermal Characterization

The coatings were characterized for their dynamic mechanical performance with a dynamic
mechanical analyzer (DMA, Q800, TA Instruments, New Castle, DE, USA) in single cantilever mode.
Samples with rectangular shape (38.5 mm length x 4.7 mm width x 1.8 mm thickness) were loaded
at 0.05% strain oscillation amplitude and analyzed over a temperature range from 25 to 150 °C, at a
heating rate of 3 °C/min with frequency of 1 Hz.

Stress relaxation was carried out in a tensile mode by DMA (Q800, TA Instruments, New Castle,
DE, USA) testing machine. Samples were annealed at 150 °C for 24 h to remove the residual stress
before the test. The test was carried out by first equilibrating the sample at Tg + 50 °C for 30 min then
loading with 0.5% constant strain and monitoring the stress decrease as a function of time.

2.3.3. Rheological Characterization

The rheological testing was conducted using a rheometer (ARES G2, TA Instruments, New Castle,
DE, USA) with 25 mm parallel plate geometry. The viscosity of the DGEDP/TPU prepolymer blends
was measured in flow testing mode at 25 °C. The shear rate was changed from 100 to 0.1 s~! during the
test. Oscillation time sweep mode was conducted for the chemorheology study at 85 °C. The oscillation
strain was fixed at 0.1% with constant 1 Hz frequency. All tests were conducted within the linear
viscoelastic regime.

2.3.4. Anti-Corrosion Behavior

The anti-corrosion behavior of the cracked coating before and after healing was examined by
an electrochemical test using linear sweep voltammetry. A steel blade with one side coated with
the polymer film was exposed to 5 wt.% NaCl/H,O solutions by loading on an electrochemical cell
equipped with three-electrode (Bio-Logic Science Instruments). In this setup, Ag/AgCl in 3 M KCl
was used as reference electrode and Pt was used as counter electrode. The coating substrate acted
as the working electrode. A linear scanned voltage from —0.8 to 1.0 V was applied and the electrical
current data was recorded. After testing, the coating layer was peeled from the substrate using a razor
blade allowing to observe the effect of the electrochemical treatment on the steel. Optical microscopy
(Olympus BX51, Olympus Co, Tokyo, Japan) was used for the observation.
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3. Results and Discussion

3.1. Self-Healing Performance of the Coatings

The self-healing capability of DGEDP blends with different molecular weight TPU prepolymers
was visualized using SEM. Damages of different degrees were introduced on the coating by a razor
blade followed by healing at 80 °C for 10 min. Cracks before and after healing were observed. Figure 1
shows that the crack width decreased upon heating, indicating that the epoxy matrix has the tendency
to bring the crack surfaces in spatial proximity due to the shape memory response to heat. Furthermore,
upon heating the molten TPU chains are able to flow to rebind the crack as shown in the healed sample.
This shape memory assisted self-healing (SMASH) concept was also reported in other epoxy based
self-healing coating systems [46,47]. Wider cracks were observed for severely damaged coatings by
comparison with the mildly damaged ones due to the permanent material loss during scratching.
For the severely damaged coatings, upon healing, only minor detectable separations were observed in
the cracks. The mildly damaged coatings experience mostly plastic deformation; thus, the cracks were
completely closed upon healing. In this case, only barely visible scars remained on the surface for the
DGEDP-TPU 0.2, 0.4 and 0.6 systems. Overall, the DGEDP-TPU 0.8 sample shows lower self-healing
efficiency in comparison with the other systems. Factors that influence the diffusion behavior of TPU
prepolymers will be discussed later.

DGEDP-TPUO.2 DGEDP-TPUO.2 DGEDP-TPUO.4 DGEDP-TPUO.4
severely cracked healed severely cracked healed

SEl 1skv x50 00um SEl 15Ky x50 so0um SEI 15KV x50 500um PR

DGEDP-TPUO.2 DGEDP-TPUO.2 DGEDP-TPU0.4 DGEDP-TPUO.4
mildly cracked healed mildly cracked healed

DGEDP-TPUO.6 DGEDP-TPUO.6 DGEDP-TPUO.8 DGEDP-TPUO.8
severely cracked healed severely cracked healed

SE 15k x50 soopm SEl 1skv x50 So0um sel sk

DGEDP-TPUO.6 - A RCSED S DGEDP-TPUO.8 ; DGEDP-TPU0.8
mildly cracked healed mildly cracked healed

Figure 1. SEM images of DGEDP-TPU cracked coatings and the coatings after self-healing.

The function of polymer coatings on a metal substrate is to form an organic layer that protects the
substrate from corrosion. Thus, it is essential to examine if the healed coatings are able to rebond and
block the substrate from corrosive agents. The anti-corrosion behavior of severely damaged coatings
before and after healing was studied by an electrochemical test, as shown in Figure 2. A high electrical
current was observed in the bare blade under the voltage sweep, resulting in the formation of rust on
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the blade (see Figure 52) due to the electrochemical treatment. Relatively large electrical currents were
observed in the DGEDP-TPU cracked coatings, indicating that the uncovered area on the substrate was
undergoing active corrosion. No current was detected for the healed samples, showing that the barrier
function was completely restored upon heating. After the electrochemical test, the substrate with the
coating layer peeled off was observed by optical microscopy in Figure S2. The formation of rust was
observed for all cracked samples, but no corrosion was detected in the healed samples.
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——DGEDP-TPU0.2-Cracked
— — DGEDP-TPUO0.2-Healed
DGEDP- ked
0.6 4 bare blade | . DoEGEITH :
—— DGEDP-TPUO0.6-Cracked
~-=~- DGEDP-TPU0.6-Healed
—— DGEDP-TPUO0.8-Cracked
- - - - DGEDP-TPUO.8-Healed
g 041
E
0.2 +
0.0 +
healed crack
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Figure 2. Voltage (V) versus current (I) plots measured in linear sweep voltammetry experiments for
bare steel and DGEDP-TPU prepolymer coatings cracked and healed.

3.2. Structure—Property Relationship for the Coatings

To investigate structure—property relationships for the coatings, dynamic mechanical analysis
was performed and the results are presented in Figure 3. The neat DGEDP shows the highest storage
modulus and glass transition temperature (74 °C) due to the nature of the highly crosslinked network.
The addition of TPU prepolymers into the system results in decreased modulus and Tg values due
to PIPS lowering the crosslinking density [48,49]. Interestingly, the phase separation effect follows a
trend in which DGEDP-TPU 0.2 shows the lowest storage modulus and Tg and the values increase
by increasing the molecular weight of TPU prepolymers. DGEDP-TPU 0.8 shows the highest storage
modulus (901 MPa at 25 °C) and T (64 °C) among all the mixed systems and these values are close to
those of neat DGEDP.
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Figure 3. DMA (a) storage modulus (b) tan delta of DGEDP and DGEDP-TPU prepolymer coatings.
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The differences in mechanical properties for the DGEDP-TPU systems can be explained in terms
of the morphology observed by SEM (Figure 4). The cryo-fractured surface was immersed in THF
under sonication to remove the soluble TPU prepolymers. After etching, only the insoluble epoxy
network remains for observation. This method has been widely used to observe the morphology of
blend systems comprising both linear and crosslinked polymers [50,51]. Figure 4 indicates that the
TPU prepolymers were etched out leaving behind spherical cavities. The micrographs indicate that
the TPU prepolymer is phase separated within the epoxy matrix to different degrees: (a) the fully
phase separated TPU forms dispersed spherical particles (see black holes left behind upon etching) (b)
the partially phase separated TPU forms a TPU-rich phase (see light spherical domains after etching).
DGEDP-TPU 0.2, 0.4 and 0.6 show mixtures of black holes and light spherical domains, inferring the
existence of both phase mixing and phase separation in these systems. Both the particle size and the
number of black hole particles increased by increasing the molecular weight of TPU prepolymers,
showing an enhanced degree of phase separation from DGEDP-TPU 0.2 to 0.6. Figure S3 provides a
detail analysis of particle size and size distribution in different DGEDP-TPU systems. The phase mixed
TPU acts as a plasticizer reducing reactions between the epoxy resin and hardener resulting in decreased
crosslink density. Therefore, as the degree of phase separation is enhanced from DGEDP-TPU 0.2 to
0.6, the corresponding T and storage modulus values increase. Interestingly, DGEDP-TPU 0.8 shows
a unique morphology with only large size black holes in the fractured surface, indicative of a fully
phase separated structure resulting in the highest Ty and storage modulus. However, this morphology
is not preferable for the self-healing functionality as there is less materials flow after healing (Figure 1),
indicating that TPU 0.8 chain motion is severely restricted in this system.

Figure 4. SEM images of DGEDP-TPU systems cryo-fractured and surface washed with THFE.

The morphologies formed by these systems with different levels of phase separation due to
PIPS [52,53], demonstrate reduced compatibility of epoxy and TPU prepolymer as the curing progresses.
The progress of the curing reaction in different DGEDP-TPU prepolymer systems was studied by
chemorheology. Figure 5 shows a delay to differing degrees in curing as a function of the TPU
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prepolymer added. In general, adding 30 phr TPU to the system delays the reaction between
epoxy and hardener extending the processing window in comparison with the neat epoxy [54,55].
However, phase separation of the TPU creates an epoxy-hardener rich phase where the reaction rate
is locally enhanced. Therefore, the increase in reaction rate from DGEDP-TPU 0.2 to 0.8, observed
by chemorheology, can be explained in terms of the increased degree of phase separation from TPU
0.2 to 0.8 during curing. This is in agreement with the morphology displayed in Figure 4 for the
cured samples.
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Figure 5. Evolution of the complex viscosity as a function of curing time at 85 °C.

3.3. Stress Relaxation and Self-Diffusion

The requirement for extrinsic self-healing materials is that the secondary phase must diffuse to
generate direct mass transport to the damage site. To further investigate the healing mechanism of this
system, two factors that influence the chain diffusion of the TPU prepolymers are addressed: (i) the
relaxation behavior of the epoxy matrix and (ii) the self-diffusion ability of the TPU prepolymers.

The stress relaxation behavior of polymers deformed above their Ty is related to the ability of
segmental motion to locally reorient one or more components within the material to accommodate
the applied stress [56,57]. Hence, it is important to examine the stress relaxation behavior of the
epoxy network since the ability of the network to reorient impacts the self-healing functionality.
Stress relaxation experiments were conducted at Ty + 50 °C for all samples. As shown in Figure 6,
DGEDP-TPU 0.2 relaxes the most stress relative to the other samples, indicating higher chain mobility
in this system due to the relatively low crosslinked network density. The relaxation behavior is reduced
by increasing the TPU prepolymer molecular weight. DGEDP-TPU 0.8 relaxes the least amount of
stress and the relaxation behavior is similar to neat DGEDP. This dense and rigid network is preferable
for mechanical performance while the impeded segmental motion restricts TPU prepolymer flow,
resulting in reduced healing efficiency as shown in Figure 1.

It is evident from morphological characterizations that different degrees of phase separation
result as a function of TPU prepolymer molecular weight. The schematics in Figure 7 display both
the phase mixing and phase separation morphologies. The phase mixed TPU prepolymers chains
(left) dilute the reaction between the epoxy and hardener during curing, causing the formation of
a loose network with increased molecular weight between crosslinked sites. In contrast, increased
phase separation occurs by incorporating TPU prepolymers with relatively higher molecular weight
(right) which form domains dispersed in a denser epoxy network, due to the diminished dilution effect
during curing reactions.
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Figure 6. Stress relaxation behavior of DGEDP-TPU systems as a function of time.
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Figure 7. Schematics of phase mixed (a) and phase separated morphologies resulting from differing
TPU prepolymer molecular weight (b).

The diffusion ability of the TPU prepolymer plays an important role in the self-healing functionality.
Figure 8 shows the complex viscosity 1+ as a function of frequency at 25 °C for the different epoxy-TPU
prepolymer mixtures. Noticeable shear thinning behavior was observed for the DGEDP-TPU 0.8 at
high frequency, indicating chain entanglement. These entanglements impede chain diffusion such that
relatively less material transfer can occur for the DGEDP-TPU 0.8 healed sample. No shear thinning
that corresponds with chain entanglement was observed in the other systems indicating relatively
easier flow upon melting.
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Figure 8. Complex viscosity n+ as function of frequency at 25 °C.
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4. Conclusions

In summary, self-healing epoxy coating systems with polymerization induced phase separated
morphology were obtained by blending a bio-based epoxy DGEDP with TPU prepolymers. This work
reveals that the epoxy-TPU morphology, which determines both mechanical and self-healing
performance, can be rationally tuned by the selection of a TPU prepolymer with the appropriate
molecular weight. We demonstrated that relatively higher molecular weight TPU prepolymers tend
to phase separate to a greater degree within the epoxy matrix. This high degree of phase separation
accelerates the epoxy curing rate by comparison with a phase mixed system, giving the system
high crosslinking density. It therefore endows the coating with high glass transition temperature
and mechanical performance but reduced healing efficiency due to restricted TPU chain mobility.
In contrast, reduction in the TPU prepolymer molecular weight results in a lower degree of phase
separation and lower epoxy network crosslinking. A reduction in the crosslink density allows the TPU
prepolymers to more readily flow upon heating to mend cracks. However, these coatings with lower
networking crosslinking have reduced mechanical performance. This work describes a rational design
strategy to control the morphology of self-healing coatings so that they can be tailored for specific
applications by balancing the mechanical properties and self-healing performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/1/50/s1,
Figure S1: Chemical structure of DGEDP-butyl, Figure S2: Optical microscopy images of the steel substrate after
electrochemical treatment, Figure S3: Pore diameter distribution of cryo-fractured DGEDP-TPU system surfaces
washed with THF, Table S1: Molecular weight of synthesized TPU prepolymers (OH end capped).
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