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Abstract. Cross-linked epoxy resins are amongst the most widely used materials for 

protecting metal surfaces in high performance applications. During curing or application of 

such materials as a coating on a metal surface, mechanical stresses can build up and 

ultimately lead to mechanical failure. Stress-relaxation in fully covalent systems is, however, 

limited due to the restricted mobility of the network chain segments. Hereby, we introduce 

physical cross-links (hydrogen bonds into the epoxy-amine network) via the incorporation of 

amide motifs, which enhance temporary local network mobility and ensures a better ability to 

relax the stresses preemptively, without any significant change in modulus and (dry and wet) 

adhesion behavior. The reversibility of hydrogen bonds also results in superior restoration of 

superficial scratches with no detrimental effect on the original adhesion properties of the 

material. 
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Introduction 

Polymer coatings are essential in our daily lives either to decorate or to protect surfaces from 

the environment, e.g., from moisture, UV-radiation, chemical attack or mechanical damage 

[1]. The performance and lifetime of coating materials are strongly dependent not only on the 

materials intrinsic properties, but also on adhesion between the coating and substrate [2]. 

Epoxy resins are amongst the most used materials for coating applications due to their 

excellent stability, i.e., chemical and physical resistance, good adhesive performance, ease of 

handling and outstanding mechanical and electrical properties [3-5]. Therefore epoxy resins 

are widely utilized for protecting metal substrates from corrosion and as matrix material for 

structural composites, in high performance applications such as in aerospace and marine [6, 

7]. Besides the type of epoxide and amine, the curing process and the type of curing agent 

used during polymerization/cross-linking of the epoxy resin determine their final coating 

properties [8-10].  

There is a multitude of factors which may change the mechanical behavior of polymeric 

coatings on metal substrates. Mechanical stresses may arise during application of a coating 

due to an increase in density upon cross-linking, or shrinkage upon evaporation of the 

solvent. Furthermore, the differences in thermal expansion coefficient between the coating 

and substrate, the deformation of the substrate and the chemical ageing or damaging of the 

coating can also contribute to the presence of internal stress [11]. All these factors affect the 

mechanical behavior of coatings, decrease their lifetime and ultimately lead to failure. To 

solve this problem but still taking advantage of the long-lasting, outstanding properties of 

epoxy-based coatings, several attempts were made to introduce self-healing mechanisms [12, 

13], in order to repair external damages and extend their lifetime  further.  

The self-healing materials concept aims at the recovery of a lost property/functionality, 

maintaining a high level of performance throughout an extended service lifetime [14]. In an 

Page 2 of 38RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 3

ideal self-healing material, multiple healing events can take place, fully restoring the initial 

material properties and resulting in an infinite “theoretical” service lifetime. However, for 

most of the current, “real” self-healing systems, the healing event(s) only restore partially the 

initial properties leading to a slower degradation of the material (as compared to non-healable 

coatings). An important cause for failure in polymer coatings is crack formation and 

propagation; therefore, repairing cracks and mitigating the failure mechanism(s) in an early 

stage may prevent further propagation, thus extending the life span of the materials [15, 16]. 

Self-healing of damage can be autonomous (without external triggers) or non-autonomous 

(i.e., triggered by heat or pressure) [17]. Moreover, self-healing materials can be categorized 

as extrinsic or intrinsic, based on their “healing” mechanism. For the first category, 

microcapsules, hollow fibers or microvascular networks are typically embedded in the 

material matrix to enable self-healing behavior. Upon damage, these added components 

fracture and release a healing agent filling and eventually sealing the crack, preventing its 

propagation [18-22]. For the second category, the material is chemically modified to 

reestablish chemical bonds, after being broken by the damage, i.e., reversible cross-linking. 

Intrinsic self-healing usually requires external stimuli such as light, heat or oxygen to 

trigger the healing process and reestablish the broken chemical bonds. This healing 

mechanism depends on the matrix polymer architecture and typically consists of two steps. 

First, a “softening” step enhancing local mobility in the proximity of the damage which 

requires a decrease in local viscosity, leading to the local and temporary network mobility 

required for flow and damage repair. Second, after the healing trigger is removed, a 

“hardening” process leads the restoration of the original local viscosity and recovery of the 

materials properties [14]. Various types of reversible chemical or physical cross-links have 

been employed to control the local viscosity with different healing processes and degree of 

reversibility. Typical examples are provided by the use of Diels-Alder (DA) and Retro-DA 
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reactions, [21, 23-25] ionomers, [26, 27] thiol-based chemistry [21, 28, 29]
 

and 

supramolecular polymers [23, 26, 27, 30-34]. An overview of the various options is provided 

by Michael et al. [33]. The self-healing mechanism based on supramolecular polymers is 

attributed to the connection/reconnection of non-covalent bonds provided by their reversible 

”sticker-like” nature. After cracking, the multitude of broken supramolecular bonds located at 

the newly generated interface recombine by applying external forces and “close the gap”, 

thereby healing the damaged area. Since these non-covalent interactions, largely in 

thermodynamic equilibrium, can be reversibly broken, supramolecular polymers exhibit 

promising features such as improved processing ability and self-healing behavior [21]. 

Amongst the different supramolecular chemistries, those dealing with hydrogen bonds have 

been largely explored for self-healing polymers [24, 25, 35]. Sijbesma et al. introduced H-

bonds into chemically cross-linked networks to enhance preemptive stress relaxation and 

impart high creep compliances, so that the mechanical stresses can be relieved [11, 36]. 

Cross-linked networks with reversible H-bonds can also promote delayed elasticity which 

assists the recovery of neat surfaces after damaging.  

In the current study, we incorporated amide motifs, capable of reversible hydrogen 

bonding, into a covalently cross-linked epoxy-amine network to obtain coatings, combining 

the good adhesive performance and outstanding mechanical properties of these polymer 

systems with an additional self-healing behavior (see Scheme 1). Epoxy-amine bulk coatings 

were obtained by employing a linear di-amine (Jeffamine D-230) and N-(5-aminopentyl) 

acetamide as curing agents of an epoxy resin (Eponex 1510). Jeffamine D-230 provides 

toughness and impact resistance to the coatings by creating chemical cross-links (covalent 

bonds) with the epoxy resin, whereas the physical and reversible cross-links (hydrogen 

bonds) are provided by the second curing agent, acetamide.  To the best of our knowledge, 

the effect of adding extra amide motifs to promote hydrogen bond cross-links into 
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(covalently) cross-linked epoxy-amine coatings and its subsequent self-healing properties 

have not been reported so far. 

 

Scheme 1. Schematic representation of the macromolecular architectures of the epoxy 

coatings. 

 

Experimental 

Materials. For the preparation of the coatings, hydrogenated DDP epoxy resin (Eponex 

1510, Momentive BV) with an equivalent weight (eqw) per epoxide group of 210 g/mol was 

used (see Scheme 2a). Eponex 1510 is a low viscosity resin, 18-25 P at 25 °C, and will 

further be denoted as E in this paper. The selected curing agents (amines) are Jeffamine D-

230 (Huntsman B.V., Belgium; Mw = 230 g/mol, NH-eqw = 60 g/mol, see Scheme 2b) and 

N-(5-aminopentyl) acetamide (TCI Europe N.V.; Mw = 144.22 g/mol, NH-eqw: 72.11 g/mol, 

see Scheme 2c), which will be further denoted as J and A, respectively. All chemicals were 

used without any further purification. These raw materials were chosen on basis of their good 

wet adhesion behavior [7].  

 

 

 

 

 

 

Scheme 2. Molecular structure of (a) Eponex 1510 (E), (b) Jeffamine D-230 (J) and (c) N-(5-

aminopentyl) acetamide (A). 

 

(b) (c) 

(a) 
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Preparation of the coatings. Coatings were prepared by mixing E, J and A at different molar 

ratios to investigate the influence of the physical versus chemical cross-links ratio on the 

properties of the matrix. The produced samples are EJ, EJ 5% A, EJ 10% A, EJ 15% A, EJ 

20% A and EJ 25% A, where the percentage values written before A refer to the mole 

percentage of acetamide in the coating. Aluminum 2024-T3 alloy plates (10 × 15 × 0.06 cm
3
, 

ThyssenKrupp Aerospace) were used as substrate. These substrates were pre-treated by using 

sand paper (Scotch-Brite, 3M), washed with acetone to remove oil and dust, and thereafter 

dried using a nitrogen flow [7].    

After the preparation of the Al substrates, the mixtures of Eponex, Jeffamine D-230 and 

N-(5-aminopentyl) acetamide were magnetically stirred for 30 min after which a coating was 

directly applied on the pre-treated Al substrates by utilizing a quadruple film applicator 

(“Doctor-Blade”) driven by a Master coating apparatus (Erichsen GmbH & Co. KG), at a rate 

of 10 mm⋅s
−1

 with a “wet” thickness of 120 µm. The curing of the coated substrates was 

carried out at 100 °C for 4 hours and the samples were allowed to cool down inside the oven 

until it reached room temperature. To prepare larger samples for DMA, DSC, TGA and FTIR 

measurements, the stirred mixture was casted on thin-wall aluminum cups with a thickness of 

≈ 500 µm. Note that the Jeffamine is a di-amine containing two primary amine groups which 

can each react twice and is considered to be an ideal four-functional cross-linker [37]. 

 

Thermal Gravimetric Analysis (TGA). The weight loss and onset of degradation of the 

cured epoxy-amine coatings were determined using a TGA Q500 (TA Instrument). Samples 

were prepared by using 10 mg from the material cured in the thin-wall aluminum cups. The 

samples were heated at rate of 10 °C/min from 25 °C to 700 °C under a nitrogen atmosphere. 
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Differential Scanning Calorimetry (DSC). The glass transition temperatures (Tg) of the 

coatings were determined using a DSC-Q2000 (TA Instruments). Tzero (TA, Switzerland) 

and Tzero Hermetic Lid (TA, Switzerland) pans were used employing samples of about 3-5 

mg. All samples were heated from −90 °C to 150 °C and then cooled to −90 °C at a rate of 5 

°C/min. Three heating and cooling cycles were performed on each sample and the Tg was 

determined from the second heating cycle at the half-height value of the transition in DSC 

trace. 

 

Fourier Transform Infrared Spectroscopy (FTIR). FTIR measurements were carried out 

using a Varian 3100-FTIR (Excalibur Series) spectrometer at room temperature in Attenuated 

Total Reflection (ATR) mode to observe the presence of hydrogen bonds in the epoxy-amine 

networks. A diamond crystal was used and all the spectra were recorded in the range of 4000 

cm
−1

 to 650 cm
−1 

with a resolution of 4 cm
−1

. On average 100 scans were co-added per 

spectrum and one average spectrum was recorded for each sample measured after which the 

average background was subtracted.  

Transmission-FTIR studies were performed using a Varian 670-IR FTIR Spectrometer 

and a hot stage (Linkam cell, TMS 94) at 100 °C. The behavior of the coatings was 

monitored as a function of time to study the curing kinetics of the epoxy resin in the presence 

of acetamide. In order to do so, KBr pellets were prepared by placing approximately 150 mg 

dry KBr powder in a mould (diameter ≈ 10 mm) and applying ≈ 7 ton compression force for 

10 min under vacuum. The thus prepared pellets were immediately placed in the oven at 60 

°C to avoid moisture absorption. 

The KBr pellets were equilibrated at 100 °C for 10 minutes prior to the kinetic 

experiments. A typical coating formulation was prepared (≈ 1 g) and stirred with a magnetic 

stirrer for 1-2 min to obtain a homogeneous distribution of the components and a small 
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droplet was placed in between two KBr pellets. All spectra were recorded in situ during the 

cross-linking reaction, between 4000 and 650 cm
−1

 with a resolution of 4 cm
−1

. For each 

composition, 130 spectra (100 scans co-added per spectrum) were taken in time intervals of 

30 s. The curing kinetics were analyzed by calculating the area and height of the vibration 

band at 3050 cm
−1

, attributed to the C-H stretching of the oxirane ring, which was expected to 

decrease as Eponex 1510 reacted with the amines.  

Transmission-FTIR characterization was also performed to analyze the influence of 

temperature on the weakening of hydrogen bonds. For that purpose, Eponex 1510, Jeffamine 

D-230 and N-(5-aminopentyl) acetamide were mixed with a magnetic stirrer for 30 min and 1 

small droplet was placed on a ZnSe disc. The samples were left at room temperature until 

they were completely solidified. Temperature dependent spectra were collected, starting from 

room temperature until 200 °C with temperature intervals of 10 °C, during heating and 

cooling ramps. Background spectra were previously recorded at every temperature at which 

the spectra were obtained and respectively subtracted. All other parameters were the same as 

for the curing kinetics, as mentioned in the previous paragraph.  

 

Dynamic Mechanical Analysis (DMA). DMA measurements were carried out using a 

DMTA Q-800 (TA Instruments) to determine the storage modulus Eʹ, the loss modulus Eʹʹ 

and the Tg of the samples. Additionally, stress-strain curves were obtained and creep and 

stress relaxation was investigated for both the fully covalent and acetamide containing 

samples. 

The elastic modulus measurements were carried out in tensile and multi-frequency strain 

mode, where the temperature was increased from 0 °C to 150 °C, with a ramp of 2 °C/min 

and collecting data points every 2 s. Rectangular samples of about 5.3 mm × 0.5 mm cross 

section and about 12 mm length were tested at 1 Hz and 15 µm amplitude. The storage 

Page 8 of 38RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

modulus was used to calculate the experimental cross-link density XLD according XLD = Eʹ 

/ 3RT where R and T denote the gas constant and temperature, respectively, and Eʹ denotes 

the plateau modulus (the minimum point in the Eʹ-T curve). The experimental Mc (molecular 

mass between cross-links) values were calculated as Mc = ρ/XLD [7]. The glass transition 

temperature Tg was taken as the temperature with maximum loss angle (tan δ). 

The storage moduli were also calculated after a thermal treatment. For this treatment the 

samples were heated up from room temperature to 100 °C and cooled down again to room 

temperature at 5 °C/min and isothermal waiting periods of 1 hour at each temperature. The 

storage modulus before and after thermal treatment was compared for each composition. Data 

points were collected every 2 s for the samples having dimensions of 5.3 × 0.5 × 12 mm
3
 at 1 

Hz and 15 µm amplitude (see Supporting Information, SI).  

In order to obtain stress-strain curves, samples of 5.3 × 0.5 × 12 mm
3
 were exposed to a 

ramped force and the resultant deformation was monitored isothermally, at room temperature 

and at 100 °C, with isothermal curing times of 5, 30 and 120 min. A 3 N/min force rate was 

selected with an upper force limit of 18 N and employing a preload force of 0.001 N. The 

effect of the thermal treatment time on elongation at break and Young’s modulus was 

compared for various samples. For each composition, the measurements at 100 °C were 

repeated twice, while at room temperature the measurements were repeated five times. 

Recovery of the strength is evidently important as well. However, at room temperature the 

materials are in the glassy state (see Tgs in Table 1 and Figures S3 and S4, SI) and the DMA 

samples are too small for reliable strength measurement. 

Creep measurements were done at a stress of 0.1 MPa (linear viscoelastic region) and a 

creep time of 120 min, followed by a recovery time of 60 min. The samples were tested at 35 

°C, 45 °C, 100 °C and 5 °C below the Tg measured for each sample (for Tgs, see Table 4). 
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Each measurement was performed on two identical specimens to check reproducibility and a 

preload force of 0.01 N was applied in all cases.  

Stress relaxation measurements were conducted at a temperature 5 °C below the Tg 

measured for each sample (for Tgs, see Table 4). The stress at a constant strain of 2% was 

monitored for 120 min. Then, the strain recovery was followed for 60 min in the absence of 

any external stress. Data points were collected every 2 s. 

 

Optical microscopy. The healing process at 45 °C was monitored by optical microscopy 

using a Reichert-Jung Polyvar-Met microscope equipped with a digital camera. The 

measurements were performed for 1 hour, with image collection at every minute. Before 

starting the characterization, a notch of ≈ 100/200 µm width and 30/60 µm depth was created 

by a well-defined cutter with a top angle of ≈ 140° (BYK Gardner GmbH, PIG Universal) 

using a 2.3 kg load. In order to show the effect of hydrogen bonding on the healing process, 

the healed samples were subjected to DMA measurements and the recovery of the 

mechanical properties was investigated.  

 

Pull-off test. Pull-off measurements, following procedures previously reported [7], were used 

to identify the adhesion strength of the various coatings to the Al substrate. Three different 

sets of samples were prepared. The first set was kept in dry conditions at room temperature, 

the second was immersed in distilled water for one week and the third was dried at 100 °C 

after 1 week of immersion in distilled water. 

For the second set (wet adhesion), the edges of the samples were sealed by water-proof 

tape (Tesa® tape) before immersion. After immersion, the tape was removed, the samples 

were wiped with soft (Kimtech) tissue paper, blown dry using N2 and after that directly 

tested. For the third set, the same procedure was applied for the immersion. However, after 
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removing the water-proof tape, the samples were placed inside the oven at 100 °C for 24 

hours and kept inside the oven for at least 6 hours at room temperature to make sure they 

were completely dry. 

Before starting the pull-off test, the studs (stainless steel, d = 8 mm) were sand-blasted at 

2 bar. After sand-blasting, they were rinsed with water to get rid of the larger sand particles, 

followed by sonication in water for 5-10 min at least 3 times, or until no dust was observed 

on the studs. The studs were then washed several times with acetone and dried in the oven at 

40 °C just before gluing them on the coated Al substrates. For each coating composition, 

eight panels were cut with dimensions of 2 × 3 cm
2
. The coated surface of each panel was 

ground gently by sand paper (#1200, 3M), to enhance the mechanical anchoring of the glue 

[7]. Thereafter the studs were attached perpendicular to the coated substrates with a glue (3M 

scotch-weld DP460) which was cured at room temperature for two days. Before starting the 

pull-off test, the coating and cured-glue around the stud were removed using an electrical 

drill. The pull-off measurements were carried out using an Easy TEST (EZ 20 Lloyd 

Instruments) tensile equipment applying a velocity of 1 mm/min. The force required to detach 

the coating from the substrate was monitored as a function of the stud displacement.
 
A 

schematic of the pull-off measurements is presented in Figure S6 (see SI) [7].
 

 

Results 

Thermal properties of the coatings. The influence of acetamide incorporation on the 

thermal properties of the epoxy-based coatings was investigated using TGA, DSC and DMA. 

TGA showed that all the coatings are stable up to ≈ 250 °C (for TGA curves, see Figure S1 in 

the SI). Therefore, the DSC measurements were carried out by heating the samples until 

maximally 150 °C to prevent possible degradation. 

Figure 1a shows the DSC thermograms of the various epoxy coatings. In comparison with 
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the fully covalent network, a slight decrease in Tg up to maximally of ≈ 5 °C was observed 

for the samples cured with 25 mole % of acetamide. Figure 1b shows the DMA tan δ  curves 

from which it can be observed that the Tg values taken from tan δ are 10-15 °C higher than 

the Tgs taken from DSC, in agreement with literature results. The main reason for this 

difference is that these techniques probe different aspects of the glass transition as reported in 

the literature [38]. Moreover, these transitions are more easily detected by DMA than by DSC 

since mechanical changes are typically more dramatic than changes in the heat capacity [38]. 

Table 1 summarizes all the thermal data of the various samples. From this table it can be 

concluded that the Tg of the coatings decreases slightly by the incorporation of the acetamide. 

 

Table 1. Thermal characterization of epoxy coatings. 

Epoxy resin 

Curing agent  

(molar ratio) 

Ratio 

(E/NH) 

Onset of 

degradation  

(°C) 

Tg
1
 

(°C) 

Tg
2
 

(°C) 

 

J D-230 A 

    1 0 1:1 ≈ 266  52  62 

 

0.95 0.05 1:1 ≈ 233 46  61 

Eponex 1510 0.90 0.10 1:1 ≈ 212 47 60 

 

0.85 0.15 1:1 ≈ 254 48  60 

0.80 0.20 1:1 ≈ 254  45  58 

 

0.75 0.25 1:1 ≈ 279 44 57 

Note: Tg
1
 is the glass transition temperature based on DSC and Tg

2
 is determined using DMA. 
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Figure 1. (a) DSC thermograms (2nd heating run); (b) tan δ values taken from DMA data. 
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Molecular characteristics of coatings. The coatings prepared with different acetamide 

percentages (% A) were characterized by ATR-FTIR to obtain a molecular perspective of the 

samples and to verify the existence of hydrogen bonding in the cross-linked network. The 

changes in specific vibration bands responsible for inter/intra molecular hydrogen bonding 

are depicted in Figure 2, while Table 2 shows the peak assignment of the various coatings as 

described by their intensity and absorption frequencies. 

Table 2. The characteristic ATR-FTIR absorption frequencies of the EJ(A) coatings [39, 40].

Note: The intensity I is indicated by w = weak, m = medium, s = strong, b = broad and a = absent, while the 

mode labels are str = stretching, asym = asymmetric and sym = symmetric, Finally, Wn denotes Wave number. 

 

The oxirane ring has characteristic absorptions at 915 cm
−1 

and 3050 cm
−1

 which are 

attributed to C-O and C-H stretching vibrations, respectively. Figure 2a shows that peaks 

associated with these bands are absent, indicating the full consumption of the epoxy groups 

during the curing reaction and the formation of chemical cross-links in the system, as far as 

can be judged by FTIR.  

The presence of hydrogen bonding can be identified by its signature wavenumbers at 

3300 cm
−1

 (N-H stretching) and 1650 cm
−1

, attributed to hydrogen-bonded C=O stretching 

(Amide I). For the EJ coatings without any acetamide addition, the C=O stretching bands 

 Vibrational mode          EJ 5% A        EJ 10% A

I Wn (cm
-1

) I Wn (cm
-1

) I Wn (cm
-1

) I Wn (cm
-1

) I Wn (cm
-1

) I Wn (cm
-1

)

O-H str and non-H-bonded 

N-H str overlap b, m 3404 b, m 3398 b, m 3368 b, m 3364 b, m 3356 b, m 3345

C-H str (oxirane group) a a a a a a

C-H of CH2 and CH asym str s 2929 s 2931 s 2930 s 2929 s 2930 s 2930

C-H of CH2 and CH sym str s 2859 s 2860 s 2860 s 2859 s 2859 s 2859

C=O str (Amide I) a w 1653 w 1652 w 1652 m 1652 m 1652

N-H bending w 1645 a a a a a

C-N str and C-N-H 

bending-in-plane (Amide II) a w 1552 w 1553 w 1554 w 1553 w 1553

C-H deformation of CH2 and 

CH3 s 1447 s 1447 s 1447 s 1447 s 1447 s 1446

CH3 deformation of C-(CH3)2 m 1367 m 1367 m 1367 m 1367 s 1367 s 1366

C-O-C stretching of ethers s 1090 s 1089 s 1088 s 1088 s 1088 s 1088

C-O str (oxirane group) w 909-915 w 901 w 901 w 901 w 901 w 901

EJ EJ 15% A EJ 20% A EJ 25% A
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Amide I at ≈ 1652 cm
−1

 and Amide II at ≈ 1552 cm
−1

 are obviously absent, so that the small 

peak at 1645 cm
−1

 is probably due to the N-H bending vibration of some unreacted Jeffamine. 

The introduction of acetamide into the cross-linked network provides the formation of 

hydrogen bonds [41]. Hence, when acetamide is incorporated in the coatings, the presence of 

the stretching bands of Amide I and Amide II groups becomes visible. 

The sample without acetamide shows a band at 3404 cm
−1 

which may be assigned to O-H 

stretching vibration. Since non H-bonded N-H stretching is also observed around 3400 cm
−1

, 

overlapping of these two vibrational bands is likely to occur. As amide motifs are 

incorporated into the system, the peak between 3400-3300 cm
−1

 starts to broaden. For EJ 

25% A the center of this broadened peak is observed at 3345 cm
−1

. At first glance, this 

broadening could be interpreted as the result of an overlapping of the O-H stretching, non H-

bonded and H-bonded N-H stretching. However, it may be speculated that the incoming of N-

H stretching (H-bonded) causes the shift from 3404 cm
−1

 for EJ, to 3345 cm
−1

 for EJ 25% A. 

These results are a good indication of the presence of hydrogen bonds in the networks of the 

cross-linked systems containing acetamide. 
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Figure 2. (a) ATR-FTIR spectra of the various coatings. (b) Transmission-FTIR 

measurements showing the effect of temperature on the weakening of hydrogen bonds for 

coating EJ 25% A on heating/cooling with a rate of 10 °C/min from RT to 200 °C. 
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Temperature dependent transmission-FTIR measurements were carried out to analyze the 

influence of temperature on the weakening of hydrogen bonds. Figure 2b depicts the changes 

in the peak positions of Amide I signals for EJ 25% A. 

The amide I mode (~ carbonyl stretch) is sensitive to order [42] and the contributions to 

the band envelope, assigned to ”free” (non-hydrogen bonded) carbonyl groups, together with 

ordered and disordered hydrogen bonded carbonyl groups, are readily discerned. As the three 

different contributions comprising the amide I mode have similar absorptivity coefficients  

[42], the change in hydrogen bonding can be relatively easy followed. 

At room temperature, Amide I bands are observed at 1654 cm
−1

, in agreement with the 

values obtained from ATR-FTIR measurements. As the temperature is increased, the 

signature wavenumber at 1654 cm
−1

,
 
attributed to hydrogen bonded C=O stretching, shifts to 

higher frequencies and at 50-60 °C a partial weakening of hydrogen bonds can be already 

identified. At 100 °C the signature band is observed at 1672 cm
−1

 and shifts further to 1681 

cm
−1

 at 200 °C, which is a typical value for non H-bonded carbonyl stretching vibrations. The 

large shift of the Amide I signal to higher frequencies is a clear sign of hydrogen bond 

weakening. Furthermore, as the sample is cooled down from 200 °C to 40 °C, the 

wavenumber attributed to the Amide I signal shifts back to lower frequencies. In the cooling 

cycle, the wavenumber decreased from 1681 cm
−1

 (200 °C) to 1668 cm
−1

 at 100 °C, which is 

very similar to the 1672 cm
−1

 at 100 °C of the heating cycle. Moreover, the wavenumber 

assigned at 40 °C of the heating cycle is 1658 cm
−1

 and of the cooling cycle is 1657 cm
−1

. 

This similarity of wavenumbers at the same temperature during the heating and cooling 

shows that the hydrogen bonds, by their nature, weaken at elevated temperatures but reform 

again as the temperature decreases. 

Transmission-FTIR was also used to monitor the curing kinetics of the coatings as a 

function of time. The peak absorbance at 3050 cm
−1

, associated with the C-H stretching of the 
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oxirane ring, was followed for 120 min to understand how cross-linking proceeds as a 

function of time. Figure 3a shows the decrease in the peak absorbance values of EJ 25% A 

between 0-120 min. The other compositions showed very similar trends in terms of the 

decrease in absorbance values (not shown). 
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Figure 3.(a) The IR peak absorbance of EJ 25% A at 3050 cm
−1 

between 0-120 min. (b) 

Epoxide IR peak absorbance based on height at 3050 cm
−1

 for all compositions.  

 

The 909 cm
−1

 or 3050 cm
−1

 absorption bands, corresponding to the C-O stretching 

vibrations of the epoxy group and to the C-H stretching of the oxirane ring respectively, have 

been used by many researchers to follow and analyze the curing  kinetics of epoxy-amine 

systems [40]. Here the extent of cross-linking was determined by the peak areas of the epoxy 

group absorbance at 3050 cm
−1

 [40]. The absorbance values were plotted as a function of 

time in order to determine the rate of curing (Figure 3b). A steep decrease in slope was 

observed in the first 30 min for all compositions, indicating a high rate of consumption of 

epoxy groups and therefore a high curing reaction rate. Due to the mobility of the monomers 

or low molar mass material (dimers, trimers, etc.) formed, a high rate is expected initially. 

However, the rate of cross-linking decreased significantly after 30 min, due to the restricted 

mobility of the higher molecular weight, partially cured epoxy network [40]. 
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Structural characteristics of the networks. In order to gain a deeper insight into the 

structural characteristics of the cross-linked networks and determine the influence of amide 

motif incorporation, DMA measurements were carried out to determine the storage modulus 

Eʹ, the loss modulus Eʹʹ and tan δ as a function of temperature for all cross-linked coatings 

(Figure 4). The moduli values were used to calculate the cross-link densities. Table 3 shows 

the XLD values and the corresponding molecular mass between cross-links. 

 

Table 3. Cross-link density values for the various coating compositions. 

  XLD (mole/cm
3
) Mc (g/mole) 

EJ  7.3×10
−4 1370 

EJ 5% A  5.6×10
−4 1790 

EJ 10% A 6.0×10
−4 1670 

EJ 15% A 5.4×10
−4 1850 

EJ 20% A 5.5×10
−4 1820 

EJ 25% A 3.9×10
−4 2560 

 

The highest cross-link density (XLD) was found for sample EJ without amide motifs 

while the incorporation of 25 % amide motifs (EJ 25%A) caused a two-fold decrease in XLD 

values. Therefore, we conclude that the addition of acetamide into the epoxy network 

increases the ratio of physical to chemical cross-links but also decreases the overall cross-link 

density. The Mc calculations were done using Flory's relations for non-conforming polymer 

networks because more sophisticated methods, such as that of Miller and Makosco [43] or  

Lesser and Crawford [44] can only be used when the effective functionality and some other 

data are known, which is generally (and also here) not the case. However, an estimate based 

on these methods learns that the reported Mc values are about twice that expected but that the 

trend is not affected. Since the comparison is qualitative only, the simple theory of rubbery 

elasticity for Mc considerations was used. 
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Dissolution tests with the EJ and EJ 25% A material in THF, water, acetone and ethanol, 

using 10 mg material per 1 ml solvent (total volume typically about 5 ml) showed no 

dissolution after 5 days. The degree of swelling with acetone was about 25% for both the EJ 

and the EJ 25% A material, while after drying for 24 h at 40 °C, the decrease in weight for 

both materials was less than 1%. This confirms the stability of these materials after prolonged 

contact with solvents that potentially could dissolve the constituting components. 

 

Mechanical properties of the films. In Figure 4 the evolution of the tensile storage moduli 

(E′) with temperature is illustrated for all samples. It can be observed that the storage 

modulus of the material at room temperature does not change significantly after incorporation 

of the amide motifs. The modulus of the EJ sample is ≈ 2080 MPa while that of EJ 25% A 

has the value of ≈ 2020 MPa. Furthermore, the moduli of samples with a lower mole % of 

acetamide changed also only about 2-3 %.  
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Figure 4. Influence of incorporation of amide motifs on storage modulus. 
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In fact, more pronounced effects of incorporating amide motifs were observed in the 

plateau modulus above Tg. The plateau modulus (measured at 86.4 °C) of EJ is 6.5 MPa, 

whereas EJ 25% A showed a value of 3.5 MPa (measured at 89.6 °C). It should be recalled 

that at this temperature, the weakening of the hydrogen bonds has already set in, as discussed 

above when dealing with the FTIR results, and that this weakening has an impact on the 

storage moduli. Above 80 °C, the storage moduli exhibit a slight increase for all 

compositions. This is most likely related to the entropic stiffening of the system due to an 

increase of the temperature [45], although the thermal treatment (see SI for thermal treatment 

effect considerations, Figure S2 and S3) and the presence of water may have a minor 

influence [46]. 

 

Creep/Stress Relaxation Measurements. The analysis of the various samples in terms of 

thermal and mechanical characteristics showed the effect of the incorporation of the amide 

motifs on the rubber plateau modulus, that is, the cross-link density, and the effect of the 

thermal treatment. This analysis suggests a different relaxation of applied stresses for the 

materials having a different content of amide motifs. Therefore, the effect of hydrogen 

bonding was evaluated in terms of creep and stress relaxation. 

Figure 5 shows the creep behavior of samples that were subjected to 0.1 MPa applied 

stress for 2 hours at different temperatures and then allowed to recover for another 60 min. 

When measured at 100 °C (Figure 5a), far above Tg, the material EJ 25% A ‒ with the highest 

amide content ‒ shows the highest equilibrium elongation result while the fully covalent 

material EJ shows the lowest. After stress removal, only EJ exhibits almost complete strain 

recovery and the fast and instantaneous response of the covalent network indicates almost 

fully elastic behavior. With increasing acetamide content, a slower relaxation and a higher 
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residual strain after stress removal were observed. As more amide motifs were incorporated 

into the networks, an increasingly incomplete strain recovery was obtained. 

Measurements were also performed at a fixed temperature difference of 5 °C below the Tg 

of each material (Table 4).  At 5 °C below Tg, the material EJ 25% A is elongated up to a 

strain of 3.7 %, whereas for the fully covalent network EJ the strain is 1.9 %.  

At 5 °C below the Tg (Figure 5b) material EJ fully recovers its original dimensions at a 

(relatively) fast rate, after stress removal while the acetamide containing materials exhibit a 

slightly slower rate and less strain recovery. The main reason for this slow relaxation could 

be irrecoverable creep introduced by the non-covalent bonds.  
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Figure 5. Creep measurements at 0.1 MPa stress at (a) 100 °C, (b) 5 °C below each 

material’s Tg, (c) 45 °C, and (d) 35 °C. 
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A similar behavior was observed for the creep experiment at 45 °C of the EJ 25% A 

sample (Figure 5c). This sample elongated up to a strain of 3.7 %, whereas EJ and EJ 10% A 

samples elongated to 1.0% and 1.6%, respectively. When the stress is removed, the recovery 

is slower for all the samples as compared to room temperature, in particular for EJ and EJ 

10% A. Moreover, full recovery to original state was not observed at this temperature, for any 

of these materials. 

In the glassy state, at 35 °C (Figure 5d), the creep measurements exhibit a reversed 

behavior as compared higher temperatures. Since the temperatures are approximately 25 °C 

below the Tg for each of the samples, very small final strains were observed. The fully 

covalent material exhibits 0.2% of final equilibrium strain after 120 min of creep, whereas EJ 

25 % A shows 0.01% after the same time. In this case the recovery is much slower and 

irrecoverable creep is observed. In addition, it should be noticed that the rate of creep is also 

slower for all H-bonded samples than for the fully covalent networks.  

Besides creep measurements, stress relaxation experiments were performed in order to 

investigate the relaxation of stresses in greater depth. Figure 6a illustrates the stress at a 

constant strain of 2% monitored during 120 min and Figure 6b shows the strain recovery 

followed for 60 min in the absence of any external stress. For the fully covalent network, the 

stress required to maintain the material at 2% constant strain decayed with time, starting at a 

value of 2 MPa and equilibrating at 0.083 MPa. As the amount of acetamide is increased, the 

materials can be kept at the same strain with a lower stress, 0.03 MPa for EJ 25% A (Figure 

6a). Furthermore, the acetamide containing samples show incomplete strain recovery to about 

1.1%, whereas the fully covalent cross-linked samples recovered to about 0.5% (Figure 6b). 

Deformation by creep will introduce local, internal stresses in the material. When the 

internal resistance to recovery is too large with respect to the driving force (the local internal 

stresses), the reflow will stop before zero deformation is reached. Also, when the driving 
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force is low (low internal stresses due to easy rearrangement of the chains), the recovery will 

stop before zero deformation is reached. Recent work by Zhang et al. [30] using systems with 

rather stiff cross-linkers and, hence, providing a relatively high driving force, show recovery 

within a couple of hours after 7 days straining at 100%. In our case, we used Jeffamine as 

cross-linker, which is known for its flexibility, and this probably results in a too low driving 

for full recovery. Generally, a slower stress relaxation of networks below Tg might be related 

to a large amount of defects (e.g., dangling and non-connected chains) in the structure, as has 

been discussed (See, e.g., [47]), but the presence of defects cannot explain the inversion of 

the creep behavior below and above the Tg. 
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Figure 6. Stress relaxation measurements at 5 °C below the Tg of films EJ, EJ 10% A and EJ 

%25 A: (a) stress as a function of time at 2% constant strain, (b) strain (%) as a function of 

time for the same experiment showing the strain recovery for 60 min. 

 

To quantify the time-dependent behavior observed with creep and recovery experiments, the 

experimental curves of creep at 35 °C were fitted by means of the Burgers model [48], as 

shown in Figure S5 (see SI). The non-linear curve fit function of the OriginPro 7.5 software 

was used to obtain the four parameters kM, kK, ηM and ηK. As shown in Figure S5, the model 

fits the experimental data well. The values of the four parameters are summarized in Table 

S2. As can be seen from the fitting results, the value of the parameter ηM, associated with the 

viscosity of the Maxwell dashpot, increases with increasing acetamide content. This reflects 

the slower increase of strain during the loading period with increasing acetamide content. 
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Moreover, while the Maxwell stiffness kM is approximately constant, the Kelvin stiffness kK 

and viscosity ηK increase with increasing amide content, signifying the introduction of 

delayed elasticity. 

 

Self-healing behavior. To assess the degree of self-healing of the coatings, a notch of width 

≈ 200 µm and depth ≈ 60 µm was created with a well-defined cutter on the material with 

composition EJ 25% A (see experimental) and examined by optical microscopy. The progress 

of self-healing was monitored for 1 hour with 10 min intervals. Figure 7 shows the initial and 

final surface of both the EJ and EJ 25% A material. More images showing the progress of 

self-healing for EJ 25% A and EJ are reported in the SI, (Figures S7, S8 and S9). 

   

  

        

Figure 7. Optical microscope images of the center of a notch showing the healing process at 

temperature T as a function of time after the notch is formed: (a) EJ 25% A, 0 min; (b) EJ 

25% A, 10 min; (c) EJ, 0 min; and (d) EJ, 60 min. For EJ 25%, T = 45 °C and for EJ, T = 49 

°C (in both cases 12 °C below the Tg of the material, see Table 1). 

 

(b) (a) 

(c) (d) 
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The material containing the largest amount of acetamide motifs (EJ 25% A) shows 

complete healing in 10 min at 45 °C (12 °C below Tg, Figure 7a and 7b), probably caused by 

the delayed elasticity introduced by the physical cross-links. The reference material having 

only covalent cross-links (EJ) was also tested applying the same procedure at 49 °C (also 12 

°C below Tg). Figure 7c and 7d show that even after 1 hour the notch was not healed at all, as 

expected. The progress of self-healing at 45 °C was also monitored by determining the depth 

and width of a notch as function of time on a cross-section of EJ 25% A for 1 hour with 1 

min intervals. Quantitative data are provided in the SI (Figure S10). 

For a self-healing system not only the healing of the damage, but also the recovery of the 

initial mechanical properties is of great importance [14]. Therefore, the moduli of both 

samples after healing were measured with DMA. Figure 8 presents a comparison of the 

storage modulus as a function of temperature for samples before and after healing. A 

summary of the characteristics is given in Table 4. 
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Figure 8. Storage modulus as a function of temperature for EJ and EJ 25% A: (a) pristine 

material and (b) after notching and healing experiments. 

 

To our surprise, the Tg after healing increased by about 15 °C for both the EJ and EJ 25% 

A materials. The main difference in history of these materials before and after healing is their 

exposure to moisture. While the pristine materials were exposed to ambient conditions for at 
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least several days, the healed materials were after healing within half an hour transferred to 

the DMA apparatus. This suggested a significant influence of water on the properties. Hence, 

humidity (RH) controlled-DMA (dynamic mechanical analysis) experiments under different 

controlled humidity levels were performed. These experiments (SI, Figures S11 and S12) 

showed a fast uptake and release of water, in fact most of the moisture was exchanged within 

30 to 60 min (see Table S3). They also indicated a decrease in Tg of about 10 °C by changing 

the RH from about 10% to 60%, combined with a decrease in modulus by a factor of one and 

a half to two in 30 to 60 min. The water uptake effect on epoxy resins, both from solutions or 

just from air humidity, is known since a long time, has been studied extensively and 

introduces a plasticizing effect [49], [46], [50]. This absorption is mainly associated with the 

polar centers of the resin, namely tertiary amines or hydroxyl groups formed in the 

polymerization process, and varies with, e.g., cross-linking agent and curing conditions 

(temperature and humidity) [51], [52]. Similarly, the PEO units in the Jeffamine are 

potentially hygroscopic, and hence also could influence the Tg. In our case the rate appears to 

be rather high. Although the change in modulus due to moisture is apparent, the change in 

modulus due to the introduction of acetamide is significantly larger. 

After notching followed by the healing experiments, the storage modulus at room 

temperature shows about a two-fold of decrease for both the EJ and the EJ 25% A materials. 

While this may seem a noticeable difference, one should keep in mind that minor differences 

in size for this sample geometry will have a clear influence. Moreover, a much larger cracked 

area as compared to the notch cross-section might be present (although not observed) which 

would decrease the modulus observed. When the temperature is increased beyond Tg, the 

storage modulus reaches exactly the same initial value of 3.5 MPa for EJ 25% A, while the 

modulus for EJ decreased from 6.5 MPa (pristine material) to 4.6 MPa (after healing).  
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Table 4. The storage modulus values of EJ and EJ 25% A materials when they are pristine 

and after the healing trials.  

 
Pristine material 

 
After healing 

 

sample 

Starting modulus 

(MPa) 

Rubbery plateau 

modulus (MPa) 

Starting modulus 

(MPa) 

Rubbery plateau modulus 

(MPa) 

EJ 2080 6.5 1083 4.6 

EJ 25% A 2020 3.5 1291 3.5 

 

 

 Adhesion strength in dry and wet conditions. In order to analyze the influence of the 

incorporation of H-bonds at the coating-substrate interface and its effect on adhesion 

strength, pull-off tests were performed in dry, wet and dried-after-wet conditions. For each 

composition, 8 samples were measured and the average value was taken, as shown in Table 5.  

In dry conditions, the fully covalent network displays an average adhesion strength of 9.4 

MPa. All of the measured values are in between 7.1 and 10.7 MPa. For a similar fully 

covalent epoxy network, Meis et al. [7] observed an average of 10.1 MPa with a range of 6-

12 MPa and a sample standard deviation of ±1.8, which is in agreement with our study. The 

25 mole % addition of acetamide slightly lowers the average adhesion strength on dry 

conditions from 9.4 to 7.6 MPa.  

 

Table 5. Pull-off results for different compositions where [ ] indicates the sample standard 

deviation (±). 

Sample name Dry (MPa) 

One week wet 

(MPa) 

 Dried, after 1 week wet 

(MPa) 

EJ 9.36 [±1.07] 6.96 [±0.90] 8.27 [±1.38] 

EJ 10% A 7.95 [±0.83] 7.41 [±0.92] 7.82 [±1.02] 

EJ 20% A 7.98 [±0.55] 7.71 [±1.28] 8.42 [±0.64] 

EJ 25% A 7.62 [±0.85] 7.77 [±1.39] 8.02 [±0.69] 

 

In wet conditions, the decrease in pull-off strength is very pronounced for fully covalent 

coatings as compared to the coatings containing acetamide. For the EJ coatings, the average 
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adhesion strength decreases from 9.4 to 7.0 MPa. Surprisingly, the coatings having hydrogen 

bonds showed outstanding wet resistance. With increasing acetamide content, the wet 

strength decreases by only ≈ 0.6 MPa for the EJ material to ≈ 0 MPa for the EJ 25% A 

material.  

To check whether it is possible to recover the strength after 1 week of immersion in 

water, the samples were dried in oven at 100 °C for 24 h and left in the oven to cool down for 

few hours. For the coating with chemical cross-links only (EJ), drying after the immersion 

period, showed an almost complete recovery of the pull-off strength with a slightly larger 

error margin (8.3 ± 1.4 MPa). For the samples having acetamide motifs, drying the after 

immersing in water, showed complete recovery. The average pull-off values changed from 

7.7 to 8.4 MPa and 7.8 to 8.0 MPa for 20% and 25% acetamide containing samples, 

respectively.  

 

Discussion 

The glass transition temperature provides information on cross-linking and mechanical 

properties of polymer networks [53]. The incorporation of amide motifs ‒ H-bonding 

moieties ‒ in our epoxy-amine cross-linked systems decreases the Tgs with about 5 °C from 

the fully covalent material (EJ) to the materials containing the largest amount acetamide (EJ 

25% A) (Figure 1). The effect can be attributed to the reduced stiffness of the system due to 

presence of  hydrogen bonding and the consequent reduction of the number of chemical 

cross-links [54].   

To confirm the incorporation of the amide motifs and the formation of physical cross-

links, ATR-FTIR experiments were performed. As acetamide was incorporated as curing 

agent, the Amide I and Amide II vibrational bands were observed. Moreover, Amide I was 

identified at ≈ 1650 cm
−1

, a typical value for hydrogen bonded C=O stretching. A reversible 
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behavior as a function of temperature, in terms of shifting of the wavenumber of absorption, 

was observed for this vibrational band (Figure 2b). Hence, from the FTIR analyses it was 

concluded that with increasing temperature the H-bonds weaken gradually, but decreasing the 

temperature strengthens them again. 

The addition of acetamide into the epoxy network increases the ratio of physical to 

chemical cross-links due to the incorporation of amide motifs. However, the use of acetamide 

as additional curing agent also influences the chemical cross-link density.  As Jeffamine D-

230 has two di-functional end groups, the addition of acetamide decreases the number of 

functional groups able to form chemical cross-links. Consequently, the number of chemical 

cross-linkers decreases, leading to an increase in the average molecular mass between cross-

links and a decrease in XLD (Figure 4, Table 3).  

 The lowest plateau modulus was observed for the sample having the highest mole 

percentage of acetamide in the system (Figure 4). The properties of these materials are 

affected by both chemical cross-links and physical cross-links at lower temperatures, whereas 

at high temperatures only the chemical cross-links are determinant due to the weakening of 

the hydrogen bonds, [41] as demonstrated by the temperature dependent FTIR measurements 

(Figure 2). 

The general conclusion is that the chemical cross-links play a major role in the 

determination of storage modulus values at temperatures above Tg, and that the plateau 

modulus of the coatings can be tuned by varying the cross-link content. At these 

temperatures, the weakening of physical cross-links may also have a pronounced impact on 

the thermo-mechanical properties. The slight increase in modulus values at elevated 

temperatures is probably related to entropic stiffening (Figure S3), although the thermal 

treatment and presence of water may play a minor role. 
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The mechanical properties of the epoxy-amine coating network can be considered to be 

the result of a combination of elastic behavior mainly due to the covalent or chemical cross-

links and viscous behavior mainly due to the non-covalent or physical cross-links, introduced 

by the incorporation of the amide motifs. Below Tg, the different ratio of physical versus 

chemical cross-links is responsible for the difference in creep behavior, rate of creep and 

recovery as observed for the different samples studied. 

The physical cross-links show dissociation and recombination enabling the hydrogen 

bonds to find a different bonding partner under stress, thereby resulting in a lower elongation. 

For preemptive relaxation of stresses in coatings, this creep behavior, just below Tg, is of 

particular interest. The combination of a largely elastic component from the covalent network 

and a viscous component introduced by the dissociation and recombination of hydrogen 

bonds explains the lower elongation and lower rate of creep [11, 36] at 35 °C, i.e., below Tg  

(Figure 4). A similar effect was previously reported by Wietor et al. [11] while incorporating 

quadruple H-bonding Ureidopyrimidone (UPy) moieties into Poly(caprolactone) and 

Poly(lactic acid) based films. In that case, however, a much larger effect was observed, 

because in that system it is possible to incorporate a much larger amount of hydrogen 

bonding moieties. 

Above Tg, a reversed behavior was observed and the maximum final strain was obtained 

for EJ 25 % A, which may be attributed to having a lower covalent cross-link density and 

almost complete weakening of the H-bonds at 100 °C and thus leading to larger elongation 

(Figure 4). In addition to creep, stress relaxation measurements were performed at 5 °C below 

Tg for each of the epoxy-amine samples. In agreement with the creep measurements, the 

incorporation of hydrogen bonds into the coatings allows for an effective relaxation of the 

stresses. Close to or above the Tg, the weakening of H-bonds will impart chain mobility 

leading to the capability of healing superficial damage. Actually, the presence of hydrogen 
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bonds provides sufficient mobility to fully recover the surface at temperatures just below or 

above Tg [14, 55]. The lower chemical cross-link density of EJ 25% A allows a better 

mobility of the network, thereby recovering the damage in a very short time at temperatures 

even below Tg. For the fully covalent sample the scratch did not heal even after long period of 

heating at Tg − 12 °C (Figure 8 and Table 4). A network with reduced chain stiffness requires 

mild temperatures beyond Tg to realize enough flow to fully recover the surface after 

scratching, yet preventing spontaneous sagging [14]. Lafont et al. [56], by changing the 

molecular weight between cross-links in a polysulfide based thermoset rubber, found that a 

slightly shorter linkage but with higher flexibility (EPS25) leads to lower Tg and faster 

healing at the same healing temperature, independently of the thiol-based cross-linker used 

(Fig. 5) and suggest that the larger Thealing − Tg, the faster the healing kinetics.   

The modulus values of both EJ and EJ 25% A samples were also evaluated after damage 

and healing (Figure 8). As expected, the storage modulus of EJ 25% A presents a less 

pronounced decrease as compared with the fully covalent sample, confirming the healing 

nature of acetamide containing epoxy-amine materials. 

To determine the influence of the addition of acetamide on the adhesion strength, pull-off 

tests were performed in dry, wet and dried-after-wet conditions. The pull-off strength of the 

fully covalent network as well as the hydrogen bonded network materials, remain fairly 

constant with no noteworthy differences between dry or wet condition tests. Since the density 

of hydrogen bonds incorporated into our system is not really high, the probability of donor 

and acceptor finding each other is relatively low and, hence, probably insufficient to supply a 

remarkable change at the interface. For the materials in which high hydrogen bonding 

efficiency is provided by microstructure modification [57], it is much easier to create such a 

difference at the interface. Consequently, this may be a way to further improve the current H-

bonded epoxy systems and eventually achieve a reversible adhesion recovery state.  
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Conclusions  

In this paper, an epoxy-based coating with tunable  hydrogen bonds was succesfully prepared 

and investigated. The incorporation of 25 mole % of H-bonding moieties into the covalent 

networks created an approximately 5 °C decrease in Tg, a two-fold decrease in cross-link 

density as well as plateau modulus, and led to higher creep compliances and creep rates, as 

well as to higher stress relaxation just below Tg. These features, introduced by the acetamide 

in the epoxy-amine coatings, suggest preemptive healing behavior which helps to reduce the 

internal stresses arising during the curing of the coating. Furthermore, the samples having 25 

mole % acetamide exhibited a complete healing of about 100/200 µm wide and 30/60 µm 

deep notches in less than 10 min at 45 °C. The physical cross-links allow enough flow to 

fully recover the damaged surface and providing a recovery of the initial mechanical 

properties. 

The adhesion strength experiments indicated that the fully covalent network and the 

hydrogen bonded network did not show a pronounced difference in strength under dry 

conditions and maintain extreme good wet adhesion after 1 week of immersion in water. 

Hence the introduction of reversible physical cross-links does not have any detrimental effect 

on the good adhesion properties of the epoxy-amine coatings. 

In conclusion, the introduction of hydrogen bonds on epoxy-amine coatings (Eponex 

1510-Jeffamine D230) impart a superior relaxation of the mechanical stresses and promotes 

flow, at temperatures just below Tg ,which assists the self-healing of mechanical damage.  

With these approach we introduce a self-healing behavior in a type of coatings already 

largely used in industrial applications, without sacrificing their original properties, such as 

good adhesion to metal substrates. 
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