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The selection of an appropriate healing agent is critical to the success of vascular and mini-vascular networks. In self-healing concrete technology, commercially available cyanoacrylate (CA) adhesives have been shown to produce good strength recoveries; however, their rapid curing rate and short shelf-life make them unsuitable for site application. The aim of this study was to develop a modified cyanoacrylate (n-CA) with an extended shelf-life suitable for incorporation in a self-healing system. A series of n-CAs were formed from a commercial Ethyl Cyanoacrylate adhesive mixed with acrylic acid (AA) and nitro-anthraquinone (nAq) in varying ratios. When encapsulated within 3D printed mini-vascular networks (MVNs), the n-CAs remained dormant in liquid form for up to 5 days. The contact angle between the n-CAs and the cement mortar substrate, as measured via the sessile drop technique, decreased significantly with increasing AA content. The mechanical properties (bond strength) and the polymerization hardening of the n-CAs were evaluated over a curing period of 7–21 days, via a series of pull-off tests using cement mortar cubes. The 4:1:02 (CA:AA:nAq) n-CA formulation showed a significant increase in bond strength from 14 to 21 days, with a ceiling value of 2.6 MPa, while the 2:1 (CA:AA) n-CA formulation exhibited a good bond strength after 21 days (1 MPa). Nuclear Magnetic Resonance (NMR) conducted on the n-CAs suggested the formation of several new polymeric species, whilst differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) on the pre- and post-printed MVN material confirmed no significant changes in chemistry with no evidence of polymer degradation. Considered together, the experimental results show the potential for different n-CA formulations to act efficiently as a healing agent.
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INTRODUCTION
Cyanoacrylate-based adhesives are commonly colourless, one-part, room-temperature curable, low viscosity liquids. These properties, in addition to the ability to cure rapidly and to form rigid thermoplastics with excellent adhesion with the substrates, make cyanoacrylates the most widely used adhesive in both industrial and structural applications (Petrie, 2007; Irving, 1990).
A number of investigators have used cyanoacrylate-based adhesives in technologies for self-healing concrete structures (Li et al., 1998; Zhang et al., 2020). Cyanoacrylate (CA) is a cost-effective healing agent, with good rheological properties that allow migration to areas of damage and good penetration into the cementitious matrix (Joseph et al., 2010). Moreover, rapid curing cyanoacrylates are applicable to situations in which the healing domain (crack opening) changes over periods of hours or days. In such scenarios, the bonding processes of slower-acting agents (e.g., sodium silicate) are greatly disrupted by the moving crack surfaces, whereas the changes in the crack dimensions are minimal over the curing period of a fast-acting CA. The rapidity of CA curing also enhances the potential for repeated healing events (Ebnesajjad, 2009; Selvarajoo et al., 2020). Cyanoacrylate-based adhesives in self-healing cementitious materials have been explored by several researchers (Li et al., 1998; Joseph et al., 2011; Sun et al., 2011). In most investigations, the adhesive was stored inside hollow glass tubular capsules. In such systems, the agent is released when a crack (or multiple cracks) in the cementitious matrix crosses and breaks the brittle tube. Pioneering work carried out by Dry in 1994 (Dry, 1994), showed that the CA stored within the glass tubes was successfully released into the damaged concrete beams, sealing the crack and preventing its reopening in subsequent tests. Li et al. (1998) also highlighted a regain of flexural stiffness in beams containing hollow glass fibers filled with CA after an initial cycle of loading. Joseph et al. (2010) investigated the influence of adhesive-filled glass reservoirs within reinforced mortar beams. The study underlined that CA was successfully delivered into the crack and transported toward the crack tip by capillary forces, which also resulted in good penetration into the whole micro-cracked region. Moreover, an apparent enhancement of the post-healed beam properties, when compared with the virgin properties, was observed.
However, the inherent fragility of glass tubes limits their ability to survive the concrete mixing process and the increased time needed to place the glass tubes within the concrete formwork -prior to casting-is incompatible with large-scale application (Xue et al., 2020). To overcome some of these challenges, glass tubes have been replaced with channels, which mimic the vascular networks carrying clotting and nutrients agents in the human body. Davies et al. (Davies et al., 2021) formed 1D and 2D vascular networks using a series of linear interconnecting hollow channels. The supply and the delivery of the agents (i.e. sodium silicate (SS) and CA) and was improved by pressurizing the healing agent within the network. It was noted that the SS proved easier to handle and supply into the vascular network, whilst CA offered greater strength recovery (up to 90%) in a relatively short timescale (Davies et al., 2015). Selvarajoo et al. (2020), Klemarczyk and Guthrie (2010) showed that the degree and rate of healing depend significantly on the crack opening and its rate during the healing period (for crack openings in the range 0.1–0.3 mm). Moreover, the rate of CA curing, from the front adjacent to the substrate wall, gradually decreases over time due to the fact that the cured CA forms an increasingly wide barrier to the source of hydroxide ions, which are needed for the curing reactions. Gardner et al. (Gardner et al., 2012) studied the capillary flow of CA in cracks in cementitious materials and showed that CA’s viscosity remained unchanged over a time period of 15 min for the capillary diameters used. Gardner et al. also developed a modified form of the Lucas-Washburn equation to simulate the capillary flow behavior of the healing agent and considered the stick-slip behavior of the meniscus and frictional dissipation at the meniscus wall boundary. The research was later extended to explore the meniscus characteristics of CA and ggbs in suspension on different substrates (Gardner et al., 2017). In particular, the capillary meniscus contact angles of both healing agents on different substrates (i.e., glass, saturated concrete and unsaturated concrete) was evaluated. Furthermore, it was shown that the flow behavior of both healing agents in a closed channel, in the liquid state, conformed closely to Poiseuille’s law. Additionally, it was found that CA’s viscosity increased over the 40-min period that it was exposed to a cementitious environment.
The internal environment in a concrete matrix may be considered compatible with CA’s curing requirements. CAs are acid solutions that are (to a degree) neutralized when in contact with the alkaline concrete environment, which results in accelerated curing. This can be beneficial when rapid healing is required; however, if the curing time is too quick, the dispersion of the healing agent within the matrix might be insufficient (Joseph et al., 2007). Moreover, the hazards of handling CA adhesives due to their rapid bonding to skin coupled with their high toxicity and relatively short shelf-life make CA extremely challenging for site application. Generally, cyanoacrylates have a shelf life of 6–12 months after which aging may cause a slower rate of polymerization and low peel strength along with poor solvent and temperature resistance (Klemarczyk, 2002). The extreme reactivity of the CA monomer also makes it difficult to encapsulate (Davies et al., 2015).
Akin to capsule-based self-healing technologies, mini-vascular networks (MVNs) require the healing agent to be kept in a dormant state until a crack occurs in the cementitious matrix. At such time, one or more ligaments of the MVNs breaks, releasing the healing agent and thereby healing the crack. The success of the healing system is strongly related to its specifications, such as the viscosity, encapsulated shelf-life, the mechanical properties of the cured/polymerized healing agent coupled with the stiffness of the MVNs (De Nardi et al., 2020).
Highly reactive cyanoacrylate ester monomers, such as ethyl cyanoacrylate, polymerize through anionic polymerization at room temperature, with trace amounts of water or amines as catalysts. Generally, surfaces contain sufficient absorbed water to catalyze the polymerization. The chemical reaction progresses very quickly and results in rapid bonding (within seconds) while the complete reaction might take from 30 s (for rubber) to 1–2 min (metals and plastics) (Petrie, 2007). Investigations on the encapsulation of CA in 3D printed polylactide acid (PLA) tetrahedral mini vascular networks (TETs) by De Nardi et al. (De Nardi et al., 2020) showed a tendency for the CA to prematurely cure within the MVN units (after 72 h). It is believed that the presence of the hydroxyl group in the PLA molecular structure initiated the curing process and caused a change in CA’s viscosity. This resulted in little or no release of the adhesive when the MVNs were broken 3 days or more after encapsulation (De Nardi et al., 2020).
The aim of the work reported in this paper was to develop a modified CA with enhanced performance that satisfies the healing agent requirements for concrete technologies; namely, 1) the ability to remain liquid and chemically stable for a long time; 2) the ability to prevent any chemical interactions with the carriers that can change their mechanical properties; 3) the ability to react with the cementitious matrix - when released–and to form compatible compounds.
Different formulations containing 2-ethyl cyanoacrylate (CA) (a commercial monomer), acrylic acid (AA) and nitro-anthraquinone (nAq) were prepared by mixing the components CA:AA:nAq in the ratios x:1:0.02, where x is in the range from 5 to 1. The cyanoacrylate monomer was selected as a basic healing agent for its flow properties coupled with good bond strength as well as good aging and weathering properties (Kotzev et al., 1981; Klemarczyk and Guthrie, 2010). When a crack appears in the cementitious matrix, the adhesive is thereby intended to be released into the crack plain, cure, and thus heal the original crack through bonding of the crack faces. This healing process has also been studied by other authors (Li et al., 1998; Hirozo et al., 2000; Nishiwaki et al., 2014).
The development of bond strengths at different curing durations (7–21 day) were evaluated and compared with those produced with the commercial 2-ethyl cyanoacrylate control. In addition, the degree of wetting was evaluated using contact angle measurements.
The paper is structured as follows
- Modified Ethyl Cyanoacrylate (n-CA) provides an overview of a series of investigations concerning the chemical formulation of modified cyanoacrylate (n-CA). Several candidate formulations were studied that were selected on the basis of their ability to act as retarder of the starting CA monomer and their negligible/low reactivity. Different proportions of the chosen components were considered using longevity tests conducted on 3D printed PLA polymer units.
- Experimental Materials and Methods describes a set of experiments which determined the physical-chemical and mechanical properties of four n-CA formulations. The bond strength to cementitious substrates and the degree of cure over time (7–21 days) were evaluated by means of a pull-off test. The interaction of the n-CA formulations with a cementitious surface was evaluated using the sessile drop technique (contact angle measurements).
- Section 4 reports a series of tests conducted to characterize the PLA polymer used to manufacture the mini vascular network units. DSC and TGA analysis were performed on fragments collected from the filament roll before the printing phase and from the TETs immediately after printing. The results of the NMR analysis carried out on a selected formulation are also presented.
MODIFIED ETHYL CYANOACRYLATE (N-CA)
In order to meet the encapsulation process requirements, such as the ability to remain liquid for a long period of time coupled with the ability to prevent any chemical interactions with the carriers, the design of the n-CA formulation was primarily focused on reducing the time of curing, introducing components (solvents) that are chemically compatible with the PLA while maintaining good bond properties with the cementitious substrate.
(n-CA) Formulation
Among the various solvents, selected organic acids are good candidates as polymerization retarders since they protonate water and all bases eventually within the reaction solution, which start the polymerization process. It is noteworthy that a small quantity of a base can initiate the CA polymerization, moreover the ionic polymerization of CA may also take place via radical initiation. In fact, hydroquinone is present in commercial CA to stabilize such a reagent.
The first prerequisite of the solvent is the ability to solubilize the cyanoacrylate whilst being inert toward PLA. Table 1 reports selected examples concerning the solubility of CA and PLA in some solvents (at 25°C). The solubility test was prolonged for 20hrs of treatment.
TABLE 1 | Solubility test: Ethyl Cyanoacrylate, Polylactide acid.
[image: Table 1]Three solvents fulfilled the preliminary requirements, i.e. the ability to act as solvent of the starting 2-ethyl cyanoacrylate monomer but not of the PLA: styrene, acrylic acid and acetic acid.
Styrene is widely recognized as a mutagen and thus potentially carcinogenic (Quartarone et al., 2014), as such its inclusion in the formulations is not recommended, although it will be included here for completeness. Due to concerns regarding the interaction of acetic acid with the highly alkaline nature of the hydration reactions of the cementitious matrix, the only remaining candidate solvent is the acrylic acid.
Several formulations have been studied, by adding the chosen solvents in different proportions and in some cases with the addition of benzoylhydroperoxide as a standard initiator for radical polymerization (Odian, 2004), as reported in Table 2.
TABLE 2 | Polymerization time and aspect of different formulations.
[image: Table 2]All the formulations containing the acrylic acid, without the addition of the initiator, showed a good polymerization rate, i. e., < 7 days. The reaction takes place at room temperature (25°C) and it is activated without the need for mechanical agitation, thermal or radiation treatment. When the formulation containing the initiator (benzoylhydroperoxide) is encapsulated into the 3D printed units, the cyanoacrylate monomer is inherently less stable. The addition of an initiator such as the benzoylhydroperoxide into the concrete mix design would introduce a light toxicity into the whole matrix. Moreover, because of their reactivity, the long-term stability of hydroperoxides is not guaranteed in a highly alkaline medium such as a cementitious matrix. The same can be said of polymerization initiators in general. However, the use of the radical initiator allows a comparison with a polymer whose monomer conversion is optimal under the condition investigated. The detailed description and impact of the inclusion of the initiator into the concrete mix design are the subject of future research.
n-CA Coloring Compounds
The formulation containing acrylic acid is a clear and colourless fluid, similar to commercial CA adhesives, but with low odor and lower bleaching than the original formulation. This presents a particular challenge when handling the adhesive, with respect to the visibility of the adhesive during its manual injection into clear PLA printed MVNs. In order to make the n-CA adhesive readily visible to the human eye when the composition is spread in thin films, two types of coloring compounds were tested: 1-nitro-anthraquinone (nAq) and 1-nitroso-2-naphthol as reported in Table 3.
TABLE 3 | Colored n-CA composition.
[image: Table 3]As colorants in general, both the coloring compound candidates, aside from their tracer behavior, are also light activated compounds which may act as light sensitizers and thus able to modify the amount of radicals during the polymerization. It appears that the addition of 1-nitro-anthraquinone greatly retards the polymerization rate, whilst 1-nitroso-2-naphthol acts to accelerate the polymerization rate. Such behavior agrees with the ability of quinones to act as radical scavengers, whereas nitroso compounds may be the source of radicals by the formation of azo and azozy species (Quartarone et al., 2014).
The mixture containing CA/AA colored by 1-Nitro-anthraquinone, showed a significant inhibition of the spontaneous polymerization, and the compound maintained the same practical flow capabilities for 28 days, after which time the increased viscosity of the compound, caused by the polymerization reactions, impedes the release of the compound from the PLA capsules. This suggests the formulation of n-CA might be encapsulated in PLA networks with good stability.
n-CA Longevity Within 3D Printed Polylactide Acid Capsules
The choice of the n-CA formulation for any specific application (e.g., vascular networks, mini-vascular networks, capsules) will depend on the anticipated ability to remain chemically inert when held in contact with the material of the 3D printed units, along with the target time of healing. Since the mini-vascular networks/capsules must preserve the healing agent until the appearance of cracks, the compatibility with a common 3D printing polymer (i.e., clear PLA) was investigated. A number of viability tests were performed on cylindrical capsules (inner diameter = 4 mm, length 40 mm, double wall thickness 0.25 × 2 mm) printed from clear PLA filament (1.75 mm in diameter) provided by Innofil 3D–BASF. Samples were filled with three different CA agents: (a) Procure PC24, of medium viscosity (100 cPs); (b) Procure PC60, of medium viscosity (80–120 cPs); (c) Procure PC90, of low to medium viscosity (34–44 cPs). Samples were then sealed with silicone and broken at 24 h intervals to determine the physical condition of the formulation. In order to minimize the contact of the CA with moisture sources (from the external environment) all the capsules were coated with a thin layer of wax. The results of CA longevity tests are summarized in Table 4, where the state of CA is classified as liquid (L); partially solid with a liquid center and solid annulus (s/L); and solid in all tubes (s).
TABLE 4 | Longevity test of n-CA adhesives in clear PLA.
[image: Table 4]Formulations containing PC60 remained in a liquid state for longer than the other CA candidates, providing evidence of an ability to remain liquid after 3 days in all the formulations considered; however, commencing from the fifth day, the curing process of the adhesive mixture containing this CA seemed to be initiated and the viscosity of mixture at the end of the testing time was greater than that at the beginning. Moreover, no significant alterations of the PLA were visible after three days. This implies that 3D printed MVNs using clear PLA and filled with formulations containing PC60 have the potential to survive within the concrete matrix for at least three days, before possible reactions between the adhesives and PLA take place. It is for this reason that PC60 was taken forward for further investigation in the experimental investigation.
EXPERIMENTAL MATERIALS AND METHODS
n-CA Polymerization Rate (Pull off Test)
As widely reported, the curing process of CA-based adhesives is facilitated by the presence of moisture and occurs almost instantly at ambient temperatures (Klemarczyk, 2002). Simple and easily prepared cement mortar specimens with a thin bond line joint geometry were cast and then tested via a tensile (pull-off) test to evaluate the curing time of the trialled n-CA formulations. 5 mm diameter 30 mm long steel bolts were cast into the mortar samples (25 mm side cubes) with an embedment depth of 10 mm, allowing the specimens to be gripped by the machine jaws, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Wooden cube mold 25 mm (A), steel bolts placed and sealed with the plasticine (B), sample after casting (C).
Once the adhesive formulations had sufficiently cured, the samples were pulled apart at a rate of 0.05 mm/s, using a servo-hydraulic universal machine with a load cell capacity of 100 kN, and observations made regarding their modes of failure. The testing arrangement and a sample under testing can be seen in Figures 2A,B respectively.
[image: Figure 2]FIGURE 2 | Setup of the tensile strength test (A), sample under testing (B).
Cement Mortar Components and Curing Regime
The mix constituents and proportions of the mortar comprised CEM II/A-L1 32,5R cement (562 kg/m3); 0–2 mm dried fine sand (1,124 kg/m3) and water (253 kg/m3). In order to prepare fully dried surfaces, cement mortar samples were cured in a water tank for 4 days, dried in the oven for 2 days at 80°C and finally placed in the desiccator (with silica gel RH = 30%, temp 20°C) for 1 day. Compression tests were conducted on three 50 mm cubes at 7, 14, 21 and 28. The tests were performed under load control using a calibrated Controls Automax 50-C52D02 machine at a rate of 1.2 MPa/sec. The average compressive strength at 28 days was 42.7 MPa (CoV 2%). For the sake of completeness, the variation of the cement mortar compressive strength with time is represented in Figure 3.
[image: Figure 3]FIGURE 3 | Cement mortar compressive strength variation with time.
The surfaces were lightly sanded in order to reduce the influence of the demoulding oil and to remove any geometric irregularities. A thin layer of adhesive was placed on one side of the cubes using a 1 ml plastic pipette, the average quantity of adhesive was 0.103 g (CoV 9%). The only load applied to the vertically arranged block assembly prior to testing was the self-weight of the upper block. The bond strength was calculated from the maximum force during the tension test carried to rupture and the contact cross-sectional area of the specimens (See Experimental Results, Tensile Test (Pull-Off)).
Healing Agent
The commercial Ethyl Cyanoacrylate - Procure PC60 - was chosen as the CA component (see n-CA Longevity Within 3D Printed Polylactide Acid Capsules). The properties of the CA, as reported in the datasheet, are given in Table 5.
TABLE 5 | CA properties.
[image: Table 5]Four formulations containing a commercial monomer 2-ethyl cyanoacrylate (CA), acrylic acid (AA) and nitro-anthraquinone (nAq) were prepared by mixing the components CA:AC:nAq in the ratios x:1:0.02, where x is in the range from 5 to 1. All the formulations were prepared at room temperature, by the slow addition of the AA and the nAq at the prescribed concentrations, to the commercial CA adhesive. To facilitate the mixing of the chemical compounds, a polyurethane small tube was used to gently stir the mixture. A thin layer of adhesive was placed on one side of the cubes using a 1 ml plastic pipette, the average quantity of adhesive was 0.103 g (CoV 9%). The only load applied to the vertically arranged block assembly prior to testing was the self-weight of the upper block. The bond strength was calculated from the maximum force during the tension test carried to rupture and the contact cross-sectional area of the specimens (See section 4.2).
Substrate–Contact Angle
The influence of the CA/AA proportion in the four formulations on the contact angle (θc) was examined via the sessile drop technique. The substrate was the open cast face of a cement mortar cube manufactured as described above for the pull-off test. The sessile drop technique, a schematic of which is shown in Figure 4, was performed using a drop volume of 10 μL. The technique was performed three times.
[image: Figure 4]FIGURE 4 | Sessile drop measurement arrangement.
All the formulations were prepared immediately before the tests, which were performed under laboratory environmental conditions (i.e., untreated air at 20°C) using a FTA -1,000 Tensiometer (First Ten Angstroms Inc., Portsmouth, Virginia, US). Each static contact angle was captured using a video with a jAi camera (jAi, Copenhagen, Denmark), and the angle measured from the image using FTA 32 software (First Ten Angstroms). Figure 4 shows the sessile drop measurement arrangement, in which detail A and B shows the tensiometer setup and a typical microscope image of sessile drop with the baseline and drop profile modeled by the software (light gray lines) respectively.
Differential Scanning Calorimetry and Thermogravimetric Analysis
It’s well known that the 3D printing process might change the properties of the PLA spool material because of the effect of the heat treatment (Cuiffo et al., 2017). The extrusion process might change the glass transition temperature (Tg), melting temperature (Tm), etc and thus influencing the polymer properties. The chemical composition and structure of the PLA after 3D printing was assessed to ensure that it was compatible with the healing agent formulations. This assessment employed differential scanning calorimetry analyses (DSC), carried out on PLA samples collected directly from the roll and from a 3D printed TETs. TETs were printed from a commercial clear PLA (provided by Innofil 3D–BASF, 1.75 mm diameter) using an Ultimaker2®printer (Utrecht, Netherlands) with a 0.25 mm nozzle. More detailed information on the design and manufacture of the TETs can be found in De Nardi et al. (2020). Moreover, with the aim to characterize the main properties of the proposed formulations, thermogravimetric analysis (TGA). and differential scanning calorimetry (DSC) analyses were carried out on polymer samples exposed to laboratory air for 1 week of curing.
DSC and TGA analyses were conducted in a Linseis PTA ST1000 under nitrogen flow of 100 ml min−1 with a temperature ramp of 10°C min −1 from 30 to 250°C or 400°C depending on the type of measurement and polymer.
Nuclear Magnetic Resonance spectroscopy
In order to characterize the n-AC polymers and to better understand the interaction between CA and AA, 1H NMR measurements were performed at room temperature on a Brucker Avance 400 II spectrometer operating at 400MHz, using deuterated chloroform as a solvent. The inherently low sensitivity of DSC, TGA and NMR techniques only allows the verification of relatively high proportions of different species in the polymer (at least 2–5%). For this reason, the n-CA formulation of 1:1 by weight of CA/AA was employed to help amplify the differences between the pure CA and the proposed formulations.
EXPERIMENTAL PROGRAMME
Summary of Tests
The experimental program comprised two groups of tests: 1) mechanical tests; 2) physical-chemical tests. The aim of Group 1 was to evaluate the curing time and the bond strength of all the trialled formulations. Tensile tests (pull-off) were carried out on cement mortar samples with a thin modified n-CA joint. The aim of Group 2, which comprises the substrate contact angle, Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) and the nuclear magnetic resonance (NMR) analysis, is useful to characterize the main properties of the polymers Multiple tests series were undertaken in each of these groups, each of which had a different tested formulation, as summarized in Table 6.
TABLE 6 | Details of the experimental program.
[image: Table 6]EXPERIMENTAL RESULTS
Tensile Test (Pull-Off)
The average bond strengths calculated from the maximum force during the tension test and the bonded cross-sectional area of the mortar cubes are summarized in Table 7.
TABLE 7 | Pull off test results performed on samples with sanded surfaces.
[image: Table 7]In all the samples bonded with the unmodified commercial CA (control specimens), failure occurred in the concrete sample at the level of the bolt head (See Figure 5A. This suggests that the bonded material had a higher tensile strength than the mortar.
[image: Figure 5]FIGURE 5 | Sample bonded with the unmodified commercial CA: failure occurred in the concrete sample at the level of the bolt head (A); bonded cross -section of the samples after testing (B).
Failure occurred at the bonded surface in all remaining tests that employed n-CA formulations. The addition of the AA, irrespective of the proportion, appears to have retarded the polymerization reactions by at least three days. Before this time none of the n-CA formulations had cured sufficiently to allow meaningful bond strengths to be determined. Moreover, a general reduction in bond stress occurs with the addition of AA. As can be seen in Figure 5B, a significant percentage of the n-CA applied to the surfaces appears to have been absorbed into the sample with only a proportion of the cross-section being fully bonded. The proportion of area bonded (b) was measured after each test using digital images of the failed surfaces. This proportion was used to calculate a bonded area (bA) and a bond strength (p/(bA)), noting that A is the total cross-section (625 mm2). The average value of b was 0.3.
As summarized in Table 7, after 7 days the formulations designated as 5:1 and 4:1 showed a bond strength of 0.4 and 0.5 MPa respectively; after 14 days the formulation 5:1 showed a bond strength doubled (0.8 MPa), while in samples containing the 4:1 formulation the bond strength increase is 26% (0.7 MPa). After 21 days, the two formulations appeared to have a completely different behavior: the formulation 5:1 had a bond strength of 0.8 MPa, seemingly approaching a ceiling value. The formulation 4:1 exhibited a bond strength of 2.6 MPa, with a significantly increasing rate over the duration considered.
The formulations designated as 2:1 and 1:1 required 14 and 21 days respectively to obtain a suitably cured state. The samples glued with the formulation 2:1 doubled the bond strength after 21 days (1.0 MPa) with respect to the value obtained at 14 days (0.5 MPa), showing a constant increasing cure rate. As expected, the 1:1 formulation which contained the greatest quantity of retarder among the trialled formulations, exhibited the slowest curing speed. Visual observations revealed the appearance of a partially cured layer of adhesive after 21 days with an associated bond strength of 0.7 MPa. A comparison of the pull-off test results - which strongly depend on the adhesive strength to the substrate, internal cohesive strength, and a reasonable curing time–showed that the 4:1 formulation had the highest bonding characteristics over time.
The variability of the test results, as indicated by the standard deviation, is due to various factors inherent to the testing procedure when inhomogeneous substrates are studied (Croll et al., 2014; Mareš et al., 2014; Sogutlu, 2017). It is also reasonable to assume that small-scale samples might result in a greater variability, due to possible geometrical irregularities such as non-perfect face coplanarity.
Substrate Contact Angle
The contact angle reported for cement mortar substrates was taken as the average contact angle of the three drops on that substrate and is provided in Table 8 along with the coefficients of variation (COV%).
TABLE 8 | Contact angle results for varying n-CA formulations.
[image: Table 8]For all the n-CA formulations analyzed, the contact angle (as represented in Table 4 (c)) was smaller than the commercial CA monomer, suggesting a higher degree of wettability. It may be reasonably assumed that the addition of the solvent, such as the AA, decreases the viscosity of the compounds and subsequently increases the wettability. Moreover, the well-known AA hydrophilicity (Akbari et al., 2017) might affect the contact angle in different steps of the polymerization reaction, resulting in changes of the substrate/adhesive interface. As observed, a significant decrease of the contact angle can be achieved by increasing the acrylic acid content. The contact angle of the 5:1 formulation is slightly smaller than the pure CA, featuring a decrease which is proportional to the AA content (∼17%). Interestingly the 4:1 and 2:1 formulation showed a similar contact angle value (11°), suggesting an increase of 60% of the wettability to the substrate surface with respect to the pure CA.
The 1:1 formulation, featured an increase in wettability of 75% (6°).
Polymer Characterization: Differential Scanning Calorimetry/Thermogravimetric Analysis and Nuclear Magnetic Resonance Analysis
Figure 6A presents the DSC results of the clear PLA used to manufacture the TETs. The results show that the filament collected from the roll and the polymer collected after the 3D printing process do not show substantial differences in the thermogram, with the glass transition (54°C) and the crystallization peak (123°C) temperatures being the same. The melting point of the 3D printed polymer was found to be 3°C lower than that of the filament and in both cases exothermic crystallization peaks can be found at 123°C, which is typical of partially amorphous PLA (Cuiffo et al., 2017). This suggests that no significant changes in chemistry had occurred as result of the 3D printing process; despite the thermal cycles related to the TETs 3D printing process, there is no evidence of polymer degradation.
[image: Figure 6]FIGURE 6 | Comparison of the DSC of PLA employed in the making of the TETS. Run Conditions N2 flow 100 ml min-1, temperature ramp 10°C min-1 (A) Comparison of the DSC-TGA of the polymerized CA and CA/AA adhesives after a week of curing in air. Run Conditions N2 flow 100 ml min-1, temperature ramp 10°C min-1 (B).
The material does not decompose until 250°C and no weight loss can be attributed to chemical reaction and or solvent loss.
Figure 6B shows the thermogram of the pure CA and the 1:1 formulation. The measurements highlighted that the two polymers are quite different, the pure CA is rigid, white and translucent, whilst the 1:1 polymer appeared transparent and quite soft. The thermograms are quite similar, the pure CA shows a peak of decomposition at 245°C, whilst the 1:1 polymer shows a displacement of this peak to 239°C. There is no weight loss for the 1:1 formulation in the region of the boiling point of the AA (141°C), thus suggesting a strong interaction of the AA with the pure CA.
The pure CA polymerization mechanism follows that of anionic polymerization. In the case of a mixture containing CA, AA and nAq, it can be reasonably assumed that AA may polymerize by a slow thermal-radical process, which is inhibited by the presence of hydroquinone. However, the nature of the resulting polymer requires further investigation”
The 1H NMR spectra of the commercial CA is reported in Figure 7A. Several signals can be seen, which suggests a formulation comprising different monomers. Moreover, the presence of the peaks at 7.09 and 6.66 ppm suggests two vinyl protons probably due to free monomers. The NMR spectrum of the 1:1 formulation dissolved in deuterated chloroform, shown in Figure 7B, shows some additional peaks. The presence of non-polymerized monomers can by deduced by assigning, in the region 5.86–6.49 ppm, to vinyl protons of various monomers. The presence of new peaks, and the broadening and change of intensity of others suggests the formation of several polymeric species; however, the study of the polymer nature is beyond the scope of the present work. In summary, the addition of AA to the commercial monomer CA appears to modify both the macroscopic and molecular properties of the resulting polymer.
[image: Figure 7]FIGURE 7 | 1H NMR spectrum of the polymerized CA dissolved in CDCl3(A) and polymerized CA/AA dissolved in CDCl3(B).
CONCLUSION
In this research, the properties of innovative cyanoacrylate adhesives (n-CA) have been investigated for applications in self-healing concrete technologies. The study explored the properties of newly designed formulations, which involved the additions of retarders such as the acrylic acid (AA) and the nitro-anthraquinone (n-AQ) in different ratios to a commercial cyanoacrylate (CA) adhesive.
The design of the n-CA formulation focused first on reducing the curing time. This was accomplished by introducing components that were chemically compatible with the PLA of the 3D printed mini-vascular networks (MVNs) units. It was also important that the n-CA maintained good bond properties with cementitious substrates.
From the analyses of the results presented in the paper, the following main conclusions have been drawn:
− The n-CA formulations form the basis for an innovative healing agent able to act efficiently and with good encapsulation stability. Among the retarder candidates studied, the addition of both AA and n-AQ to a commercial CA product resulted in the formation of compounds with an ability to remain liquid within PLA carriers for longer durations than commercial CA adhesives alone.
− The polymerization rate and the bond strength to the cementitious matrix of four formulations (CA:AA:nAq in the ratios 5–1:1:0.02) were evaluated. All of the CA formulations exhibited a significant increase in curing time with respect to the unmodified CA, whilst in the best case (4:1) the tensile bond strength only decreased by 4% less. Nevertheless, the resultant values remain compatible with the mechanical properties of the cement matrix. By increasing the proportion of the retarder, the wettability was significantly improved.
− The 4:1 formulation showed the highest bond strength over time, and good wettability (contact angle) to cementitious substrates. It showed a significant increase in bond strength from 14 days to 21, with a ceiling value of 2.6 MPa.
− The greater absorption of the n-CA formulations into the cementitious matrix over the curing period, compared with the reference CA, implies that it is important to ensure an adequate supply of n-CA for the full healing potential of the n-CA formulations to be realised.
− TGA analysis carried out on PLA samples highlighted that no relevant changes in chemistry occurred as a result of the 3D printing process. TGA/DSC analysis showed a chemical interaction between the CA and AA, with the formation of a new polymer, completely different in nature from the commercial CA monomer. NMR spectroscopy confirmed this hypothesis.
It has been demonstrated that it is possible to manipulate the properties of a commercial adhesive to begin to satisfy the various requirements for a healing agent in an encapsulated self-healing system. The next phase of research will explore the crack healing potential and the enhanced durability performance of concrete structures containing vascular and mini-vascular networks with modified CA-based healing agents. To enable this, studies are needed to optimize the CA formulation via mix design, refine the polymerization mechanism and examine the mechanical properties of the healing system under a range of environmental conditions. This, in turn, will allow self-healing systems to be further refined and optimized for targeted healing of varying spatial and/or temporal damage, which will ultimately facilitate the adoption of self-healing materials by the construction industry.
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