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Abstract

:

External Thermal Insulation Composite Systems (ETICS) are constructive solutions widely used to increase the thermal insulation in new and retrofitted buildings. However, these systems can present several anomalies due to their constant exposure to weathering agents and anthropic factors. Water is generally the major cause of degradation. Thus, the application of water-repellent products can minimize the appearance of anomalies and increase the durability of the systems. In this paper, acrylic-based and siloxane-based hydrophobic products were applied to ETICS, with the aim of assessing the compatibility, effectiveness, and durability of these products. The moisture transport properties and mould susceptibility were assessed through laboratory tests on untreated and treated specimens. The durability of the hydrophobic treatments was also evaluated through artificial aging tests (heat-cold and freeze-thaw cycles). Results show that the protection products generally decreased water absorption, slightly decreased the drying rate, and presented adequate water vapor permeability. After aging, the products still had reasonable effectiveness and, with one exception, improved the water vapor diffusion of the systems. Additionally, ETICS underwent an alteration in the finishing coat (possible modification of the porosity) due to the aging cycles. No clear linear correlation was found between the contact angle values and water absorption results, evidencing the influence of other factors related to the composition of the water-repellent products.
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1. Introduction


The optimization of energy efficiency associated with the building environment has been gaining a growing interest in the construction industry also due to new regulations of the European Union [1]. In this context, External Thermal Insulation Composite Systems (ETICS), which significantly improve the thermal performance of building walls both in new construction and retrofitting interventions [2], have been extensively applied.



However, the ETICS can present several anomalies (e.g., stains, cracks, biological colonization) due to their constant exposure to weathering agents and anthropic factors, which can compromise their thermal performance and long-term durability. Water is generally among the main decay agents, often triggering physical-mechanical-chemical degradation and favoring biological growth [2,3]. For this reason, the application of multifunctional protective coatings with hydrophobic properties can minimize the appearance of anomalies and, at the same time, increase the long-term durability of the ETICS by reducing the wettability and water absorption of the treated substrate.



Water repellent products can be classified as film-formers or penetrants. Film formers can either act as a coating, developing a continuous film on the surface (i.e., paints and varnishes), or as a pore blocker, penetrating into the substrate and filling the superficial pores [4,5]. On the other hand, penetrants enter in-depth in the pores of the material and create a hydrophobic film within the porous network [4]. The main difference between film formers and penetrants is related to the alteration of the water vapor permeability of the substrate. In fact, the application of penetrants generally does not alter the porous network; thus, the water vapor diffusion is almost unaffected. In the case of film formers and pore blocker products, water vapor permeability is significantly affected by pore-filling [5].



The change in water vapor permeability and drying kinetics can contribute to speeding up the degradation of the material; thus, the comprehension of the effect of water-repellent products on the moisture transport properties of the ETICS is a critical task [6]. Furthermore, the effectiveness of these products depends not only on their chemical properties but also on the physical features of the substrate [7,8]. Previous studies reported an aesthetical alteration and reduction in water vapor permeability as a consequence of the application of the hydrophobic products; thus, a deeper comprehension of the action of these products when applied to the ETICS is needed. Additionally, the selected water-repellent products need suitable durability in order to provide long-lasting protection against degradation agents (e.g., water, ultraviolet (UV) radiation, pollutants) [3,8].



Previous studies analyzed the influence of different water-repellent products on the performance of several building materials, such as stone [6], concrete [5,9], mortars [10], and renders [3,4]. However, only few researches evaluated the performance and durability of film former hydrophobic products on the ETICS [4,7].



Esteves et al. [7] evaluated the influence of three silicon-based hydrophobic products on the moisture transport properties and mould susceptibility of the ETICS. The results showed a decrease between 95% and 98% in the capillary water absorption after the application of the products. The results of the water vapor permeability suggested that the permeability of the ETICS can be reduced in the range of 4–21% with the application of hydrophobic products. Although the biological susceptibility of the systems was not significantly affected after the application of the products, the durability of the hydrophobic protection products was not evaluated in the study.



The present study aims to evaluate the compatibility, effectiveness, and durability of three different commercial film-former hydrophobic products (two acrylic-based and one siloxane-based) when applied on ETICS. The moisture transport properties (capillary water absorption, water absorption under low pressure, drying kinetics, water vapor permeability, and contact angle) and the susceptibility to mould development were assessed through laboratory tests on treated and untreated specimens. The durability of the treatments was also assessed through artificial aging tests (heat-cold and freeze-thaw cycles). The moisture transport properties and the mould susceptibility of the specimens were assessed before and after the selected aging cycles.




2. Materials and Methods


2.1. Materials


2.1.1. ETICS Specimens


The ETICS specimens consist of an expanded polystyrene (EPS) thermal insulation board (with a thickness of ~40 mm), a cement base coat (2.22 ± 0.03 mm), which incorporates a glass fiber mesh, and an acrylic-based finishing coat (0.57 ± 0.06 mm), with some hydrophobic and biocide properties. The selected ETICS has a European Technical Assessment (ETA) and, thus, fulfills the performance requirements of EAD 040083-00-0404 [11].




2.1.2. Hydrophobic Protection Products


Three different commercially available waterborne protection products (H1, H2, and H3) were selected based on market research. These products were selected considering different chemical compositions, thus possibly affecting their compatibility, effectiveness, and durability when applied to ETICS.



Products H1 and H3 are acrylic-based and present TiO2 and ZnO (which can be used as white pigments or photocatalytic additives), calcium carbonate (white pigment and filler), and biocide additives in their compositions (mix of 2/3 biocide e.g., isothiazolinone, terbutryn). H3 also consists of low percentages of further acrylates (i.e., diisobutyrate, butyl acrylate, methyl methacrylate), whereas H1 also has zinc pyrithione (further biocide additive). H2 is a siloxane-based product, which contains TiO2 and ZnO (pigments or photocatalytic additives), magnesium and calcium carbonate (white pigment and filler), and biocide additives in its composition (mix of 3 biocides e.g., isothiazolinone, terbutryn).



Table 1 presents the identification and some features of the three commercially available waterborne protection products considered in this study (Figure 1a).





2.2. Methods


2.2.1. Application Protocol


The application of the three products (H1, H2, and H3) was carried out by brush on the ETICS boards, following the recommendations of the manufacturers (Figure 1b, Table 1). Two coats of the product were applied per board (Table 1) in orthogonal directions. The first coat was diluted in 10% distilled water. A drying time of 24 h between coat application was considered in order to guarantee the complete evaporation of the aqueous solvent. The treated ETICS boards were then kept in controlled environmental conditions (T = 20 ± 2 °C and 50% ± 5% RH) for 7 days.




2.2.2. Specimens


According to the tests performed, specimens with different dimensions were cut from the treated ETICS boards. Prismatic specimens, with dimension 150 mm × 150 mm (42.5–43 mm thickness), were used for water absorption tests (by capillarity and under low pressure) and drying tests. Cylindrical specimens with a diameter of ~7.2 cm (42.5–43 mm thickness) were used for water vapor permeability and contact angle measurement. Furthermore, smaller prismatic specimens (40 mm × 40 mm × (42.5–43) mm thickness) were used to assess biological susceptibility to moulds. Untreated specimens (H0) were also considered as a reference. A metallic scotch tape was used to seal the lateral side of the thermal insulation of the systems to avoid water penetration within the insulation during both capillary water absorption and artificial aging tests, and also to facilitate the handling of the specimens during the experimental campaign.




2.2.3. Moisture Transport Properties


Tests were carried out threefold in treated (with water-repellent products) and untreated specimens.



The capillarity water absorption test was carried out under controlled conditions (65% RH, T = 20 °C, airspeed < 0.1 m/s), according to EAD 040083-00-0404 [11] (Figure 1c). Specimens were laterally sealed using waterproof scotch tape to avoid water penetration within the thermal insulation. The capillary water absorption coefficient (Cc) was determined by the initial slope of the capillary absorption curve and was calculated according to Equation (1).


  C c =    M 2  −  M 1    A ×  (    0.05    )     



(1)




where Cc is the capillary water absorption coefficient (kg/(m2·h0.5)); M1 is the mass of the specimen at the beginning of the test (kg); M2 is the mass of the specimen after 3 min (kg); A is the immersed base area (m2).



The drying test was performed according to EN 1 6322 [12] and started immediately after the end of the capillarity water absorption test, using the same test specimens and controlled conditions. The drying kinetics were evaluated through the results obtained for the first drying rate (DR1 in kg/(m2·h)), the second drying rate (DR2 in (kg/(m2·h0.5)), and the drying index (DI). The first drying rate corresponds to the transport of liquid water, whereas the second drying rate mainly represents vapor transport. The drying index (DI) is obtained according to Equation (2) [7] and reflects the global drying kinetics.


  D I =     ∫    t 0     t f    f  (     M x  −  M 1     M 1     )  d t    (     M 3  −  M 1     M 1     )  ×  t f     



(2)




being    M x    the specimen mass registered during the drying process (g);    M 1    the specimen mass in the dry state (g);    M 3    the specimen mass at the beginning of the test (g);    t f    the ending time of the drying process (h).



Water absorption under low pressure using Karsten tubes was performed according to test No. II.4 of RILEM [13]. Two Karsten tubes for horizontal surfaces were applied to each specimen. Water absorption was monitored for 24 h, in order to have results comparable with those of the capillarity water absorption test. The water absorption coefficient at 60 min was determined following Equation (3).


   C  abs   60 min   =    A  bp   ×   10   − 3      A  contact   ×   10   − 4   ×   60      



(3)




where,    C  abs   60 min     is the coefficient of water absorption at 60 min (kg/(m2·h0.5));    A  bp     is the water mass absorbed after 60 min (g);    A  contact     is the contact area of the tube with the surface (≈ 5.7 cm2).



The contact angle was measured by the sessile drop technique, i.e., Axisymmetric Drop Shape Analysis. This test is based on the variation of the interface free energy (area/water drop) and was carried out by dropping 4 ± 0.4 µL of water with a micropipette on each specimen. The images of the water drop were registered using a video camera (jAi CV-A50, Copenhagen, Denmark), mounted on a microscope Wild M3Z (Leica Microsystems, Wetzlar, Germany), and analyzed using MATLAB (version 9.0). The contact angle was measured according to Equation (4) (using MATLAB).


  θ = 2   arctan  (    2 × h m   a m    )   



(4)




where, θ is the static contact angle (degree); hm is the drop heigh (mm); am is the contact diameter of the microdrop (mm). Three contact angle measurements were performed per specimen, and the final result is obtained by calculating the average value of those measurements.



The water vapor permeability (WVP) test was carried out following the recommendations of EAD 040083-00-0404 [11] and EN 1015-19 [14] and using the dry cup method. The water vapor diffusion resistance coefficient (µ) was obtained using Equations (5) and (6). The equivalent air thickness (Sd) was calculated using Equation (7).


  ᴧ =  m  A ×  ∆ p     



(5)






  µ =   1.94 ×   10   − 10     ᴧ × e    



(6)






   S d  = µ × e  



(7)







In the above Equations,  ᴧ  is water permeance (kg/(m2·s·Pa));  m  is the slope of the linear relationship between mass variation and time (kg/s); A is the specimen area (m2);    ∆ p    is the difference between the exterior and interior vapor pressure (Pa);  e  is the thickness of the specimen (m).




2.2.4. Optical Microscopy


Optical microscopy was used to observe the surface of the ETICS specimens before and after the accelerated aging test, to detect possible anomalies (e.g., microcracks, loss of surface material, chromatic changes) caused by aging, as well as evaluate surface morphology. The surfaces of the specimens were observed using a stereo microscope Olympus SZH-10 (Olympus, Tokyo, Japan) equipped with an image acquisition system Olympus SC-30 and with the software Olympus LabSens.




2.2.5. Susceptibility to Mould Growth


The susceptibility to mould growth was carried out following a method adapted from ASTM D 5590-17 (2017) [15] and ASTM C 1338-19 (2019) [16] and validated elsewhere [17]. A mixed spore suspension of Aspergillus niger and Penicillium funiculosum was prepared and uniformly applied (2 mL) to the surface of the previously steam-sterilized specimens, controls, and surrounding culture media (4% malt, 2% agar). The test flasks were then incubated for four weeks in a culture chamber (T = 22 ± 1 °C and 70% ± 5% RH).



Three replicates of Whatman n° 1 filter paper (45 mm diameter) and three wood samples (Pinus pinaster) with dimensions of 40 mm × 40 mm × 10 mm were used as controls, thus allowing the validation of the test [16]. The specimens and controls were visually rated for mould growth each week using the scale defined in ASTM D5590-17 [15]. At the end of the 4-week testing, specimens and controls were carefully removed from the test flasks, and the final percentage of contaminated surface was evaluated using a stereo microscope Olympus B061 (Olympus, Tokyo, Japan).




2.2.6. Accelerated Aging Test


The durability of the hydrophobic treatments was assessed through artificial aging tests with hygrothermal cycles (heat-cold and freeze-thaw). These cycles were adapted from EN 1015-21 [18], validated in previous studies [3,19], and designed to represent extreme climate conditions. Eight cycles of each type were performed. At the end of the hygrothermal cycles, specimens were stabilized for 48 h (T = 20 ± 2 °C and 50% ± 5% RH), and the moisture transport properties and mould susceptibility of the artificially aged untreated and treated specimens were evaluated. Table 2 presents the accelerated aging test conditions.






3. Results


3.1. Capillary Water Absorption and Water Absorption under Low Pressure


The values obtained for capillary water absorption and absorption under low pressure with Karsten tubes are presented in Figure 2 and Table 3. The results showed that with the application of the hydrophobic protection products, a decrease in the capillary water absorption coefficient (Cc) between 25% and 35% was obtained (Table 3), H3 being (acrylic-based) the less water absorbent treatment (Figure 2). Nevertheless, all specimens (treated and untreated) presented values of absorbed water lower than 1 kg/m2 at 1 h of testing, as required by EAD 040083-00-0404 [11] (Figure 2).



The results obtained after the accelerated aging test showed that capillary water absorption decreased in all systems, including the untreated ETICS (~55% Cc reduction, compared to unaged specimens) (Table 3). However, the results indicated that specimens protected with hydrophobic products continue to have enhanced water-repellent properties compared to unprotected aged specimens, showing lower Cc values. The highest reduction (~70%) in capillary water absorption after aging was obtained for H3.



The Karsten tube test results showed a reduction in the water absorption coefficient (C60) for all systems with the applied hydrophobic products. The highest decrease (~69%) was obtained for H3, whereas a lower variation of ~15% was obtained for H1 and H2 (Table 3). These results are, therefore, in agreement with the capillary water absorption results.



As in the capillary water absorption test, the results obtained after aging showed significantly lower C60 values when compared to the results obtained for the treated and untreated ETICS. The highest reduction (~75%) was registered for both H2 and H3 and the lowest for H0 (~31%). Contrary to what was expected considering the capillary absorption test, Karsten tube results showed inverted trends throughout the test, with H1 and H3 (both acrylic-based) and H0 (reference) sometimes obtaining higher water absorption values after aging (Figure 2b). These results can indicate some loss of the effectiveness of the product caused by aging. Conversely, the absorption values for the aged specimens of H2 (siloxane-based) were lower than those obtained for the unaged specimens (Figure 2b).



It is worth noting that the mechanisms of water penetration within the system by capillarity and under low pressure are different. Water penetration under low pressure is associated with larger pores (>10 µm) compared to capillary pores (1 to 10 µm) [3], which might indicate an expansion of the porous network (occlusion-destruction of capillary pores and increase in non-capillary pores). The increase in permeability under low pressure may also be associated with microcracks in the substrate (basecoat) that may result from the aging tests and may not be efficiently protected by the finishing coats, especially in the case of H1 and H3. Additionally, continuous water absorption and drying, associated to repeated volumetric changes, can also create internal mechanical stresses in the pore network of the cementitious basecoat, favoring the formation of microcracks and can further develop over time, affecting the finishing coat [20].




3.2. Drying


Figure 3 and Table 4 show the drying curves and the results of the initial drying rate (DR1), the second drying rate (DR2), and the drying index (DI) for untreated and treated specimens before and after aging.



In general, it can be observed that all the hydrophobic products decreased both the initial and second drying rates. Moreover, it was found that the drying index increased with the application of the acrylic-based products H1 and H3 (99.3% and 123.7%, respectively, and considering the DI value obtained for H0) and, conversely, decreased with the application of the siloxane-based product H2 (12.4%). In fact, H2 had a lower impact on the drying rates (DR1 and DR2), keeping drying kinetics in the 2nd step of drying (DR2) practically unchanged, whereas the acrylic-based treatments (H1, H3) induced a more significant alteration in the drying kinetics (higher delay, especially in the case of H3, with a 32% decrease in DR2) (Table 4).



The aging effect was more evident in the drying rate 2 (DR2), corresponding to the water vapor evaporation. After aging, the unprotected system suffered a DR2 reduction of 71.1%, and the protected systems (H1, H2, and H3) suffered a reduction of about 80%.



According to the results presented in Table 4 (drying index before and after aging), it is possible to verify that artificial aging had a considerable impact on H0 and H2, with an increase in drying resistance of 54.0% and 83.4%, respectively. In contrast, the values of H1 and H3 decreased by 25.3% and 10.8% when compared to the values obtained for the unaged specimens.



Compared to the aged untreated system, aged H1 has a lower drying index (−3.4%) and aged H2 and H3 a higher DI (+4.7% and +29.5%, respectively). Even after artificial aging, H3 induced a higher delay in the drying of the substrate, whereas H1 and H2 presented negligible DI variations (Table 4).




3.3. Contact Angle


With the application of a water-repellent protection product, a reduction in water absorption and an increase in the contact angle of the protected surface (>90°) is expected [6]. In the present study, a significant reduction in water absorption both by capillarity and under low pressure was observed. However, although the application of H2 and H3 induced an increase in the contact angle (54.3% and 16.1%, respectively), a considerable θ reduction (32.7%) was observed with the application of H1 (Table 5, Figure 4). The decrease in the contact angle in this latter case can be related to the chemical composition of the product. In fact, H1 is a generic product with no specific water repellent properties stated in its technical data sheet. This product contains a higher amount of non-polymeric additives, such as fillers or pigments, if compared to H2 and H3. These additives confer hydrophilic properties to the product, explaining the decrease in the contact angle and the increase in the surface wettability. Additionally, it is worth noting that acrylic products can be functionalized using several monomers with specific characteristics [21]. Thus, it is possible to create acrylic (co)polymers with hydrophilic or hydrophobic properties [10].



On the other hand, an increase in the contact angle was observed after the application of H2 and H3, although the contact angles did not achieve the lower limit of hydrophobicity (90°) (Figure 4). In the case of H3, further percentages of acrylates (i.e., disobutyrate, butyl acrylate, methyl methacrylate), when compared to H1, can provide enhanced hydrophobic features [5]. Conversely, the inclusion of significant percentages of TiO2 nanoparticles as pigments and/or self-cleaning additives [22] (up to 25% in volume, as indicated in the technical sheet of all products) generally provides hydrophilic properties. The addition of inorganic additives (e.g., carbonates) to the paint formulation can also increase surface wetting and hygroscopicity, hence affecting contact angle values [23,24].



Following the trend observed for the capillary water absorption, the results of the contact angle increased for all systems after the artificial aging (Table 5). The highest increase (~73%) was obtained for H1 and the lowest (~19%) for H3. However, lower contact angle values were observed for the aged H1 and H3 specimens when compared to the aged reference (H0).



A contact angle >90° was observed only in the case of the aged H2 (Table 5), indicating a hydrophobic surface. However, this system has a slightly higher capillary water absorption result compared to H2 (Section 3.1.).



It is worth noting that the disagreement between the values of the contact angle and the capillary water absorption has already been verified in previous studies [25]. The values of the contact angle are only related to the drop-surface interface and evaluate an immediate water repellence behavior. On the other hand, the capillary water absorption provides an enhanced assessment of the long-term water resistance. Thus, it can be concluded that there is no clear linear correlation between the contact angle and the water absorption of a surface, especially when comparing multifunctional protection products (paints) with a complex formulation. Competitive effects between the polymeric component with hydrophobic properties and the titanium dioxide nanoparticles with hydrophilic (photocatalytic) features can also occur.




3.4. Water Vapor Permeability


The results showed that water vapor permeability slightly improves with the application of the H1 and H2 products. In fact, the water vapor diffusion resistance coefficient (µ) reduced (up to 4%) after H1 and H2 product application. On the other hand, a higher resistance to the diffusion of water vapor (14%) was observed with the application of H3 (Table 6). Similar results were found by Esteves et al. [7], where an increase in the µ-value between 4% and 21% was obtained after the application of three silicon-based hydrophobic products to the ETICS. The water vapor diffusion resistance coefficient (µ) of the thermal insulation (EPS) was also obtained, and the results are in accordance with those presented by Parracha et al. [26]. Results also confirmed that all rendering systems have Sd < 2 m, thus respecting the requirement of EAD 040083-00-0404 [11] for ETICS certification (Table 6).



After the artificial aging, the unprotected system (H0) underwent a significant permeability decrease (~80%), thus in accordance with the results of the drying test (DR2). H1 and H2 have the most compatible values, with a moderate vapor permeability decrease, considering, also, that the products protected the system during the aging cycles. The product H3, as in the unaged specimens, showed a higher resistance to vapor diffusion compared to the untreated system. The Sd obtained for the aged H3 exceeds the recommended threshold value of 2 m, defined by EAD 040083-00-0404 [11]. However, the remaining systems (H0, H1, and H2) still present values of Sd < 2 m (Table 6). The results indicate that after aging and mainly for the system with the application of H3, interstitial condensations can easily occur, affecting the durability of the system [3].




3.5. Optical Microscopy


The surfaces of the treated and untreated ETICS specimens were observed through optical microscopy. Figure 5 presents the microphotographs of the untreated and treated specimens before and after aging.



A reduction in surface roughness with the application of the protection products was generally observed. The protection films of products H1 and H3 (Figure 5b,d, respectively) have some micropores, while the film of H2 has microcracks (Figure 5c).



The surfaces of the untreated specimens were not significantly altered after the aging test. However, the surfaces of the finishing coat present some particle decohesion, whose formation can be attributed to the heat-cold and freeze-thaw cycles (Figure 5a).



Product H1 and H3, both acrylic-based, showed a significant amount of micropores and some microcracks along the paint film after aging (Figure 5b,d). On the other hand, the specimen treated with H2, based on siloxane resins, showed a considerably higher amount of microcracks (Figure 5c), as observed in Figure 1a.




3.6. Susceptibility to Mould Development


During the 4 weeks of testing, no mould development was observed in the systems, with or without extra protection (all specimens rated as 0). The results obtained after artificial aging also showed no mould development on the treated surfaces. Only one of the three untreated specimens was rated as 1 (<10% of the contaminated surface) after aging (Figure 6a).



The change of water absorption properties could be partially responsible for the full prevention of mould development on treated specimens. Nevertheless, the main bio-protection was most probably achieved by the biocides present on both the protective coatings and the finishing coat of the system.



The results obtained for the controls, all rated as four at the end of the test (Figure 6b), allowed the validation of the test procedure.





4. Discussion


An overview of the moisture transport properties of the untreated and treated substrates, prior to and after artificial aging, is shown in Figure 7. It is possible to verify that the application of the hydrophobic products generally induces a reduction in both the capillarity water absorption coefficient (C) and the water absorption coefficient under low pressure (C60), being the substrate treated with H3 the less water-absorbent. After aging, there is a significant reduction in the water absorption coefficients, also in the case of the untreated ETICS.



The reduction of capillary water absorption after aging with hygrothermal cycles can be attributed to the possible alteration of the physical-chemical alteration of the polymeric matrix of the protective coatings, which leads to higher compactness and stiffness, thus, a higher tendency to microcracking. This behavior is mostly due to freeze-thaw cycles, which can also favor a loss of cohesion and material on the surface (as observed in Figure 5).



Furthermore, the porosity of the base layer of the ETICS can also be reduced by dissolution-reprecipitation processes of the cement basecoat or as a result of the evolution in the hydration reactions of the cement due to exposure to significant amounts of water in the aging cycles [3].



Previous studies, which considered the same type of artificial aging cycles in cement mortars [3,27], report similar results, i.e., less water permeability after aging cycles due to cement hydration as a result of freeze-thaw cycles. Additionally, Farinha et al. [28] and Oliveira et al. [27] found that, after the same aging cycles, mortars also had higher mechanical resistance. In fact, cement hydration can partially fill the porous network of the mortar, providing a more compact and, therefore, more durable microstructure [28].



In the case of treated specimens, a major cause for Cc increase is identified in the reduction of capillary suction, resulting from the expansion of capillary pores and as a consequence of micro-cracking (Figure 5).



Concerning the drying index, H1 and H3 (both acrylic-based products) induced a DI increase, with higher variations in the case of H3 (124%), whereas H2 induced a decrease in DI. After aging, the alterations in DI are reduced, if compared to the aged untreated system, with the highest value (+30%) being H3. H2 treatment, based on siloxane resins, was the product that least influenced the drying kinetics before and after aging of the ETICS. Although aging with H2 showed a slight impact on the surface (an increase in DI, Figure 7), compared to the unprotected surface, taking into account that the product also improved the water-repellent properties of the substrates, the variations in the drying process are negligible.



In the same test, the aging effect was more evident in DR2, with a significant reduction in the speed of water vapor transport, i.e., DR2 reduction (as observed in Table 3). This trend supports the hypothesis of a change in porosity due to the aging cycles, with a decrease in capillary pores (also justified by the lower amount of water absorbed), as well as smaller pores. In fact, the transport of water vapor occurs mainly in pores smaller than 0.1 µm, while the transport of liquid water, by capillarity, occurs mainly in pores in the range of 0.1–10 µm [29].



Regarding the WVP, H3 (acrylic-based product) showed a reduction in vapor permeability (14% compared to the untreated system), with a different trend compared to the other two products. After aging, all systems suffered a reduction in water vapor permeability (Figure 7), with a significant increase in diffusion resistance of the water vapor coefficient (µ), which is in accordance with a possible reduction in porosity of the ETICS due to the aging cycles. However, it is also verified that the application of H1 and H2 protected the system from the effects of aging, still maintaining compatible µ values.



H2 exhibited better performance in terms of water vapor permeability and DR2 compared to H1; this trend can be attributed to the use of polymers (siloxane vs. acrylic) with different polymer microstructure, crosslink density, and morphology [30]. In fact, siloxane consists of short silicon atoms chains (3 to 8 atoms) and a molecular size of up to 7.5 nm [31]. The space between the silicon and oxygen atoms is larger than an individual water molecule (0.35 nm [31]), theoretically allowing the passage of water vapor through the polymeric structure. Furthermore, siloxane-based compounds have hydrophobic properties due to their nonpolar organic groups (usually alkoxy groups, e.g., methyl (CH3)), propyl (C3H7), and octyl (C8H17)), which repel polar OH− groups of water [32].



Additionally, other characteristics of the paints, such as the binder content, the size, and the morphology of the pigment, have an influence on the permeability of the protective films. Topçuoğlu et al. [33] found that the permeability of water-based acrylic paints containing different binder amounts dramatically decreased with increasing binder content. This behavior was explained by the formation of a porous structure as the binder content decreased from 40% to 10%.



The contact angle values of the treated surfaces can also be influenced by other factors. The presence of titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles, which have hydrophilic properties, can justify the low values obtained for the contact angle.




5. Conclusions


This study focused on the analysis of the hydrophobic features provided by three commercial paints (two acrylic-based and one siloxane-based) when applied to ETICS solutions. The moisture transport properties and susceptibility to mould development were assessed through laboratory tests on untreated and treated specimens. The durability of the treatments was also evaluated through artificial aging tests (heat-cold and freeze-thaw cycles).



It was concluded that the hydrophobic protection product H2, based on siloxane, presented a slightly better performance than the H1 and H3 acrylic-based products. H2 showed the lowest variation in the drying kinetics of the ETICS, before and after aging, as well as the most suitable vapor permeability in the initial performance, with a negligible alteration of the substrate vapor permeability after aging. Additionally, H2 obtained the highest contact angle values (111°) after aging, classifying this product as hydrophobic, considerably higher than those of the acrylic-based products. However, acrylic-based product H3 presented the lowest values for capillary water absorption, even after aging.



Regarding biological susceptibility, neither treated nor untreated substrates showed significant biological growth, either before or after accelerated artificial aging. This positive behavior is mainly attributed to the amount of biocide present in the formulations of the finishing products.



Hygrothermal cycles only slightly affect the water transport properties of the analyzed systems, inducing even lower water absorptions and higher contact angles. A slight increase in the water absorption was observed only in the Karsten tubes test, mainly in the case of the specimens treated with (acrylic-based) H1 and H3. Even after aging, the protection systems continued to show a higher water repellency than the untreated ETICS.



However, the aging cycles significantly affected the drying and vapor permeability of the systems. Concerning water vapor permeability, products H1 and H2 contributed to a higher permeability of the aged, treated specimens than the untreated system. Conversely, specimens treated with H3 (acrylic-based) showed significantly lower DR2 and higher resistance to drying (DI) before and after accelerated aging. However, it is worth noting that no significant water amount is retained in all the treated systems.



Considering that the (hygrothermal) aging cycles provided less water absorption, higher resistance to drying, and less water vapor permeability of the untreated system, the aging cycles possibly affect the porosity of the ETICS, i.e., cause a reduction of the porosity of the system.



In general, it can be concluded that the hydrophobic protection products are suitable for the repair or protection of the ETICS. Product H2 (based on siloxane) is the most compatible with the ETICS, respecting the drying kinetics and permeability of the system. H1 also showed moderate compatibility; however, H3 can induce a considerable alteration to the drying and water vapor permeability of the ETICS. In fact, H3 is the most waterproof product, both to liquid water and water vapor.



It is worth noting that the H1 protection product performed properly as a hydric protection coating in the ETICS, despite being a generic commercial paint, with no specific water repellent properties, as in the case of the other two studied paints.



The present study concluded that the considered water-repellent products could efficiently increase the durability of the ETICS with a cement basecoat and an acrylic-based finishing coat.



Research is ongoing to further correlate the physical properties (e.g., pore size distribution) of the treated substrate to the effect of the hydrophobic products, as well as to assess the performance of the products when exposed to other degradation agents, such as UV radiation and pollutants.
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Figure 1. (a) Dry residue of H2 (siloxane) and H3 (acrylic-based paint); (b) application of product on ETICS board; (c) capillary water absorption test on ETICS specimens. 
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Figure 2. (a) Capillary water absorption curves; (b) water absorption curves (Karsten tube test). Notation: (U)—unaged; (A) aged specimens. 






Figure 2. (a) Capillary water absorption curves; (b) water absorption curves (Karsten tube test). Notation: (U)—unaged; (A) aged specimens.



[image: Coatings 11 00554 g002]







[image: Coatings 11 00554 g003 550] 





Figure 3. Drying curves of the (a) unaged and (b) aged specimens. 






Figure 3. Drying curves of the (a) unaged and (b) aged specimens.



[image: Coatings 11 00554 g003]







[image: Coatings 11 00554 g004 550] 





Figure 4. Contact angle of water droplets on (a) untreated Specimen, (b) H1, (c) H2 and (d) H3 before aging; (e) untreated Specimen, (f) H1, (g) H2 and (h) H3 after aging. 
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Figure 5. Microphotographs of (a) untreated and treated with (b) H1, (c) H2, (d) H3 ETICS, before and after artificial aging; the arrows and the dotted circles indicate particle decohesion and microcracks, respectively. 
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Figure 6. Mould growth on (a) untreated specimen after aging and (b) control specimen. The dotted circles in Figure 6a indicate hyphae development. 
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Figure 7. Moisture transport properties of (unaged and aged) untreated (reference) and treated (H1, H3: acrylic-based products H2: siloxane-based product) specimens, where C: water absorption coefficient by capillarity; C60: water absorption coefficient under pressure; DI: drying index; μ: water vapor diffusion resistance factor; θ: contact angle. 
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Table 1. Physical features and application protocol of the hydrophobic protection products.






Table 1. Physical features and application protocol of the hydrophobic protection products.





	
Product

Identification

	
Color

	
pH

	
Density (g/cm3) at T = 20 °C and RH = 60%

	
Dry Residue (g/L)

	
Amount of Product per Application (L/m2)






	
H1

	
Whitish

	
8.5

	
1.34 ± 0.05

	
737

	
2 applications:

1st coat: 0.13;

2nd coat: 0.12




	
H2

	
Whitish

	
9.25

	
1.58 ± 0.05

	
1051




	
H3

	
Whitish

	
8.5

	
1.30 ± 0.03

	
729
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Table 2. Accelerated aging test conditions.
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	Heat-Cold Cycles
	Freeze-Thaw Cycles
	Exposure Time





	Heating-Infrared lamps (T = 60 ± 2 °C)
	Sprinkler system (water at T = 20 ± 1 °C)
	8 h ± 15 min



	Stabilization (T = 20 ± 2 °C, RH = 65% ± 5%)
	Stabilization (T = 20 ± 2 °C, RH = 65% ± 5%)
	30 ± 2 min



	Deep freeze cabinet (T = −15 ± 1 °C)
	Deep freeze cabinet (T = −15 ± 1 °C)
	15 h ± 15 min



	Stabilization (T = 20 ± 2 °C, RH = 65% ± 5%)
	Stabilization (T = 20 ± 2 °C, RH = 65% ± 5%)
	30 ± 2 min
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Table 3. Average results and relative standard deviation of the capillarity water absorption coefficient (Cc) and water absorption coefficient under low pressure (C60) for protected and unprotected specimens prior to and after artificial aging test.
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System

	
Unaged Specimens

	
Aged Specimens




	
Cc (kg/m2·h0.5)

	
C60 (kg/m2·h0.5)

	
Cc (kg/m2·h0.5)

	
C60 (kg/ m2·h0.5)






	
H0 (reference)

	
0.51 ± 0.04

	
0.13 ± 0.04

	
0.23 ± 0.05

	
0.09 ± 0.03




	
H1

	
0.38 ± 0.04

	
0.11 ± 0.05

	
0.18 ± 0.05

	
0.04 ± 0.04




	
H2

	
0.38 ± 0.03

	
0.12 ± 0.02

	
0.18 ± 0.02

	
0.03 ± 0.03




	
H3

	
0.33 ± 0.03

	
0.04 ± 0.03

	
0.10 ± 0.01

	
0.01 ± 0.01
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Table 4. Results of drying rate in the liquid phase (DR1) and in the vapor phase (DR2), drying index (DI), and total mass variation at the end of test (ΔTm), for treated/untreated specimens, prior to and after artificial aging test.
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System

	
Unaged Specimens

	
Aged Specimens




	
DR1

(kg/m2·h)

	
DR2

(kg/m2·h0.5)

	
DI

	
ΔTm (%)

	
DR1

(kg/m2·h)

	
DR2

(kg/m2·h0.5)

	
DI

	
ΔTm (%)






	
H0 (reference)

	
0.062 ± 0.002

	
0.043 ± 0.001

	
0.125 ± 0.006

	
1.26 ± 0.08

	
0.106 ± 0.009

	
0.013 ± 0.003

	
0.193 ± 0.060

	
0.78 ± 0.47




	
H1

	
0.038 ± 0.003

	
0.035 ± 0.001

	
0.249 ± 0.025

	
2.06 ± 0.15

	
0.051 ± 0.017

	
0.008 ± 0.001

	
0.186 ± 0.035

	
0.33 ± 0.08




	
H2

	
0.046 ± 0.004

	
0.042 ± 0.001

	
0.110 ± 0.003

	
0.80 ± 0.17

	
0.043 ± 0.004

	
0.008 ± 0.001

	
0.202 ± 0.029

	
0.37 ± 0.09




	
H3

	
0.031 ± 0.001

	
0.030 ± 0.000

	
0.280 ± 0.026

	
2.32 ± 0.19

	
0.029 ± 0.005

	
0.005 ± 0.001

	
0.250 ± 0.056

	
0.35 ± 0.09
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Table 5. Average results and relative standard deviation of contact angle (θ) of protected and unprotected specimens prior to and after artificial aging test.
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	System
	Unaged Specimens θ (°)
	Aged Specimens θ (°)





	H0 (reference)
	54 ± 8
	85 ± 6



	H1
	37 ± 5
	64 ± 5



	H2
	84 ± 8
	111 ± 3



	H3
	63 ± 5
	75 ± 5
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Table 6. Results of the water vapor permeability test for unprotected and protected specimens, before and after artificial aging.
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System

	
µ EPS

	
Unaged Specimens

	
Aged Specimens




	
µ ETICS

	
Sd of the Rendering System (m)

	
µ ETICS

	
Sd of the Rendering System (m)






	
H0

	
39.07 ± 3.11

	
43.84 ± 0.10

	
0.35 ± 0.02

	
80.39 ± 10.25

	
1.93 ± 0.43




	
H1

	
43.65 ± 0.12

	
0.34 ± 0.01

	
65.14 ± 0.73

	
1.26 ± 0.02




	
H2

	
42.10 ± 2.95

	
0.26 ± 0.11

	
73.08 ± 10.48

	
1.61 ± 0.46




	
H3

	
50.04 ± 3.90

	
0.62 ± 0.18

	
103.02 ± 20.88

	
2.86 ± 0.92
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