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Abstract: In this paper, the specimens of polymer-cement composites after 1 d, 7 d, 15 d, and 30 d aging without aging and UV aging are subjected to fixed extension test and tensile test. By observing the mode of the composite in the fixed-elongation test, and measuring the elastic recovery rate, tensile strength, elongation at break, peak tensile strain, tensile toughness and pre-peak tensile toughness of the composite, the effects of UV aging on the bonding and the tensile properties of the composite were studied. And combining with scanning electron microscopy experiments, the micro-mechanism of the effect of ultraviolet aging on the properties of composite was analyzed. The results showed that the composite had a good bonding property, and no damage was observed after UV aging for 30 days. The UV aging increased the elastic recovery rate and peak tensile within a certain range. The elastic recovery rate and peak tensile strain of the composite increased by 6.60% and 23.55% respectively after UV aging for 15 days. Therefore, the UV aging could enhance the tensile property and the tensile energy consumption performance of the composite. The tensile strength of the composite increased by 65.36% after UV aging for 30 days. The tensile toughness and pre-peak tensile toughness of the composite were increased by 43.29% and 101.83% respectively after UV aging for 15 days. The elongation at break of composite decreased continuously after UV aging due to the photo-oxygen reaction, as well as secondary hydration reaction and cross-linking curing reaction of cement.
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1  Introduction

Polymer-cement composite is a two-component polymer produced in reaction between polymer film formation and cement hydration, for which organic polymer and cement are mixed, with additive and filler added. This materials usually have the advantages of cement-based materials, such as good durability, high strength, low price and environmental protection, and polymer materials, such as high bonding strength and flexibility [1]. The polymer-cement composite prepared with styrene-acrylic emulsion and VAE emulsion as organic components is broadly used in building waterproofing, concrete pavement joint sealing, airport pavement joint engineering and etc. for low production cost, no pollution, as well as excellent cohesive deformation and waterproof properties [2–4]. Especially as applied in airport pavement joint engineering or pavement caulking, the polymer-cement composite may bond with cement concrete properly with excellent sealing and deformation performance, thus effectively preventing failures of joints, such as mud pumping, spalling, shatter and faulting of slab ends due to fracture or aging of the caulking material, and ensuring the safe operation of aircraft [5,6]. For airport pavement caulking material used in natural environment, the performance in mud pumping may be influenced by many environmental factors, such as solar radiation, ultraviolet light, temperature, humidity, rain, snow, and chemical medium. These factors will lead to degradation of the composite in macroscopic performance and reduce the service life of the caulking material [7].

Many scholars have studied the polymer-cement composite [8–11]. Choi et al. [12] studied the effect of ethylene-vinyl acetate polymer emulsion on the performance of polymer-cement composite, and found that ethylene-vinyl acetate polymer emulsion could improve the flexural strength and compressive strength of the composite, as well as the chloride ion penetration resistance. Tsukagoshi et al. [13] studied the influence of different humidity conditions (25%, 60%, 98%) for maintenance on the tensile property of waterproof coating for the polymer-cement composite, and established a numerical model for hydration–evaporation water loss and film formation by polymer coalescence in the polymer-cement composite system. Ohama studied the microstructure of polymer-cement composite, proposed a model to explain the reinforcement mechanism of polymer cement, which was then modified by Ma and Plank from different perspectives [14–16]. Melichar et al. [17] studied the proportioning of mixture for the polymer-cement composite at extreme temperatures, invented a polymer cement mortar used at extreme temperatures, which may also be applied to reinforced concrete structures as a repair mortar. Sokołowska et al. [18] studied the influence of acidic environment on the degradation of polymer cement concrete, and evaluated the resistance of polymer cement concrete to chemical erosion based on indexes like mass, compressive strength and flexural strength. Soufi et al. [19] systematically studied the effects of copolymer of ethyl acrylate and phenethyl acrylamide on durability indexes of modified repair mortar, e.g., permeability, capillary water absorption and chloride diffusivity, from the perspective of water migration. However, the above researches most focus on the influence of type, temperature, acidic environment of polymer on mechanical property of the composite, and seldom concern the bonding and tensile properties of the composite after UV aging. The airport pavement caulking material is not only used in the natural environment with complex conditions, but also bearing horizontal displacement and tensile stress from the seam slot of cement concrete pavement joint generated for the effects of aircraft wheel load and temperature. To meet the requirements for the use of relevant airport pavement caulking material, it is of great engineering value and theoretical significance to study the bonding and tensile properties of the composite after aging under environmental conditions.

In this study, the ultraviolet radiation of the composite was simulated by an artificial accelerated ultraviolet aging method based on the application of polymer-cement composite in airport joint engineering. The influence of ultraviolet radiation on bonding and tensile properties of the composite was studied through analyzing changes of the composite in failure mode, elastic recovery rate, tensile property, tensile deformation property and tensile energy consumption performance before and after ultraviolet aging, and the reasons for changes in properties of the composite were analyzed microscopically by scanning electron microscopy.

2  Materials and Methods

2.1 Raw Materials and Specimens Preparation

The main raw materials for preparation of polymer-cement composite are as follows: Polymer emulsions (styrene-acrylic emulsion and VAE emulsions), cement, inorganic fillers (talc powder, Heavy calcium carbonate), functional admixtures (dispersant, defoamer, Film forming aid, plasticizer, and silane coupling agent). Various materials are introduced as follows: Acronal S400F ap styrene-acrylic emulsion, viscosity: 400 to 1800 MPa·s, average particle size: 0.1 μm, solid content: 56 ± 1%; CELVOLIT 1350 VAE emulsion, viscosity: 1500 to 5000 MPa·s, average particle size: 1.5 m, solid content: 55 ± 1%; ordinary Portland cement 42.5, initial set: 141 min, final set: 296 min; ultrafine talc powder, pure white, fineness: 600 mesh, silica content: 99%; Heavy calcium carbonate, white powder, average particle size: 3 μm; SN-DISPERSANT 5040 dispersant, NOPCO NXZ defoamer, DN-12 Film forming aid, DOP plasticizer, and ND-42 silane coupling agent.

The polymer-cement composite was prepared according to the ratio given in Tab. 1. For details, see Fig. 1. After the preparation was completed, the specimen was obtained through pouring together with cement mortar based material, as shown in Fig. 2. The size of cement mortar based material was 75 mm × 25 mm × 12 mm, and of polymer-cement composite was 50 mm × 12 mm × 12 mm [20,21].

Table 1: Mix ratio of polymer-cement composite (unit: g)
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Figure 1: Preparation process of polymer-cement composite
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Figure 2: Specimen of polymer-cement composite

2.2 Experimental Equipment and Method

2.2.1 UV Aging Test

In accordance with the Standard GB/T 14522-2008, ultraviolet radiation was performed with a LZW-050A ultraviolet weather resistance test box at 40°C, wavelength: 315 to 400 nm. Samples were taken to test after UV aging for 1 d, 7 d, 15 d and 30 d.

2.2.2 Fixed-Elongation Test

Fixed-elongation test with reference to ISO 11600, JC/T 881 and JC/T976 [22–24], place the prepared specimen in the fixed-elongation (fixed tensile displacement) test mold, stretch the specimen to 60% of the original seam width with speed of 5 mm/min, keep the fixed tensile displacement for 24 h, and then observe the forms of polymer-cement composite at the fixed tensile displacement, check the polymer-cement composite for cohesive failure. If no failure, remove the specimen and hold for 24 h. Measure the seam width after elastic recovery of the specimen with a vernier caliper, and calculate Re, the elastic recovery rate of the polymer-cement composite with Eq. (1). Each set of tests was conducted three times, and the results were averaged.
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where w0, w1 and w2 are the initial seam width, the seam width at fixed elongation displacement, and the seam width after elastic recovery of the specimen respectively. The schematic diagram of the fixed-elongation test is shown in the Fig. 3, the specimen in fixed-elongation is shown in the Fig. 4.
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Figure 3: The schematic diagram of the fixed-elongation test
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Figure 4: The specimen in fixed-elongation

2.2.3 Tensile Test

Tensile test with reference to JC/T 881, JT/T 589-2004 and GB/T 13477-2002 [25,26], HS-3001B electronic tensile test equipment was used for tensile test of specimens after different ultraviolet aging time. During the process, the specimens were loaded into the fixture, and then stretched to failure at a speed of 5 mm/min. Corresponding load and displacement data were recorded by the test equipment. Each set of tests was conducted three times, and the results were averaged. The schematic diagram of the tensile test is shown in the Fig. 5.
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Figure 5: The schematic diagram of the tensile test

2.2.4 Scanning Electron Microscope Test

COX I EM-30 scanning electron microscope was used. The microsection specimen after gold spraying was placed in the chamber of scanning electron microscope for observation of microscopic morphology of the polymer-cement composite before and after ultraviolet aging under magnification of 500x.

3  Results and Discussion

3.1 Failure Mode of Fixed-Elongation Test

The bonding property represents the cohesive property of the polymer-cement composite at a fixed-elongation, which is important for material design. The fixed-elongation failure form is an important qualitative index to reflect the bonding property of the material. The influence of ultraviolet aging on the failure mode of polymer-cement composite as joint filler in fixed-elongation test is as shown in Fig. 6. Obviously, no cohesive failure of polymer-cement composite occurred after UV aging for different days in the fixed-elongation test. The polymer-cement composite was not damaged even after UV aging for 30 days. Therefore, the polymer-cement composite has a good fixed- elongation cohesive property. With increasing of UV aging time, the color of polymer-cement composite was gradually deepened, and the distribution of deepened color gradually extended to the whole composite surface. The main reasons for this was that a UV-irradiation aging reaction of polymer molecules under UV radiation occurred, and the ultraviolet light broke the polymer molecular chain to form the active radical, which reacted with oxygen in the air, and generated a new chromophoric group changing the color of the test specimen. The cement and inorganic fillers in the composite are stable chemically, and so further damage for UV oxidation may be delayed [27,28].
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Figure 6: The influence of ultraviolet aging on the failure mode of polymer-cement composite in fixed-elongation test

3.2 Elastic Recovery Rate

The elastic recovery rate is an important quantitative index to reflect the bonding property of materials. From Fig. 7, which showed the influence of UV aging on the elastic recovery rate of polymer-cement composite, obviously, the elastic recovery rate of polymer-cement composite first increased and then decreased with increasing of UV aging time. Within the first 15 days of UV aging, the elastic recovery rate of polymer-cement composite increased continuously, and was even greater than that of polymer-cement composite without UV aging. After UV aging for 15 days, the elastic recovery rate of the polymer-cement composite as joint filler was 73.93%, which was 6.60% higher than that of the polymer-cement composite without UV aging. After UV aging for 30 days, the elastic recovery rate of the polymer-cement composite decreased to 90.86% of that of the polymer-cement composite without UV aging. On the whole, the elastic recovery rate of polymer-cement composite after UV aging for different days was more than 60%, which met relevant requirements for use. So UV aging increased the elastic recovery rate and enhanced the bonding property within a certain range. The main reason for this was that a cross-linking reaction between the active radical on polymer molecular chain in the polymer cement composite and part of the cement hydration product occurred under UV irradiation, thus resulting in the increase of cross-linking density, which made the elastic recovery rate of the polymer-cement composite increase continuously within a certain UV aging time range [29]. However, prolonged ultraviolet aging caused degradation of polymer molecules for ageing, which broke the chain segment and reduced the of cross-linking density, thus reducing the elastic recovery rate.
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Figure 7: Influence of UV aging on the elastic recovery rate of polymer-cement composite

3.3 Tensile Strength Property

As an important index to characterize the tensile property of materials, tensile strength is the peak stress of polymer-cement composite specimens under the tensile load. The influence of UV aging on the tensile strength of polymer-cement composite is shown in Fig. 8. This figure shows that the tensile strength of polymer-cement composite increased with increasing of UV aging time. The tensile strength of polymer-cement composite was 0.48 MPa after UV aging for 1 day, which rose only by 5.23%, but increased significantly to 0.70 MPa after UV aging for 7 day. The tensile strength increased continuously with increasing of UV aging time. After UV aging for 30 days, tensile strength of the polymer-cement composite increased by 65.36%. Obviously, the ultraviolet aging increased the tensile strength of polymer-cement composite and improved its tensile property. And the longer the UV aging time is, the more obvious the effect will be.

The tensile strength of polymer-cement composite increased significantly with increasing of UV aging time for two reasons. First, under the UV radiation, a cross-linking reaction occurred inside the composite, the composite was cured, and thus, the integrity of the composite, as well as its tensile property, was improved [29]. Second, under the UV radiation, the unhydrated cement inside the composite was further hydrated, and thus, the skeleton for hydration network of cement inside the composite, as well as the tensile strength of the composite, was continuously strengthened [30].
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Figure 8: Influence of UV aging on the tensile strength of polymer-cement composite

3.4 Tensile Deformation Property

The tensile elongation at break and the peak strain are usually used to measure the tensile deformation property of materials. The tensile elongation at break is the ratio of the seam width at break to the initial seam width of the specimen of polymer-cement composite. The peak tensile strain is the strain when the peak stress of the polymer-cement composite specimen is reached during the tensile process. The influence of UV aging on the tensile deformation property of polymer-cement composite is shown in Fig. 9, the elongation at break of polymer-cement composite decreased continuously with increasing of UV aging time. After UV aging time for 15 days and 30 days, the elongation at break of polymer-cement composite was 337.09% and 304.89%, which were decreased by 17.60% and 25.62% respectively. With increasing of UV aging time, the peak tensile strain of polymer-cement composite increased first, and then decreased. When the UV aging time was up to 15 days, the peak tensile strain of the polymer-cement composite was at maximum, which was increased by 23.55%. After UV aging for 30 days, the peak tensile strain of the polymer-cement composite was decreased significantly, and even lower than that of the polymer-cement composite without UV aging time. The peak tensile strain decreased by 7.08%. Therefore, the UV aging influenced the elongation at break of polymer-cement composite greatly, and it reduced the elongation at break. And the UV aging increased the peak tensile strain of polymer-cement composite within a certain range.

The polymer molecular film was cured and the cement was further hydrated under UV radiation, thus improving the rigidity of polymer-cement composite, and reducing its viscosity as well [31]. As a result, the elongation at break of polymer cement composite decreased continuously. The peak tensile strain of polymer-cement composite was increasing with the rigidity. Prolonged ultraviolet aging made the molecular chain of the composite break, and thus, internal cracks were formed, and the structure became relaxed. At this point, the polymer-cement composite was damaged under a small peak tensile strain.
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Figure 9: Influence of UV aging on the tensile deformation property of polymer-cement composite

3.5 Tensile Energy Consumption Performance

Compared with other emulsions such as styrene-butadiene emulsions, styrene-acrylic emulsions and VAE emulsions contain certain active groups, which is beneficial to improve the performance of polymer-cement composite. The energy consumption of materials under tensile load is usually quantitatively characterized by tensile toughness and pre-peak tensile toughness. The tensile toughness is to represent the amount of energy absorbed by the polymer-cement composite throughout the process of tensile loading while the pre-peak tensile toughness is to represent the amount of energy absorbed by the polymer-cement composite before it is damaged. The influence of UV aging on the tensile energy consumption performance of polymer-cement composite is shown in Fig. 10, with increasing of UV aging time, both the tensile toughness and the pre-peak tensile toughness of polymer-cement composite increased first, and then decreased. After UV aging for 15 days, the tensile toughness and the pre-peak tensile toughness of the polymer-cement composite were at maximum, which respectively are 2.13 J·cm−3 and 1.33 J·cm−3, increased by 43.29% and 101.83% respectively as compared with those of unaged polymer-cement composite. The tensile toughness and pre-peak tensile toughness of the polymer-cement composite decreased after UV aging for 30 days, but still increased by 29.13% and 55.56% respectively as compared with the those of polymer-cement composite. On the whole, UV aging enhanced the tensile energy consumption performance of polymer-cement composite obviously. After UV aging, the tensile toughness and the pre-peak tensile toughness of polymer-cement composite were significantly improved.

With ultraviolet aging time, the polymer molecular chain broke, and there were more cracks in the composite. Thus, more free pores were available for the polymer molecular chain to freely curl, flex, and rotate under external load. Pores of different sizes were also the basic conditions for absorbing and consuming a large amount of deformation and fracture energy [28]. Therefore, the tensile toughness and the pre-peak tensile toughness of the polymer-cement composite were increased. As the UV aging was further prolonged, the increased active groups formed by the fracture of polymer molecular chains and hydration products of unhydrated cement particles, as well as the cross-linking action between active groups and some hydration products, made some free pores filled, thus compromising the tensile energy consumption performance [30,31].
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Figure 10: Influence of UV aging on the tensile energy consumption performance of polymer-cement composite

4  Microscopic Mechanism Analysis

Polymer-cement composite is a heterogeneous multiphase system composed of polymer film, cement hydration products and other inorganic fillers, as well as water and air existing in pores, i.e., a three-phase porous body of solid-liquid-gas. The change of macroscopic property of the composite is essentially caused by the change of microstructure inside the composite system. Fig. 11 was the microtopography of polymer-cement composite after different days of UV aging. As shown in Fig. 11, the ultraviolet aging influenced the microstructure of polymer-cement composite significantly. The UV radiation energy was about 71.5 to 95.3 kcal/mol while the bond energy of covalent bond between polymer molecules was about 40 to 100 kcal/mol [27]. Thus, under the UV radiation, the polymer molecules of the composite absorbed the UV energy, which was gradually accumulated. As shown in Figs. 11b and 11c, after UV aging for 1 day, polymer molecules absorbed more energy, the molecular chains were cut off, and chemical bonds were broken, thus producing active radicals, which had a UV-irradiation reaction with oxygen in the air. After UV aging for 7 days, further UV-irradiation reaction occurred, the unhydrated cement particles in the polymer cement composite began to hydrate and form hydration products. As shown in Figs. 11d and 11e, after UV aging for 15 days, some of the polymer molecular chains on the surface of composite underwent chain UV-irradiation reactions of free radicals, which caused degradation of polymer molecules, as well as obvious cracks in the composite. At the same time, a crosslinking curing reaction between the active free radicals of the polymer chain and some of the hydration products occured. After UV aging for 30 days, the chain UV-irradiation reaction developed to inside the composite, for which the number and depth of cracks increased as the composite aged and deteriorated from the outside to the inside.

The UV aging influenced the property of polymer-cement composite from the following three aspects [28–31].

  1.  Photooxygen reaction, in which the polymer molecular chain absorbed the UV energy, broke and produced active free radicals, which had a photooxygen reaction with oxygen, thus making the composite aged.

  2.  The secondary hydration reaction of cement, in which the unhydrated cement in the composite was further hydrated under high energy of ultraviolet radiation, and so, the skeleton for hydration network of cement inside the composite was continuously strengthened.

  3.  The crosslinking curing reaction, i.e., the crosslinking curing reaction between the active groups of the polymer molecular chain and some of hydration products, which strengthened the composite totally.

In the early stage of UV aging, the UV-irradiation reaction was weaker than the secondary hydration reaction of cement, which was manifested as increasing elasticity recovery rate, tensile strength, peak tensile strain and tensile energy consumption of polymer-cement composite macroscopically. In the late stage of UV aging, the UV-irradiation reaction was stronger than the secondary hydration reaction of cement, which was manifested as decreased elasticity recovery rate, peak tensile strain and tensile energy consumption of polymer-cement composite macroscopically. At the same time, the tensile strength of polymer-cement composite continued increasing due to cross-linking reaction. The joint action of above three factors made the viscosity of the polymer-cement composite decrease gradually and the rigidity increase continuously, and thus, the elongation at break of the composite decreased continuously.
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Figure 11: The microtopography of polymer-cement composite after different days of UV aging. (a) 0 d (b) 1 d (c) 7 d (d) 15 d and (e) 30 d

5  Conclusions

The UV aging had little influence on the failure mode of polymer-cement composite in the fixed-elongation test. The composite still had no cohesive failure after UV aging for 30 days, and it had a good bonding property.

The UV aging increased the elastic recovery rate of polymer-cement composite within a certain range. The elastic recovery rate of polymer-cement composite first increased and then decreased with increasing of UV aging time. When the UV aging time was up to 15 days, elastic recovery rate of the polymer-cement composite was at maximum, and when the UV aging time was up to 30 days, the elastic recovery rate of the composite decreased as compared with that before aging. On the whole, the elastic recovery rate of composite was more than 60%, which met relevant requirements for use.

The UV aging could enhance the tensile strength of polymer-cement composite. With increasing of UV aging time, the tensile strength of the composite increased continuously.

The elongation at break of composite decreased continuously after UV aging due to the photo-oxygen reaction, the secondary hydration reaction of cement, and the cross-linking curing reaction. With increasing of UV aging time, the peak tensile strain of polymer-cement composite increased first, and then decreased. When the UV aging time was up to 15 days, the peak tensile strain of the polymer-cement composite was at maximum.

The UV aging could enhance the tensile energy consumption performance of the polymer-cement composite. With increasing of UV aging time, both the tensile toughness and the pre-peak tensile toughness of polymer-cement composite increased first, and then decreased. After UV aging for 15 days, the tensile toughness and the pre-peak tensile toughness of the polymer-cement composite were at maximum. The tensile toughness and pre-peak tensile toughness of the polymer-cement composite decreased after UV aging for 30 days, but were still higher than before aging.
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