Temporal variations of surface roughness and thickness of polymer-coated quartz sand
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Abstract
In this work, the changes in surface roughness and thickness of particles have been investigated after coating with polymers that result in hydrophobicity after a given time period. The study fundamentally investigates the evolution of these surface properties from the instant the particles are coated. Six chemical agents have been used on near-spherical glass beads and the changes in surface profiles monitored. Surface roughness was quantified using the power spectral density method and the surface thickness of the coatings was determined by a new technique which involved calculating the change in the representative radius of asperity. Results showed that the coating process altered the surface roughness and thickness of particles irrespective of chemicals used. The time-dependency of the coating process is illustrated and it was observed that fluctuations in both surface roughness and thickness lessened after a time period of 30 min. Depending on the chemical agent used, either an overall roughening or softening was recorded at 60 min and the values of surface thickness showed increases between 71 and 256 nm. By analysing the evolution of surface roughness and thickness at the particle level following coating, this study demonstrated the intricate link between surface properties and chemistry in inducing functional properties on particles.
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Introduction
Functional polymeric coatings applied to granular materials such as soil particles make them impermeable to liquids by imparting hydrophobic properties. The implementation of these coated particles as semi-permeable barriers in ground engineering have been proposed in studies such as Bardet et al.1 While the overriding effect of using coatings has generally been the modification of surface energy, characterized by the contact angle, the resulting surface roughness and thickness of coatings also dictate surface properties. For example, surface roughness can either suppress or enhance the level of hydrophobicity as described theoretically by the Wenzel model, which relates the Young’s contact angle,  to the product of the Wenzel’s contact angle,  and a roughness factor, r, representative of surface roughness.2

The surface thickness of polymeric coatings synthesised by chemical agents such as silanes is dependent on several factors amongst which are the type of chemical agent and the number of hydroxyl bonds present on the substrate.3 The effect of varying the surface thickness of polymeric coatings on the wear resistance of relatively flat substrates has been investigated by Choudhury et al.4, where an increase in coating thickness translated to an increase in wear resistance. Similarly, in their assessment of the wear resistance of nanocomposites, Xu et al.5 concluded that those coated with thicker silane coatings offered better wear resistance and Wang et al.6 demonstrated that the inclusion of a 200 nm thin copper as part of the synthesizing process led to enhanced durability of wood surfaces.

The influence of surface roughness and surface thickness after coating to induce properties such as hydrophobicity in soils are crucial when used in engineering applications as semi-permeable barriers. A common technique to induce hydrophobicity on particles involves coating with low surface energy polymers such as polydimethylsiloxane (PDMS), formed as a result of adding chemical agents such as dimethyldichlorosilane (DMDCS).7 The use of DMDCS to hydrophobize soil particles suggests that it carries a low environmental threat to microbiota with germination of seeds such as Secale cereale (ryegrass) unaffected by its presence in sand.8 Alternative means to induce hydrophobicity on particles include the use of commercial agents such as TerraSil® and chemicals targeting longevity of outdoor wear.9,10 The addition of these chemical agents is carried out at a given concentration, expressed as the gravimetric ratio of the chemical agent to soils and for the resulting substrates to display hydrophobicity, time should be allowed for the reaction to occur with the low energy functional groups reorienting away from the substrates. To achieve the optimum level of hydrophobicity, this ratio is limited to the critical concentration. Liu et al. showed that coating sand particles with PDMS leads to a decrease in root-mean-square roughness, from 571 to 238 nm.11 The effect of increasing surface roughness on the hydrophobicity of particles using powders has been experimentally demonstrated in Saulick et al.12 The coating with PDMS yields soft coatings that influences their wear resistance and mechanical properties.11 The estimation of surface thickness of particles coated with thin polymers are at present restricted to the use of analytical methods partly due to the relatively thin polymeric coatings.

In ground engineering, polymer-coated particles with varying surface roughness (different levels of hydrophobicity) and thickness (different wear resistances) influence mechanical and hydraulic properties at the macro scale. This study explores for the first time the evolution of surface roughness and thickness of particles after being polymer-coated. The surface roughness is measured using the power spectral density (PSD) method and a new technique for the calculation of the surface thickness of the coated particles is proposed. The specific objective is to investigate the real-time changes in surface roughness and thickness of particles after being polymer-coated.

Materials and methods
Materials 
Near-spherical glass beads with a mean particle size of 2 mm and sphericity equal to 0.95 were cleaned with ethanol prior to testing. To prevent movement of the particles, they were glued on a rectangular steel sample holder onto which a circular pit (4 mm in diameter and 0.3 mm deep) was cratered.

A total of six chemical agents in liquid form were used. They were DMDCS, an organosilicon compound obtained from Acros Organics and five commercially available agents purchased from Artekya Ltd. Co. (Istanbul, Turkey). The latter, referred in this study by their trade names (C, C1, SHC, HomeShine (HS) and GlassShield Marine (GS)) are used for the protection of materials such as glass, metals and wood by forming a hydrophobic coating. While the exact chemical constituents responsible for imparting hydrophobicity are shrouded in commercial secrecy, possible causes for hydrophobicity are the presence of organosilicon compounds and their derivatives. The above chemical agents were primarily selected on the basis of ease of application and availability. Table 1 illustrates the properties of the chemical agents.

Coating process and surface measurements
An optical white light profilometer, Fogale Microsurf 3D, model M3D 3000 (Fogale Nanotech, Nîmes, France), equipped with a Mirau interferometric objective lens (50) was used to extract surface profiles of the glass beads.	

The coating process was performed by dispensing a volume of 5 µl of chemical agents using a pipette on the glass bead positioned beneath the objective lens (Figure 1(a)). This enabled a direct comparison of the changes in surface profiles and their real time monitoring on the same exact position.

Surface roughness 
The scanned area of the surface profile (106.6 µm  106.6 µm) was used for measuring the surface roughness. Measurements were carried out before and at the following times (min): 1, 3, 5, 10, 15, 20, 30, 40, 50 and 60. A single measurement was performed at a given time and surface roughness (Sq,) was quantified by the PSD method after excluding the influence of curvature. As described in Yang et al.13, the PSD is calculated as per equation (1) where A(x, y) is the auto-correlation function of surface heights h(x, y) and q is the wavevector. To determine Sq, the zeroth moment of the PSD is considered (equation (2)) with the limits q0 and q1 equal to values suggested by Persson et al.14:  and , where L is the width of the scanned area (106.6 µm) and the ratio  is the lateral resolution of the optical white light profilometer (0·184 μm).

				(1)

						(2)


Surface thickness 
The surface thickness of the coatings was determined by calculating the representative radius of asperity (Rasp) of the uncoated particle and subsequently the Rasp of the coated particle. By assuming discrete sets of points on the surface of the particles to lie on spheres, a mean value of the radii (R1 and R2) in both lateral directions is obtained which is equivalent to Rasp (Figure 1(b)). The difference in Rasp of the uncoated and coated particles is taken as the surface thickness, T of the particle following coating. Due to the stochastic distribution of the asperities on the particles, the following assumptions were made: (1) each asperity was treated as a semi-spherical shape according to the contact model of Greenwood and Williamson15 and (2) the formation of polymers upon addition of the chemical agents was assumed to originate and develop at the troughs of the particle and gradually decrease along the side of the asperities to the crests.


Results and discussion
Temporal variations of surface roughness 
The roughness of the uncoated particles as defined by Sq was 200 nm. Within the first 10 min, Sq fluctuated drastically with all the chemical agents as illustrated in Figure 2. For instance, a drop in Sq to 177 nm (at 3 min) followed by an increase to 197 nm (at 5 min) was recorded with HS whereas the opposite trend was obtained with SHC; at 3 min, Sq increased to 262 nm followed by a drop to 211 nm, 2 minutes later. The change in roughness with DMDCS showed a distinctive trend compared to the other chemical agents attributed to distinct constituents: a sharp decrease in Sq to 51 nm was recorded at 1 min and this value increased steadily to 95 nm at 60 min indicating an overall smoothening of the particle (Figure 3 (a)-(c)). Similarly, an overall smoothening of particles was also recorded when C and C1 were used. The addition of chemical agents (e.g., DMDCS) leading to a decrease in surface roughness on the particles quantitatively contradicts the Wenzel model suggesting that contact angles reported in studies such as Liu et al.11 using the sessile drop method are also due to the presence of trapped air in addition to surface chemistry.

The remaining chemical agents (SHC, HS, GS) when added to particles led to an overall roughening. For instance, when coated with HS, there was an increase of 68% in the magnitude of Sq at 60 min (Figure 3 (d)-(f)). These time-dependent changes in surface roughness differ from powder coating processes where only increases and of higher magnitudes are observed: for instance, increases in average roughness from 6.3 nm to 208 nm were reported when coating substrates with fumed silica16 and increases of up to 700 nm were observed on sand particles when coated with silica powder12. Furthermore, these quantitative and qualitative changes in surface roughness demonstrate the non-uniform nature of the coatings on the surface of the particles following the addition of chemical agents. 

After a time period of 30 min, most coated particles showed relatively smaller fluctuations in surface roughness; with the exception of HS which exhibited relatively larger increases in Sq, the differences in surface roughness at 30 min and 60 min were at most 17%. This is probably because the maximum possible coverage of the surface of the glass beads has been attained. The changes in Sq observed when the particles were coated at 60 min compared to the uncoated ones varied between 0 nm (SHC) and 135 nm (HS).  

Temporal variations of surface thickness 
Irrespective of the chemical agent used, the representative radius of the asperities, Rasp for all particles measured 1 min after coating increased. This translates to an increase in surface thickness (T). For instance, with DMDCS and GS, increases in Rasp were 80% and 59% respectively. These rises in Rasp are attributed mainly to the presence of the chemical agent in liquid form on the particles. Subsequent drops in Rasp as illustrated in Figure 4 are due to the formations of the polymers as they develop on the surfaces on the particles. After a time period of 30 min, the values of Rasp showed less fluctuations, with a maximum change of 5% observed with C at 60 min. The differences in Rasp, equivalent to T, before and after coating at 60 min are shown in Figure 5. All particles coated showed increases in T, ranging from 71 nm (obtained with SHC) to 256 nm (obtained with HS). 

The value of T recorded for all chemical agents at 60 min lied between those reported by Mahedi et al.9 (4-6 nm) and Liu et al.11 (9.64 - 16.33 m). Possible reasons include differences in the technique for calculating the surface thickness and the methodology adopted in dispensing the chemical agents. However, a comparison of the value of surface thickness of DMDCS at 60 min (223 nm) was close to 237 nm, the value reported by Yang et al.17 in investigating the surface thickness of sand particles coated with DMDCS. This suggests that the values of T recorded in our study are representative of an upper bound achieved when particles are coated beyond the critical concentration.


Conclusions
The time-dependent variations of surface roughness and thickness of particles coated with different chemical agents have been investigated. Their quantification were carried out using an optical profilometry surface profiles and the main outcomes are as follows: (1) coating of particles by means of chemical agents is a dynamic process, (2) depending on the chemical agent used, the coated particles either showed an increase or decrease in surface roughness after a time period of 60 min and (3) regardless of chemical agent used, all particles tested showed increases in surface thickness after a time period of 60 min. Due to the relatively large volume dispensed on the particles, the changes in surface roughness and thickness reported are assumed to be representative of particles coated at a concentration well above the critical concentration. The dynamic nature of surface roughness and thickness of polymer-coated particles after the coating process highlights the importance of carrying out time-dependent measurements of parameters such as contact angle that reflect both the chemical and physical properties of polymer-coated particles.
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Figure captions
Figure 1: (a) Schematic of surface measurements and coating on glass bead and (b) evaluation of radius of asperity, Rasp for every asperity on the glass bead.
Figure 2: Temporal variations of surface roughness, Sq following the addition of chemical agent on glass beads. Inset images represent 20 µm  20 µm surface profiles obtained from optical white light profilometry at different times.
Figure 3: Optical white light profilometry surface profiles of uncoated, DMDCS-coated and HS-coated glass beads at 1 and 60 min. 
Figure 4: Temporal variations of the representative radius of the asperities, Rasp with time following the addition of chemical agent.
Figure 5: Surface thickness of glass beads when coated with different chemical agents at 60 min.


List of tables
Table 1: Properties of chemical agents.
	Chemical agent
	Colour
	Odour
	Boiling point (°C)
	Freezing point (°C)
	Compounds present (Approximate composition in %)

	Dimethyldichlorosilane
	Colourless
	Pungent
	70
	-76
	Dimethyldichlorosilane (>95), Water (<5)

	C
	Colourless
	Alcoholic
	78
	-88
	Ethanol (>88), Water (<3), Undisclosed (<10)

	C1
	Colourless
	Alcoholic
	175
	-25
	Hydrocarbons (>90), Undisclosed (<15)

	SHC
	Whitish
	Ketone-like
	60
	-76
	Acetone (>80), Undisclosed (<15)

	HomeShine (HS)
	Colourless
	Alcoholic
	78
	-88
	Ethanol (>88), Water (<3), Undisclosed (<10)

	GlassShield Marine (GS)
	Colourless
	Alcoholic
	175
	-25
	Hydrocarbons (>90), Undisclosed (<15)
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