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The interdependence of adhesion, friction, and elasticity of elastomers is relevant for various engineering applications. However, its investigation has been limited to smooth glass surfaces. We apply atomic force microscopy (AFM)-based methods to quantify PDMS’s elastic and tribological properties in single asperity contacts (quasi-static and sliding) with a nanometer-scale SiOx asperity under dry conditions. The selected experimental approach allows us to model the contact initiation with PDMS and its degradation. Combining quasi-static and reciprocal sliding experiments, we identify several contributions to adhesion and friction: junction formation, elastic deformation, rupture, and adhesive material transfer. Furthermore, we find correlations between the elastic deformation of PDMS/SiO2 junctions and their adhesion hysteresis on the one hand and the shear strength and the work of adhesion on the other.
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INTRODUCTION
The phenomena of adhesion and friction, which have been the object of intensive research in the past century, are not just theoretical concepts. They are crucial in the design and operation of mechanical systems involving moving parts, such as in the fields of manufacturing and mobility, and more recently in the field of nano-/microelectromechanical systems (N/MEMS). Our research on the importance of interfacial phenomena becomes more crucial as the surface-to-volume ratio of such devices and systems increases, and it has practical implications for improving the performance and durability of these systems. Adhesion, friction, and the usually ensuing wear have been investigated in various environments, vacuum, vapors, and liquids, and across length scales for a wide range of contacting materials ranging from metals, ionically and covalently bounded solids, as well as polymers and elastomers (Bowden and Tabor, 1950; Rabinowicz, 1985; Israelachvili, 2011; Zeng and Zeng, 2013; Gnecco and Meyer, 2015).
The understanding of adhesion, friction, and wear of stiff materials has benefited from a larger body of knowledge of their structural, thermodynamic, and mechanical properties. For metals, for example, it is accepted that adhesion and friction phenomena arise from forming cold-welded junctions at their surface asperities and from their mechanical strength. During adhesion, a junction is loaded along the normal direction to its interface, while during sliding friction, a junction is loaded along the transversal direction to the same interface. In Ref. (McFarlane and Tabor, 1950), McFarlane and Tabor demonstrated a direct correlation between the friction coefficient and the adhesion coefficient for the case of steel on indium. The interrelation of adhesion and friction between metals can be schematically explained based on increased interatomic potential energy upon loading a junction since it results in the stretching of interatomic bonds (Landheer and de Gee, 1991). In the case of adhesion, the potential energy per unit area continues to increase until it is enough to overcome the formation of two new free surfaces. This critical amount of potential energy per unit area is equivalent to the work of adhesion, [image: image], where γ1,2 are the surface energies of metals 1 and 2, and γ1/2 is the interfacial energy between 1 and 2 and depends on the affinity between both materials. It is worth noting that the forces at play during the separation of a metallic junction are orders of magnitude larger than the attractive van der Waals forces experienced by two asperities while they are approaching one another. In the former case of separation, the interatomic forces correspond to metallic bonds, and the difference between the force versus relative distance curves between two asperities or surfaces upon approach and separation is referred to as an adhesion hysteresis (Briscoe and Tabor, 1972). The plastic deformation of metallic junctions upon separation may further enhance this difference. A similar picture can be drawn for the transversal loading of a metallic junction. In this case, though, the leading edge of an asperity forms a new junction while its trail forms new surface segments. The complete shearing of a junction thus corresponds to the balance of these two contributions, and the metallic interatomic energy mostly determines the shear strength of a metallic junction. It can also be enhanced by the work of plasticity of the same junction (Briscoe and Tabor, 1972).
Elastomers stand out from metals and other stiff materials due to their high compliance or low modulus of elasticity, large elastic strain, and stickiness. The molecular structure of an elastomer can be visualized as an amorphous arrangement of random macromolecular coils cross-linked by randomly distributed molecular segments. The characteristic mechanical behavior of elastomers arises from their cooperative structural reconfiguration upon application of stresses. This reorganization or motion of molecular segments requires a free volume into which segments can move and may require time. The time required for such a structural reorganization vanishes at temperatures well above the glass transition temperature. Then, upon applying stress, macromolecular coils reconfigure by cooperative pairs of bond rotations to align themselves along the stress direction. Thereby, translational motion is hindered by the cross-links. Owing to their large density of cross-links, the deformation of elastomers is reversible. However, their strain-stress curves exhibit a hysteretic behavior (Shanks et al., 2013). Polydimethylsiloxane (PDMS) is a widely used silicon-based organic elastomer. Owing to its ability to be molded and to replicate structures down to the nanometer scale, PDMS has found applications in the process of soft lithography as material for microfluidic or lab-on-chip devices, in the field of biomedicine and cosmetics, or as a protective coating material for electrodes, MEMS, electrical and optical parts (See Refs (Lee et al., 2008; Chen et al., 2013; Lee et al., 2007; Schneider et al., 2009; Penskiy et al., 2011; Camou et al., 2003; Hassler et al., 2011; Wang et al., 2018)). PDMS has also been used for sealants and packaging or to manufacture dry adhesive hierarchical structures, such as brushes or gecko-inspired structures (Landherr et al., 2011; Yu et al., 2012; Klittich et al., 2017; Lee et al., 2018; Xue et al., 2017); for several of these applications, elasticity, adhesion, and friction of PDMS are crucial.
Unlike metallic surfaces, the interfacial forces with polymer surfaces are of van der Waals’ nature, and their character does not depend on whether two polymer surfaces are approached toward each other or whether the formed interface is being pulled out. Their surface energy and adhesion force can be deduced from the separation-dependent magnitude of the attractive van der Waals force (Briscoe and Tabor, 1972). The adhesion force at play is often large enough to induce material transfer from one polymer surface to another.
The adhesion and friction of smooth rubber surfaces in contact with glass or steel counter bodies have been investigated for various loading scenarios in Ref. (Roberts and Thomas, 1975). Emphasis was paid to adhesion hysteresis, how it is affected by the time of contact, and its contribution to friction. By monitoring the time evolution of the contact radius between a rubber hemisphere and a glass coverslip with negligible weight, the authors determined the time evolution of the apparent surface energy by applying the JKR model for the case of zero applied load on the contact (Briscoe and Tabor, 1972). Thereby, the authors distinguished two scenarios: in one case, overloading, the coverslip had been pressed under the action of a weight several orders of magnitudes larger than itself onto a rubber hemisphere. The contact area decreased with time, and correspondingly, the apparent surface energy decreased towards its equilibrium value. In the opposite case of underloading, the glass and rubber surfaces were brought together until they just touched each other; the contact radius and corresponding surface energy were then observed to increase toward an equilibrium value. This difference between the contact areas under overloading and underloading conditions thus gives rise to an adhesion hysteresis. This hysteretic behavior is reflected in the velocity dependence of the friction of rubber, where leading and trail edges form out-of-equilibrium interfaces that correspond to the underloading and overloading conditions, respectively.
The tribological properties of PDMS have been investigated under different lubricated conditions. The friction coefficient of a PDMS/PDMS sliding contact strongly depends on the sliding velocity and the lubricant viscosity (Bongaerts et al., 2007). In Ref. (He et al., 2008), the dry macroscale friction coefficient of PDMS vs steel was found to be significantly affected by micro-texturing the surface of PDMS. In contrast, micro-friction measurements indicated a vanishing effect when the counter-sliding body becomes smaller than the length scale of the surface texture. The texture effect was thus attributed to the reduced contact area for textured surfaces. Generally, the dry friction of PDMS has been reported to follow the Johnson-Kendall-Roberts adhesive contact mechanical model for elastic solids (See Refs (Johnson et al., 1971)). This highlights the intertwined character of adhesion and friction of PDMS. Also, in line with this, the friction and adhesion of PDMS surfaces have been altered by surface modifications, highlighting the role of surface and interfacial energies (Chaudhury and Owen, 1993). Moreover, the elastic deformation of PDMS plays a non-negligible role in the rupture of adhesive PDMS junctions. The relative sliding of macroscopic interfaces with elastomers has been observed to proceed by waves of detachment across the contact area, referred to as Schallamach waves. The nucleation of such waves and their propagation across the interface between PDMS and a glass surface has been experimentally investigated in Refs. (Viswanathan et al., 2015; Zhibo et al., 2021). The authors identified elastic instabilities, e.g., wrinkles, immediately after an initial detachment event that corresponds to the nucleation of a single detachment wave, the critical force associated with it being dependent on the work of adhesion. Upon further sliding, the surfaces adhere anew ahead of the glass counter body, initiating the propagation of a Schallamach wave across the contact area. It is worth noting that the wavelength and amplitude of the wrinkles increase with the tangential force. Thereby, the initial wavelength of the wrinkle pattern can be determined from the elastic properties of PDMS. Furthermore, their relative angle to the sliding direction and the generation frequency of Schallamach waves increases with the sliding velocity. The wavelength of a Schallamach wave is typically in the order of magnitude of several hundreds of micrometers, and its propagation velocity is about 100 mm/s, regardless of the sliding velocity. There is, however, a critical sliding velocity for the generation of Schallamach waves that, under their experimental conditions, was reported by the authors in Ref (Viswanathan et al., 2015). to be [image: image] μm/s.
Thus, elastomer adhesion, friction, and elasticity are interdependent. The observations referred to above were limited to optically smooth surfaces. However, engineering surfaces have some roughness due to their manufacturing process, and their contact is initiated at asperities with typical dimensions in the nanometer range. Recently, the authors investigated the reciprocal sliding contact of a single asperity of SiOx with a PDMS surface by atomic force microscopy (AFM) (Caron, 2023). There, we distinguished between two frictional regimes concerning the applied normal force. We observed that friction increases linearly with the normal force in the range of attractive forces. In contrast, in the range of repulsive forces, friction follows a [image: image]-dependence that agrees with the load dependence of the contact area according to the JKR model (Johnson et al., 1971) and the shearing model of sliding friction. We attributed the linear friction dependence on the attractive normal force to the elastic deformation of a PDMS/SiO2 junction upon sliding. Notably, a stick-slip motion of the SiO2 nano-asperity was observed in the same regime, which we explained based on the restoring force acting by supporting the cantilever spring.
In this work, we use atomic force microscopy (AFM)-based methods to extend our observations to the measurements of PDMS’ elastic and adhesive performances in single asperity contacts with a nanometer-scale SiOx asperity under dry conditions. The selected experimental approach allows us to model the contact initiation and degradation between PDMS and an oxidized silicon surface. Such a modeled system is particularly relevant for MEMS applications relying on both materials investigated in this work. Combining quasi-static and reciprocal sliding experiments, we identify several correlations between the elasticity of PDMS, its apparent adhesion, and friction with a nanoscopic single asperity of SiO2.
MATERIALS PREPARATION AND CHARACTERIZATION
We prepared a PDMS sample with a two-part liquid component kit (Sylgard 184 silicone elastomer manufactured and distributed by Dow Corning, United States). We ensured a precise ratio of 10:1 for the pre-polymer base and cross-linking curing agent. The mixture was then poured into a flask dish and cured for 30 min at 120°C. The results presented in this work were all obtained by AFM measurements of the airside of the PDMS sample. Before atomic force spectroscopy and friction force microscopy measurements, we conducted a thorough characterization of the surface morphology of the as-prepared sample by tapping mode (TM)-AFM using a stiff single-crystalline Si-cantilever (type NCHR, manufactured by NanoSensors, Switzerland).
Figure 1 showcases TM-AFM topography images of the PDMS sample recorded on scan areas of 2.5 μm × 2.5 μm and 1 μm × 1 μm and a typical height line profile indicating the position of topography peaks. The topography data in Figure 1 were summarized in one-dimensional height and peak-to-peak distance distributions (see Figure 2). We determined the roughness parameter Rq by fitting the height distribution with a Gaussian function and using the identity of the standard deviation with Rq. We found Rq ≈ 1 nm. Similarly, the distribution of lateral distances was fitted with a log-normal distribution to determine the mean lateral distance value, [image: image] ≈ 60 nm.
[image: Figure 1]FIGURE 1 | TM-AFM topography images of PDMS recorded on scan areas of (A) 2.5 μm × 2.5 μm and (B) 1 μm × 1 μm and (C) a typical height line profile.
[image: Figure 2]FIGURE 2 | (A) One-dimensional height distribution and its Gaussian fit. (B) One-dimensional peak-to-peak distance distribution and its log-normal fit.
EXPERIMENTAL METHOD
We conducted atomic force spectroscopy (AFS) and friction force microscopy (FFM) measurements in ambient conditions (T = 293 K, RH = 50%) with a Core AFM, using a soft single-crystalline silicon cantilever (type CONTR, manufactured by NanoSensors, Switzerland). Before AFS and FFM measurements, we analyzed the thermal noise of the cantilever to determine its bending stiffness Cn and the sensitivity of the position-sensitive photodiode (PSPD) of the AFM. Specifically, the bending stiffness was determined by Sader’s method (Sader et al., 1999), while we determined the PSPD sensitivity S using the equipartition theorem (Butt and Jaschke, 1995). The torsion stiffness of the cantilever was calculated according to [image: image], where w is the width, t is the thickness, L is the length of the cantilever, h is the tip height, and G is the shear modulus of silicon. We determined Cn = 0.369 N/m and Cl = 204.62 N/m for the cantilever used in this work. We calculated the normal and lateral forces from the vertical and lateral PSPD voltages Vn and Vl by [image: image] and [image: image] (Nonnenmacher et al., 1991).
We characterized PDMS’s elastic and adhesive behavior by AFS measurements. AFS measurements consisted of recording the normal force upon approach and retraction of the cantilever toward the sample surface for eight different approach and retraction velocities between 0.2 μm/s and 40 μm/s. For each velocity, measurements were repeated 15 times at the same location. Figure 3 shows a typical AFM force-distance (Fn-Z) curve recorded on PDMS with a single crystalline silicon tip. To determine the contact’s reduced elastic modulus, the approach part of the displayed Fn-Z curve was converted into a δ-Fn curve by considering that once contact has been established, the z-piezo extension corresponds to the sum of the cantilever deflection and the tip penetration into the sample, i.e., [image: image].
[image: Figure 3]FIGURE 3 | (A) Typical AFM force-distance (Fn-Z) curve recorded on PDMS, showing the approach part in blue (•) and the retraction part in orange (•). (B) Penetration-force (δ-Fn)-curves calculated from the approach and retraction parts of the experimental results in (A)) and fitting curve corresponding to the JKR model (red solid line). (C) Reduced elasticity modulus determined by fitting 15 δ-Fn (•) approach and (•) retraction curves with the JKR model, and (D) adhesion force evaluated from (•) the minimum force values of 15 Fn-Z approach curves (snap-in force), (•) the minimum force values of 15 Fn-Z retraction curves (snap-in force), (•) by fitting 15 approach δ-Fn curves with the JKR model, (•) by fitting 15 retraction δ-Fn curves with the JKR model.
Hertz’s theory of contact expresses the penetration depth in the case of an elastic sphere and contacting a half-infinite elastic solid by [image: image], where a is the contact radius, and R is the sphere’s radius (in our case, the curvature radius of the tip) (Johnson, 1985). The same contact theory relates the contact radius to the normal force by [image: image]. In situations where adhesion cannot be neglected, the Johnson-Kendall-Roberts (JKR) model can describe the contact radius. In that case, [image: image] and [image: image], where [image: image] is the work of adhesion. Figure 3 also shows results for the reduced elasticity modulus E* and the adhesion force Fad, evaluated by determining the minimum Fn values in the recorded Fn-Z curves or fitting their corresponding δ-Fn curves with the JKR model. Notably, E* values determined from the approach and retraction part of the δ-Fn curves are in very good agreement. In contrast, our adhesion force results appear to differ depending on which part of the curves was selected, i.e., approach or retraction, and on the evaluation method, i.e., by selecting the minimum value in Fn-Z curves or fitting of δ-Fn curves. We discuss these differences in the section Results and discussion.
Furthermore, we analyzed the friction behavior of PDMS during reciprocal sliding contact by FFM. Thereby, an AFM-tip was scanned on PDMS perpendicular to the length axis of the cantilever over a scanning area As = 10 × 10 μm2; the sliding velocity along the fast scanning distance was vs = 80 μm/s. Friction measurements were recorded over the same scanning area under increasing normal force values from Fn = [image: image] nN to Fn = 35 nN. By convention, negative Fn-values correspond to attractive contact forces, and positive values correspond to repulsive contact forces. Figures 4, 5 show height maps recorded in the forward (left to right) and backward (right to left) scanning directions and simultaneously recorded normal force and lateral force maps. Both figures also show representative line profiles corresponding to each signal.
[image: Figure 4]FIGURE 4 | FFM results recorded on PDSM with Fn = −10 nN. (A–C) Height images recorded in (A) the forward and (B) backward scanning direction and (C) corresponding line profiles; (D–F) normal force recorded in (D) the forward and (E) backward scanning direction and (F) corresponding line profiles; (G–I) lateral force recorded in (G) the forward and (H) backward scanning direction and (I) corresponding line profiles. In (C–I), the line signals recorded in the forward scanning direction are plotted in blue, while those recorded in the backward scanning direction are plotted in orange.
[image: Figure 5]FIGURE 5 | FFM results recorded on PDSM with Fn = 25 nN. (A–C) Height images recorded in (A) the forward and (B) backward scanning direction and (C) corresponding line profiles; (D–F) normal force recorded in (D) the forward and (E) backward scanning direction and (F) corresponding line profiles; (G–I) lateral force recorded in (G) the forward and (H) backward scanning direction and (I) corresponding line profiles. In (C–I), the line signals recorded in the forward scanning direction are plotted in blue, while those recorded in the backward scanning direction are plotted in orange.
We analyzed our experimental friction results, as showcased in Figures 4, 5, to determine the evolution of the interface roughness parameter Rq, the standard deviation of the normal force around its mean value [image: image], and the mean friction force and its standard deviation. For Rq and [image: image], we arbitrarily selected the signals recorded in the forward scanning direction. Further, we calculated the friction force maps according to [image: image], where Fl,fwd and Fl,bwd are the lateral force images recorded in the forward and backward scanning directions, respectively.
The topography images shown in Figure 1 significantly differ from those in Figures 4, 5. The images in Figure 1 were recorded by TM-AFM with a large set point amplitude value to minimize the kinetic energy of the tip in the vicinity of the PDMS surface and, hence, their mechanical interactions. The topography images in Figure 1 are representative of the free PDMS surface. In contrast, the images in Figures 4, 5 were recorded in contact with a SiOx tip and represent their interfacial interactions.
The images in Figures 4, 5 also differ from each other. The images shown in Figure 4 were recorded in the adhesive regime (Fn = [image: image] 10 nN), while those in Figure 5 were measured in the regime of repulsive contact forces (Fn = 25 nN). In Ref. (Caron, 2023), we distinguished two distinct friction mechanisms for PDMS. In the adhesive regime, we found that deformation is mediated by the elongation of an adhesive junction and its subsequent slippage as enough potential energy is stored in the cantilever. In contrast, friction in the repulsive contact force regime is governed by the rupture of junctions and is associated with a stick-slip motion of the tip. There, the slippage of the tip is analogous to the propagation of a mode II crack.
RESULTS AND DISCUSSION
Figure 6 displays the dependence of the snap-in and pull-off forces between a SiOx nano-asperity and PDMS on the approach and retraction velocity. In neither case do we observe a clear trend on the velocity of approach or retraction. However, the pull-out force values are slightly larger than the snap-in force values.
[image: Figure 6]FIGURE 6 | (A) Snap-in force and (B) pull-off force between a nanometer scale SiOx asperity and PDMS as a function of the approach or retraction velocity.
The pull-off force has been widely used to determine the interfacial energy between two contacting bodies (Dos Santos Ferreira et al., 2010). In the case of the JKR model for adhesive contact between elastic solids, the adhesion force or pull-off force, i.e., the force necessary to separate the two contacting bodies, relates to the work of adhesion [image: image] by [image: image], where R is the radius of the asperity. Alternatively, the Derjaguin-Muller-Toporov (DMT)-model relates the adhesion force to [image: image] by [image: image] (Derjaguin et al., 1975). Both models are complementary since they apply to different limiting cases. The suitability of these two models has been discussed based on the Tabor constant, [image: image] and z0 is the equilibrium separation of the surfaces (usually taken as an interatomic distance ∼0.5 nm): JKR model for μ > 5 and DMT model for μ < 0.1 (Greenwood, 1997). Using our experimental values for the pull-off force, E* = 4 MPa (see discussion below) and R = 7–10 nm in agreement with the manufacturer’s data, we calculate μ [image: image] 5.
In principle, the snap-in and pull-off forces are equivalent. In practice, the snap-in event might be too fast to measure accurately. Also, the contact time (aging effects), the preloading force, or deformation effects can affect the pull-off force. In Ref. (Toikka et al., 2000), retracting a glass sphere from a PDMS surface was accompanied by pulling a PDMS neck until rupture. To avoid overestimating the work of adhesion under overloading conditions, we first estimate wa from the average snap-in force value and find, according to the JKR model, wa = 90 mJ/m2.
Furthermore, we suggest that the difference between snap-in and pull-off forces corresponds to the deformation of the neck. The difference between our experimental values for the pull-off and the snap-in forces is almost constant over the approach/retraction velocity domain used in this work: ΔFad = Fpull-off–Fsnap-in ≈ 1 nN. Applying Hooke’s law, ΔFad = kΔδ, where k is the stiffness of the junction and Δδ is the elongation of the neck, and assuming [image: image] for a cylindrical neck of length Δδ and radius a0, and elasticity modulus E* = 4 MPa, we obtain [image: image]. Here, a0 is taken to be equivalent to the tip radius a0 = 10 nm, and we calculate [image: image] = 1.25 nN, which agrees well with our experimental value. In Ref. (Liu and Xia, 2013), the authors proposed a unified analysis framework for the adhesion of different elastic systems. The authors introduced different characteristic lengths to summarize the competition between elastic and interfacial energies and highlighted the importance of treating elastic deformation and adhesion together.
In this work, we also evaluated the adhesion force and the elasticity modulus E* by fitting our experimental δ-Fn curves with a function from the JKR theory. We used both the approach and retraction parts of the curves (See section Experimental method and Figure 2). Figure 7 shows the velocity dependence of Fad and E* determined by fitting the approach and retraction parts of our penetration curves with the JKR model. As for the snap-in and pull-off forces, no clear dependence of the adhesion force on the velocity is observed in Figure 7. The adhesion force values determined from the approach parts of δ-Fn curves ([image: image] 1.75 nN) are slightly lower than for the corresponding retraction parts ([image: image] 2 nN); overall the [image: image] and [image: image] values are slightly lower than the Fsnap-in and Fpull-off values, respectively. These results yield the work of adhesion between PDMS and SiOx wa = 53 or 60 mJ/m2, depending on the selected direction of the tip motion, i.e., approach (in) or retraction (out).
[image: Figure 7]FIGURE 7 | Velocity dependence of (A,B) the adhesion force and (C,D) the elasticity modulus of PDMS as determined by fitting the JKR model equation on experimental (δ-Fn) curves upon (A,C) approach and (B,D) retraction of the AFM tip.
The work of adhesion can be decomposed into the surface energies of both contacting materials and their interfacial energy, i.e., [image: image]. In Ref. (Kim et al., 2019), the authors reported γPDMS = 10 mJ/m2, while γSiO2 = 65 mJ/m2 was reported in Ref. (Kim et al., 2019). Comparing the values determined for wa in this work with these literature values for SiO2 and PDMS implies that the interfacial energy between PDMS and SiO2 is small ([image: image] < 22 mJ/m2). The E*-values in Figure 7 are not affected by the direction of the penetration curves, i.e., approach or retraction. Also, the E*-values do not show any trend in velocity, and we find that E* = 4 MPa.
Figure 8 shows the normal force dependence of the friction force between PDMS and a nanometer scale SiO2 asperity. As in Ref. (Caron, 2023), one observes that in the domain of negative normal force values, the friction force increases linearly with the applied force, while in the domain of repulsive contact force values, the Ff-Fn plot is best fitted by a function of the form [image: image], where τ is the shear strength, and Ac is the contact area that depends on the normal force. The contact area is expressed by [image: image], where a is the contact radius.
[image: Figure 8]FIGURE 8 | Ff-Fn plots and their fitting with (A) a linear function and (B) a function of the form [image: image].
It is important to note that the contact between the tip and sample surface was maintained for negative normal forces as low as [image: image] 20 nN during reciprocal sliding. Extrapolating the linear fit function in Figure 7A indicates that the contact would rupture at a normal force value of [image: image] 29.25 nN. This value is much larger than the force necessary to rupture the contact between a SiO2 nanometer scale asperity and PDMS during force spectroscopy measurement. To explain this large difference, we suggest that, during sliding, the elongation of a PDMS neck is enhanced compared to its normal stretching. During reciprocal sliding, a PDMS neck is expected to experience loading components along its length axis and perpendicular to it. Hence, it should undergo both elongation and flexure. Assuming a deformation of λ ≈ 100 nm, equal to the stick-slip length determined in Ref. (Xue et al., 2017), the effective neck stiffness corresponding to the necessary force to rupture a PDMS neck should be keff ≈ 0.3 N/m. In Ref. (Xue et al., 2017), we determined a lateral contact stiffness of 0.2 N/m close to neck rupture.
At a normal value of ∼10 nN, we observe a transition from a Fn-to a [image: image]-dependence of the friction force. The latter dependence is attributed to shearing friction, in which case [image: image]. We determined the shear strength τ by fitting our experimental results with the above equation for shearing; we obtained τ = 25 MPa. This value is slightly larger than previously reported in Ref. (Caron, 2023), where we evaluated τ = 10 MPa, assuming an elasticity modulus E* = 1.5 MPa. In this work, E* = 4 MPa was determined experimentally, and the difference between in τ-values can be explained by the different E* values injected in our fit model.
Similar to the suggestion in Ref. (Yoshizawa et al., 1993), we equate the energy dissipated during the sliding of a SiO2 asperity on PDMS needs with the energy required to peel off the same asperity from PDMS: [image: image], or [image: image], where x is a sliding distance, which we set as the contact radius a ≈R. We thus calculate τ ≈ 5–9 MPa, depending on the determined value of wa. This calculation differs from the one in Ref. (Yoshizawa et al., 1993), where the authors used the difference between the wa values determined upon retraction and approach of two surfaces. Both calculated and experimentally derived τ−values are in agreement. The value calculated based on wa is, however, slightly lower than that determined by fitting our experimental friction data with the shearing model. A better calculation should include the hysteretic deformation of PDMS owing to its nonlinear elastic behavior.
After friction experiments, we imaged the tested area (see Figure 9). As in Ref. (Caron, 2023), we observe material removal. It is worth noting that no pileup was observed around the scanned area. This indicates that wear occurred by adhesive transfer. In this work, though, we did not image the tip after the completion of our measurements. The depth of wear is δw = 16.8 nm, corresponding to a wear coefficient [image: image] ≈ 4 × 10−4 mm3/Nm, where the sum over the normal force was taken from Fn = 10 nN to Fn = 35 nN. This value agrees with microtribological tests performed with a steel ball on PDMS (see Ref (Lee et al., 2021)).
[image: Figure 9]FIGURE 9 | postmortem topography images of the PDMS surface area subjected to tribological tests.
CONCLUSION
PDMS’s friction and adhesion mechanisms are intertwined and are affected by the elastic deformation of PDMS junctions. In this work, we show that the difference between the pull-off force and snap-in force of a nanometer-scale asperity corresponds to elastic deformation. Stretching along the PDMS junction axis is rather limited. Under sliding conditions, contact is maintained far beyond the adhesion force, implying further stretching of the junction. In this regime of tensile loading, friction increases linearly with the normal force. In contrast, friction follows a shearing model in the regime of repulsive force and is accompanied by adhesive wear. In this case, calculating the shear strength from the work of adhesion results in a slight underestimation.
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