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Effect of Dangling Chains on Adhesion Hysteresis of Silicone Elastomers, Probed by JKR Test Nicolas Amouroux and Liliane Le´ger* Laboratoire de Physique de la Matie` re Condense´ e, U.M.R. CNRS 7125, Colle` ge de France, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05, France Received July 29, 2002 The JKR test has been used to quantify adhesion hysteresis between PDMS model networks having different amount of dangling chains. The adhesion hysteresis G - W appears time dependent, and increases with the amount of dangling chains. In accordance with recent investigations of interactions between a brush and an elastomer, it is believed that this hysteresis comes from the progressive bridging of the interface by pendant chains present in the network.



Introduction When two pieces of elastomers are in contact, the energy required to separate them is often larger than the Dupre´’s thermodynamic work of adhesion W. The corresponding adhesion hysteresis G - W with G the energy release rate in the separation of the two materials can have different origins. First, real elastomers are not purely elastic, and thus exhibit internal viscous losses when mechanically excited. If the separation is performed at a finite rate, some energy is dissipated at the fracture line. Adhesion hysteresis can also have a chemical origin: during the time of contact some primary or secondary bonds can form. Even if the number of bridges between the two elastomers is small, high energy will be needed to break the interface even at very slow rate, because of the amplification mechanism first described by Lake and Thomas1 for bulk elastomer fracture and further developed by Gent et al.2 for elastomer-elastomer bonding. In the absence of chemical bonding, adhesion hysteresis may come from physical bridging. It is known that elastomers always contain defects such as dangling chains. These chains can act as connector molecules, and lead to an adhesion energy higher than W even at zero rate of separation.3,4 The efficiency of connectors molecules to promote adhesion at elastomer interfaces has been investigated by many researchers over the past decade.5,6,7 However, these studies were performed with elastomers in contact with a rigid surface grafted with polymer molecules of same nature as the elastomer. Perutz et al.8 recently studied elastomer-elastomer contacts, and attributed the observed adhesion hysteresis to the complexation of remaining unreacted cross-linker sites to the catalyst. We present an investigation of the interaction between tailored elastomers made of poly(dimethylsiloxane) (PDMS), and having identical chemistry but different amount of dangling chains. The JKR test is used to probe the adhesion hysteresis, since it gives access to slow rate of crack propagation and offers a high sensitivity to weak adhesion phenomenon. (1) Lake, G. J.; Thomas, A. G. Proc. R. Soc A 1967, 300, 108-119. (2) Chang, R.-J.; Gent, A. N. J. Polym. Science 1981, 19, 1619-1633. (3) de Gennes, P.-G. J. Phys. France 1989, 50, 2551-2562. (4) Raphae¨l, E.; de Gennes, P.-G. J. Phys. Chem. 1992, 96, 4002. (5) Creton, C.; Brown, H. R.; Shull, K. R. Macromolecules 1994, 27, 3174. (6) Deruelle, M.; Le´ger, L.; Tirrell, M. Macromolecules 1994, 28, 7419. (7) Tardivat C. Ph.D. Thesis, Universite´ Paris XI, 1998. (8) Perutz, S.; Kramer, E. J.; Baney, J.; Hui, C.-Y.; Cohen, C. J. Polym. Sci. Part B: Polym. Phys. 1998, 36, 2129-2139.



Table 1. Equivalent Composition of the Elastomers Prepared with Pentamethyldisiloxane (MD′) real system (eq) r B2 D′4 MD′ 1.2 100 55 1.2 100 50



20 40



part of sol equivalent system (eq) fraction r B2 B1 ) B2 + MD′ D′4 B2 + 2MD′ 1.22 80.7 1.25 62.8



18.6 34.4



55 50



0.7 2.8



Synthesis of Networks with Controlled Structure The networks were prepared by end-linking of vinyl end-capped PDMS. The polymer was obtained from a commercial PDMS grade (Rhodia Silicone 621V200). The low molecular weight fractions present in the initial commercial broad distribution were taken out by several precipitations in acetone. The final number average molecular weight was Mn ) 16.7 kg/mol, as deduced from the titration of the vinyl chain ends. Size exclusion chromatography gave a polydispersity index of 1.3, with a somewhat lower value of Mn (15 ( 1 kg/mol) indicating at least 90% of vinyl end capping. The networks were formed by hydrosilylation on 1,3,5,7-tetramethyltetracyclosiloxane using Karstedt’s Pt as catalyst (20 ppm). The mixture PDMS/crosslinker was performed at low temperature (-15 °C) in a glovebox under N2 atmosphere (RH 
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