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Investigation of the slip transition at the melt polymer interface G. Massey, H. Hervet and L. Leger Laboratoire de Physique de la Mati`ere Condens´ee, URA CNRS 792, Coll`ege de France 11 Place Marcelin Berthelot, 75231 Paris Cedex 05, France (received 26 January 1998; accepted in final form 14 May 1998) PACS. 83.10Nn – Polymer dynamics. PACS. 83.50Lh – Interfacial and free surface flows; slip. PACS. 68.10−m– Fluid surfaces and fluid-fluid interfaces.



Abstract. – We present a detailed experimental investigation of the effect of molecular parameters on the onset of strong slip at the wall for polydimethylsiloxane melts flowing against silica surfaces on which a weak density of polymer chains are anchored by adsorption. The observed variation of the critical velocity for the onset of strong slip V ∗ ∝ N −1.09 P −3.2 , with N and P the polymerisation indices of surface and bulk chains, respectively, and the wide range of the non-linear friction regime above V ∗ strongly support the description of the dynamic de-coupling between the surface and bulk chains in terms of progressive disentanglement.



The question of the boundary condition for the velocity at the wall when polymer melts flow has been widely debated in recent years ( [1] and references therein). The possibility of a non-zero velocity at the solid-liquid interface, or wall slip, was first inferred from macroscopic rheological experiments. Recently, Migler et al. [2] have developed an experimental set up based on Near Field Laser Anemometry (NFLA) which gives access to the average fluid velocity in a 70 nm thick interfacial layer (i.e. comparable to a chain diameter). The data reported in [2], obtained with a well-defined high molecular weight polydimethylsiloxane (PDMS) melt, Mw = 960 kg/mol, flowing on a treated silica surface on which only a small density of PDMS chains could adsorb, demonstrated first that wall slip was always present for this system, and second that three slip regimes appeared successively as the shear rate was increased, going from weak to strong slip at the wall. These data are in good qualitative agreement with the predictions of a molecular model [3] which describes how a few polymer chains strongly anchored by end-grafting to a solid surface and entangled with the bulk polymer melt could be responsible for such an onset of flow with strong slip at the wall. A major interest of this model is that it relates the interfacial friction to the molecular parameters of the system. In a recent letter, we reported an investigation on how the onset of strong slip was affected by the surface density of end-grafted chains [4]. In the present letter we focus on the evolution of the onset of the weak-to-strong slip transition vs. the molecular weights of both the bulk and surface chains, for a surface bearing adsorbed polymer molecules. The experimental set c EDP Sciences 
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up, the geometrical and physico-chemical characteristics of the samples are similar to those already reported [2, 5]. A drop of PDMS is sandwiched between the surface of a fused silica prism, the test surface, and that of a clean silica plate. On the plate surface, cleaned by a UV-ozone treatment [6], PDMS molecules from the melt adsorb quasi-irreversibly, forming a dense layer of surface anchored chains analogous to a pseudo-brush [7]. The prism surface, after a similar UV-ozone cleaning, is modified by chemical grafting of an octadecyltrichlorosilane (OTS) monolayer which covers most of the surface silanol sites. Thus, only a few PDMS chains can strongly adsorb in the “holes” of the OTS layer. This difference in the treatment of the two surfaces ensures that if strong slip occurs, it preferentially starts at the prism surface [5]. The surface density Σ of the PDMS chains adsorbed at the prism surface and the quality of the OTS monolayer (number of “holes”) are qualitatively estimated through the value of the advancing contact angle, θa of a reference liquid such as dodecane [8]. In the present experiments, with 31◦ < θa < 33.5◦, i.e. slightly smaller than for full coverage (θa = 34◦ ), Σ is very low and then difficult to measure accurately. After washing with a good solvent, the thickness of the adsorbed PDMS layer left on the surface measured by X-ray reflectivity, was lower than 1 nm, i.e. thinner than a monolayer of monomers [9, 10]. The strongly anchored surface chains were 2 thus on the average in the ”mushroom regime”, with Σ < Σc = a2 /RN (RN is the ideal radius of the chains). The NFLA technique needs fluorescent molecules as tracers. PDMS chains end labeled with 4-chloro7-nitrobenzo-2-oxa,-1,3 diazole (kindly synthesised for us by P. Auroy) were used. The polymer melts were mixtures of labeled PDMS (Mw = 321 kg/mol, Mw /Mn = 1.18, c < 1% weight) with five unlabeled PDMS (respectively, Mw = 321 kg/mol, Mw /Mn = 1.18; Mw = 498 kg/mol, Mw /Mn = 1.14; Mw = 608 kg/mol, Mw /Mn = 1.16; Mw = 785 kg/mol, Mw /Mn = 1.22; Mw = 962 kg/mol, Mw /Mn = 1.27). In order to obtain anchored chains with a molecular weight different from that of the flowing melt, the prism with the OTS monolayer was first incubated with a melt of the desired surface chains (index of polymerisation N ), then all the non-adsorbed chains were rinsed away with a good solvent. After drying, a drop of the polymer mixture to be investigated (labeled plus unlabeled chains, index of polymerisation P ) was used to fill the sample cell. We have never observed any measurable exchange between adsorbed and free chains during the time of the experiments: such an exchange would have led to an evolution with time of the flow characteristics that has never been detected. The evolution of the measured slip velocity vs. the imposed top plate velocity has always been analogous to that reported in [2]. In fig. 1, the extrapolation length of the velocity profile to zero or slip length, b, is reported as a function of the slip velocity, Vs . The slip length is inversely proportional to the friction coefficient between the fluid and the surface, κ, as the shear stress at the wall, σ, can be expressed as dV Vs σ = ηP = ηP = κVs (1) dz z=0 b (ηP is the bulk- viscosity of the fluid). The independence of b vs. Vs means a Newtonian behaviour with a friction coefficient independent of the local velocity at the wall, while b varying with Vs reveals a non-linear friction law. Figure 1 clearly displays three different regimes for the interfacial friction: regime I at low shear rates: b is independent of Vs and equal to a small b0 value (of the order of one micron); regime II, above the critical slip velocity V ∗ : b increases with Vs , following a power law, b ∝ Vsα , typical of a non-linear friction regime; regime III at high shear rates: b levels off and a linear friction regime is recovered with a melt/surface friction coefficient smaller by more than two orders of magnitude than in regime I. We have investigated how the critical velocity V ∗ , the slip length, b0 , in regime I, and the exponent α in regime II were affected by the polymerisation indices of the adsorbed
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and bulk chains, N and P , respectively. In regime III, the slip length, b, is poorly determined (plug flow) and will not be discussed in the present letter. The variations of V ∗ with P and N are reported in fig. 2. Simple power laws are observed, ∗ V ∝ N β P δ , with β = −1.09 ± 0.1 and δ = −3.2 ± 0.3. Even if the range of explored molecular weights is rather limited (small melt molecular weights give a critical shear rate out of the experimentally accessible range, and the synthesis of well-characterised PDMS with molecular weights larger than 103 kg/mol is hardly feasible), the strong molecular weight dependences make possible the determination of these exponents with a reasonable accuracy. Inside regime II, the exponent α appears almost insensitive to N and P , with 0.67 < α < 0.9. A detailed description of the molecular process responsible for the melt/surface friction has been proposed by Brochard et al. [5, 11, 12], and Ajdari et al. [13, 14] for weak enough densities of end-grafted surface chains so that they act independently of each other. Due to entanglements between the bulk and surface chains (N and P > Ne , with Ne the average number of monomers between entanglements) the friction is large at low shear rates. Under the effect of this friction force, each surface chain is deformed by the flow, and can be viewed as a cylinder with a diameter in the direction normal to the flow, D, which decreases inversely proportionally to Vs . This leads to a dynamic decoupling between the surface and bulk chains 1/2 when they become disentangled (D = D∗ = Ne a). Several friction regimes are thus expected as the shear rate is progressively increased. At low shear rates the surface and bulk chains are entangled, and the total interfacial shear stress is proportional to both Vs and Σ with a slip length aNe . ΣN This regime ends when D = D∗ , which corresponds to the critical surface velocity V ∗ , b0 =



V∗ =



(2)



1/2



kT Ne . ηP N a2



(3)



Above V ∗ the signature of the presence of the surface grafted chains is the existence of a nonlinear friction regime called the “marginal regime” [3] in which the diameter of the deformed
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Fig. 2. – Evolution of the critical velocity for the onset of flow with strong slip at the wall, V ∗ , with the polymerisation indices of the surface chains, N (a), and of the melt, P (b). The two power laws fully agree with eq. (3).



surface chains locks at D = D∗ . The wall stress thus also locks to σ ∗ = ΣkT /a3 Ne . A shear stress independent of the local velocity implies a non-linear friction regime characterised by a slip length 1/2



b=



ηP Vs ∝ Vs . σ∗



(4)



The marginal regime, where the surface chains permanently disentangle and re-entangle from the melt due to the antagonist effects of the friction and elastic forces, ends at high shear rates when the frequency of the solicitation by the flow becomes larger than the inverse of the reptation time [12]. A linear friction regime is then recovered, with b = b∞ = a ηηP0 (η0 is the bulk viscosity of the liquid of monomers), similar to what would be obtained on an ideal surface [15]. In order to compare the observed variations of the critical velocity V ∗ with N and P to what predicts eq. (3), we have characterised the molecular-weight dependence of the zero shear viscosity of the narrow molecular-weight PDMS melts used, and obtained ηP ∝ P 3.3±0.5 , in agreement with the literature data [16]. Thus the data reported in fig. 2 fully agree with eq. (3). The situation is less clear for α and b0 . Contrary to what has been observed with end-grafted chains [4], α is always smaller than one when the surface chains are adsorbed, while b0 appears to be rather insensitive to N , contrary to eq. (2). This apparent insensitivity of b0 may not be really significant as the range of explored molecular weights is not very large (a factor by 3) and furthermore Σ is not quantitatively controlled. The low measured α value is more significant: it appears to be characteristic of adsorbed chains: the data reported in [4] for end-grafted chains do exhibit an exponent one, in full agreement with the model. We think that the present low exponent is related to the fact that the surface adsorbed layer is made of polydispersed tails and loops (any monomers in the chain can adsorb). Polydispersity effects have been briefly discussed in [3]: V ∗ should not be affected and should remain the critical velocity of the longest surface chains, but the marginal regime should be modified. At a given Vs > V ∗ only a fraction of the surface chains, the longest ones, should be marginal and contribute to the surface stress with the value σ ∗ , while the shorter surface chains, not yet marginal, should contribute to the surface stress proportionally to Vs . Thus, above V ∗
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Fig. 3. – Comparison of the evolution of the slip velocity vs. the effective shear rate for grafted (a) and adsorbed (b) surface chains (melt molecular weight: 960 kg/mol in both cases; surface chains molecular weights: 263 kg/mol (a), 321 kg/mol (b)).



the surface stress should not lock at σ ∗ but should go on increasing with Vs . As a result, the s variation of Vs vs. the effective shear rate, γ˙ = Vt −V d , (Vt is the velocity of the top plate) should exhibit a sigmoidal shape rather than a vertical branch at γ˙ ∗ = V ∗ /b0 , and the stress in the marginal regime should increase with an exponent α smaller than one. In fig. 3, the shapes of the Vs vs. γ˙ curves are compared for adsorbed (fig. 3a) and end-grafted chains (fig. 3b), demonstrating that indeed the two different molecular organisations inside the surface layers do give different friction behaviours. It has been suggested recently that another molecular mechanism could be responsible for an onset of strong slip at the wall [17]: the de-bonding of the surface chains under the effect of the friction force. This would impose a limiting surface stress for the low shear rate regime proportional to Σ and independent of P and N (the limiting force per chain is the de-bonding force). Thus the molecular-weight variations of V ∗ should be similar to those predicted by eq. (3). However, if the surface chains were de-bonded from the surface, the transition between the weak- and the strong-slip regimes would be sharp (the surface anchored chains have narrow molecular weight fractions and each non-adsorbed part of the chain experiments a friction force). This is not what is observed experimentally, and we think that the existence of the wide intermediate non-linear friction regime is discriminative between both mechanisms. Furthermore, if de-bonding of the surface molecules was induced by the flow, a second shear experiment performed immediately after the first one would give a shear rate threshold for the onset of strong slip different from that obtained in the first experiment, for samples with different N and P chains, a fact that has never been observed. To conclude, using NFLA, we have characterised how PDMS chains anchored to a silica surface with a weak surface density (mushroom regime) affect the friction between sheared polydimethylsiloxane melts and this surface. The three main results are: 1) the existence of an intermediate non-linear friction regime in which strong slip at the wall progressively develops. This regime extends over several decades in slip velocity, and is characterised by a power law variation of the slip length vs. Vs , b ∝ Vs−α with α smaller than one; 2) the critical slip velocity at which this non-linear friction regime starts depends on the molecular weights of both the surface and bulk chains, following power laws, V ∗ ∝ N −β P −δ , implying that the friction force in the low shear rate regime is due to entanglements between bulk and surface chains, and that the onset of the non-linear friction regime is characterised by a limiting force
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