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SHAPE-MEMORY POLYMERS Introduction Besides ﬁnding high performance materials, material scientists concentrate on designing “intelligent” and “self-repairing materials.” In this context, materials showing a thermally induced shape-memory effect, such as metallic alloys or gels, have been studied intensively, and a class of polymers showing shape-memory behavior has found growing interest (1–5). The relatively easy manufacturing and programming of shape-memory polymers makes these materials a cheap and efﬁcient alternative to well-established metallic alloys. These polymers usually surpass by far the recovery properties of shape-memory alloys, which can recover deformations of 8% at maximum. Taking into consideration the importance of polymeric materials in daily life, a very broad spectrum of possible applications for intelligent polymers opens up, covering an area from minimally invasive surgery to high performance textiles, and to self-repairing plastic components in all kinds of technical devices. Stimuli-sensitive implant materials have a high potential for applications in minimally invasive surgery. Degradable implants could be inserted into the human body in a compressed (temporary) shape through a small incision where they obtain their shape relevant for the speciﬁc application after warming up to body temperature. After a deﬁned time period the implant is degraded. In this case subsequent surgery to remove the implant is not necessary. For applications in biomedicine, it is necessary to have tailor-made shape-memory polymers whose thermal, mechanical, or degradation properties can be varied over a wide range. A substantially new development in this context is polymer systems. These are families of polymers in which macroscopic properties can be controlled by a 125 Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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speciﬁc variation of molecular parameters. In this way shape-memory polymers having a speciﬁc combination of properties required for speciﬁc applications can be obtained by slight variation of the molecular structure and chemical composition.



Deﬁnitions of Shape-Memory Polymer and Related Technical Terms Shape-memory polymers are stimuli-responsive materials. Upon application of an external stimulus they have the ability to change their shape. A change in shape initiated by a change in temperature is called thermally induced shape-memory effect. The shape-memory effect results from the polymer’s structure, that is, its morphology in combination with a certain processing and programming technology. Therefore, shape-memory behavior can be observed for several polymers that may differ signiﬁcantly in their chemical composition. The process of programming and recovering the shape of a polymer is shown schematically in Figure 1. The polymer is processed into its permanent shape by conventional methods. Afterwards, it is deformed and the desired temporary shape is ﬁxed. The latter process is called programming. The programming process consists of heating the sample, deforming and cooling the sample, or drawing the sample at a low temperature (“cold drawing”). The permanent shape is now stored while the sample is in the temporary shape. Heating the programmed polymer above a temperature higher than the transition temperature T trans results in activating the shape-memory effect. As a consequence, the recovery of the memorized, permanent shape can be observed. Cooling of the polymer below the transition temperature leads to solidiﬁcation of the material. However, the polymer sample does not return to its temporary shape. The described effect is called a “one-way” shape-memory effect. The programming process including a mechanical deformation can be repeated. The new temporary shape is not necessarily



Fig. 1. Schematic demonstration of the thermally induced one-way shape-memory effect. By the programming process the permanent shape is transferred to the temporary shape. Heating up of the sample to a temperature above the switching transition T trans initiates the recovery of the permanent shape. From Ref. 2.
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Fig. 2. The series of photos demonstrates (top–down) the transition from the temporary shape (spiral) to the permanent shape (rod) for a shape-memory network that has been synthesized of poly(ε-caprolactone)dimethacrylate and butylacrylate (comonomer content: 50 wt%). The switching temperature of this polymer is 46◦ C. The recovery process takes 35 s when heated up to 70◦ C.



supposed to match the temporary shape resulting from the former programming process. In Figure 2, a photo sequence demonstrates impressively the performance of shape-memory polymers. The permanent shape of the polymer sample is that of a rod. This rod has been deformed to a spiral (temporary shape) during the programming process. Under the inﬂuence of hot air having a temperature of 70◦ C the permanent shape is recovered as soon as
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the switching temperature T trans is reached. With optimized programming conditions the permanent shape can be recovered with an accuracy of more than 99% (1).



Molecular Mechanism of the Shape-Memory Effect All shape-memory polymers discussed henceforth are elastomers. On the molecular level they represent polymer networks consisting of segment chains that are connected by netpoints. The netpoints can be formed by entanglements of the polymer chains or intermolecular interaction of certain polymer blocks. These cross-links are called physical netpoints. Cross-links in the form of covalent bonds form chemical netpoints. An elastomer exhibits a shape-memory functionality if the material can be stabilized in the deformed state in a temperature range that is relevant for the particular application. This can be achieved by using the network chains as a kind of molecular switch. For this purpose, it should be possible to limit the ﬂexibility of the segments as a function of the temperature. This process is supposed to be reversible. The ability to incorporate a control function into the material provides a thermal transition T trans of the network chains in the temperature range of interest for the particular application. At temperatures above T trans the chain segments are ﬂexible, whereas the ﬂexibility of the chains below this thermal transition is at least partly limited. In the case of a transition from the rubber-elastic, ie viscous, to the glassy state the ﬂexibility of the entire segment is limited. The molecular mechanism of programming the temporary and recovering the permanent shape is demonstrated schematically in Figure 3 for a linear multiblock copolymer as an example of a thermoplastic shape-memory polymer with a crystalline hard segment.



Fig. 3. Schematic demonstration of the molecular mechanism of the thermally induced shape-memory effect for a multiblock copolymer, T trans = T m . If the rise in temperature is higher than T trans of the switching segments, these segments are ﬂexible (marked red, here) and the polymer can be deformed elastically. The temporary shape is ﬁxed by cooling down below T trans (marked blue, here). If the polymer is heated up again the permanent shape is recovered.
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Table 1. Possible Combinations of Hard-Segment- and Switching-Segment-Determining Blocks in Linear, Thermoplastic Block Copolymers with Thermally Induced Shape-Memory Effecta Hard-segmentdetermining block (Block A )



Switching-segmentdetermining block (Block B)



Phase-separated block copolymers



Thermal transition determining the Highest Second Highest Second permanent shape thermal thermal thermal thermal at T perm transition transition transition transition T perm Melting point T perm = T m,A



Glass transition (T perm = T g,A ) a Ref.



T m,A T m,A T m,A T m,A T g,A T g,A T g,A



T g,A T g,A T g,A T g,A



T m,B T m,B T g,B T g,B T m,B T m,B T g,B



T g,B T g,B



T g,B T g,B



T m,A T m,A T m,A T m,A T g,A T g,A T g,A



Possible switching transitions T trans T m,B , T g,A , T g,B T m,B , T g,mix T g,A , T g,B T g,mix T m,B , T g,B T m,B , T g,mix T g,B



2.



The mechanism of the thermally induced shape-memory effect of linear block copolymers is based on the formation of a phase-separated morphology with one phase acting as molecular switch. The phase showing the highest thermal transition T perm is by the formation of physical netpoints, on the one hand providing the mechanical strength of the material, especially at T < T perm , and on the other hand the ﬁxation determining the permanent shape. The materials are divided into two categories according to the thermal transition of the particular switching segment the shape-memory effect is based on. Either the transition temperature T trans is a melting temperature T m or a glass-transition temperature T g . In case of a melting temperature one observes a relatively sharp transition in most cases, whereas glass transitions always extend over a broad temperature interval. In case there is no sufﬁcient phase separation between the “hardsegment-determining” block (Block A) and the “switching-segment-determining” block (Block B), mixed glass-transition temperatures T g,mix between the glass transiton of the “hard-segment- and the switching-segment-determining” blocks may occur. Mixed glass-transition temperatures are also qualiﬁed to act as switching transitions for the thermally induced shape-memory effect. Table 1 gives an overview about possible combinations of “hard-segment- and switchingsegment-determining” blocks in linear, thermoplastic shape-memory polymers (2). In chemically cross-linked shape-memory networks the permanent shape is stabilized by the covalent netpoints. In analogy to linear block copolymers with shape-memory, the temporary shape of covalently cross-linked shapememory networks can be ﬁxed either by crystallizable segment chains or by a glass transition of the segment chains that is in the temperature range of interest.
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Cyclic Thermomechanical Characterization The shape-memory effect can be quantiﬁed by cyclic thermomechanical investigations. Typically, measurements are performed by means of a tensile tester equipped with a thermochamber. During this experiment, different test programs are applied that differ, for example, in the programming procedure (cold drawing at T < T trans or temporary heating up of the polymer sample to a temperature T > T trans ) or in the control parameter of the tensile tester (stress- or strain-controlled). A single cycle includes the programming of the sample and the recovery of its permanent shape. A typical test program is described in the following: the test piece is heated up to a temperature T high that is above the switching temperature T trans and is elongated to the maximum strain εm . In case of thermoplastics, it is important not to exceed the highest thermal transition T perm ; otherwise, the polymer sample would melt. The sample is cooled down below the transition temperature T trans to a temperature T low under constant strain ε m . In this way, the temporary shape is ﬁxed. Retracting the clamps of the tensile tester to the original distance of 0% strain causes the sample piece to bend. After increasing the temperature to T high (>T trans ) the sample contracts and the permanent shape is recovered. The cycle can begin again. The result of such a measurement is usually presented in a tensile stress (σ )–strain (ε) curve (see Fig. 4a). This is why this test protocol is often called a twodimensional measurement. Figure 4 schematically represents curves obtained as results from mechanical measurements. If the stretched sample is cooled down (Position in Fig. 4a) different effects can result in changes of the curves’ course. Here, differences in the expansion coefﬁcient of the stretched sample at temperatures above and below T trans , as a consequence of the entropy elasticity and volume changes due to crystallization, are inducing changes in mechanical stress σ . The latter is the case if T trans is a melting point. The elastic modulus E(T high ) at a temperature T high can be determined from the initial slope in the program step (Fig. 4a) also the elastic modulus of the stretched sample at a temperature T low can be determined from the slope of the curve in the program step (Fig. 4a). Important quantities to be determined describing the shape-memory properties of the material for a certain maximum strain ε m are the strain recovery rate Rr and the strain ﬁxity rate Rf . Both can be determined according to equations 1 and 3. The strain recovery rate Rr quantiﬁes the ability of the material to memorize its permanent shape and is a measure of how far a strain that was applied in the course of the programming, ε m − ε p (N − 1), is recovered in the following shape-memory transition. For this purpose the change in strain that is applied during programming in the Nth cycle, ε m − ε p (N − 1), is compared with the change in strain that occurs with the shape-memory effect, εm − εp (N): Rr (N) =



εm − εp (N) εm − εp (N − 1)



(1)



where εp (N − 1) and ε p (N) represent the strain of the sample in two successively passed cycles in the stress-free state before yield stress is applied. The total strain
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Fig. 4. Schematic demonstration of the results of the cyclic thermomechanical investigations for two different test programs: (a) ε–σ diagram: stretching to ε m at T high ; cooling to T low , while ε m is kept constant; clamp distance is driven back; at ε = 0% heating up to T high ; beginning of the second cycle. (b) ε–T–σ diagram: stretching to εm at T high ; cooling down to T low with cooling rate kcool = dT/dt while σ m is kept constant; clamp distance is reduced unless stress-free state σ = 0 MPa is reached; heating up to T high with a heating rate kheat = dT/dt at σ = 0 MPa; beginning of the second cycle. From Ref. 2.



recovery rate Rr,tot is deﬁned as the strain recovery after N passed cycles referred to the original shape of the sample piece: Rr,tot (N) =



εm − εp (N) εm



(2)
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The strain ﬁxity rate Rf describes the ability of the switching segment to ﬁx the mechanical deformation which has been applied during the programming process. It describes how exactly the sample can be ﬁxed in the stretched shape after a deformation to εm . The resulting temporary shape ε u (N) always differs from the shape achieved by deformation. Rf (N) =



εu (N) εm



(3)



The strain ﬁxity rate Rf is given by the ratio of the strain in the stress-free state after the programming step in the Nth cycle, εu (N), and the maximum strain ε m (1). As indicated in Figure 4 the ﬁrst cycles can differ from each other. With an increasing number of cycles the curves become more similar. The process of deformation and recovery of the permanent shape becomes highly reproducible. The changes in the ﬁrst cycles are attributed to the history of the sample piece. In this respect, processing and storage play an important role. During the ﬁrst cycles, a reorganization of the polymer on the molecular scale takes place as a reaction on the deformation in a certain direction. Singlepolymer chains arrange in a more favorable way with regard to the deformation direction. Covalent bonds may be broken during this process. An important variable that cannot be determined by a two-dimensional measurement is T trans . In this respect, the “three-dimensional” test record that is given schematically in Figure 4b is interesting. In contrast to the two-dimensional measurement, here, the sample piece is cooled down in a controlled way (constant cooling rate) at a constant tensile stress σ m . The change in strain in this program step is inﬂuenced by the temperature dependence of the thermal expansion coefﬁcient of the stretched polymer and volume effects, which is based on the thermal transition T trans , eg, a crystallization process. Having reached T low the strain is reduced until a stress-free state is reached. The sample is now heated up to T high at a constant heat rate. During this experiment the tensile stress is kept constant at 0 MPa; this means that the clamps are following the shape change of the test piece. In this way, the shape change caused by the shape-memory effect is recorded as a function of the temperature. From the interpretation of the ε–T plane in the ε–T–σ diagram not only T trans but also the temperature interval can be determined in which the shape-memory effect takes place (Fig. 4b).



Examples for Shape-Memory Polymers The following examples show thermally induced shape-memory. The ﬁrst three examples are exclusively physically cross-linked. These examples are two polyurethanes representing thermoplastic shape-memory polymers with T trans = T m or T g , and a high molecular weight, amorphous polynorbornene. Examples of covalently cross-linked shape-memory networks are so-called heat-shrinkable materials and a shape-memory network with a crystallizable switching segment (T trans = T m ) that has been developed for biomedical application.
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Polyurethanes with Poly(ε-caprolactone) Switching Segment.



Polyesterurethanes with a “hard-segment-determining” block of 4,4 -methylenebis(phenylisocyanate) (MDI) and 1,4-butanediol can be synthesized by the prepolymer method (6–11). The highest thermal transition T perm corresponding to the melting temperature of the “hard-segment-determining” blocks is found between 200 and 240◦ C. Poly(ε-caprolactone)diols with a number-average molecular weight (M n ) between 1600 and 8000 form the switching segments. The switching temperature for the shape-memory effect can be varied between 44 and 55◦ C depending on the weight fraction of the switching segments (variation between 50 and 90 wt%) and the molecular weight of the used poly(ε-caprolactone)diols. In polyurethanes with a high molecular weight of the used poly(ε-caprolactone) the “switching-segment-determining” blocks can crystallize optimally and so the temporary shape is set ideally. Moreover, a high weight fraction of “hard-segmentdetermining” blocks guarantees an optimum stabilization of the permanent shape. As a consequence, polyurethanes that combine a high molecular weight of the used poly(ε-caprolactone) and a high weight fraction of “hard-segment-determining” blocks show the best shape-memory properties. The strain recovery rate comes up to 98% at maximum strains εm of 80%. Nonetheless, the shape-memory properties are strongly inﬂuenced by the degree of the applied strain. The strain recovery rates decrease if the applied strains εm are increased from 80 to 250%. Decisive factors inﬂuencing the recovery properties are, besides the crystallinity of the switching segments, the formation and stability of the hard-segment-forming domains, especially, in the temperature range above the melting temperature of the switching-segment crystallites. For a content of hard-segment-forming domains below 10 wt% the hard-segment domains are not able to form stable physical cross-links. During the initial three cycles a slight increase in the switching temperature can be observed. This behavior is interpreted in terms of the destruction of weak netpoints, followed by an increasing formation of an ideal elastic network. Polyurethanes with Poly(tetrahydrofuran) Switching Segment. Materials with a mixed glass-transition temperature T g,mix are systems with poly(tetrahydrofuran)- (poly(THF)-) switching-segment blocks having numberaverage molecular weights of 250 and 650 and a hard-segment-forming phase based on MDI and 1,4-butanediol. The hard segment is made using the prepolymer method (12,13). The highest thermal transition T perm corresponds with the melting temperature of the “hard-segment-determining” blocks. The block copolymers exhibit a T g,mix between 16 and 54◦ C in case of the switching segment with M n = 250 depending on the hard-segment content (hardsegment content between 57 and 95 wt%), a T g,mix between −13 and 38◦ C for the switching segment with M n = 650 (hard-segment content between 32 and 87 wt%), and a T g,mix of −36–22◦ C for the switching segment with M n = 1000 (hard-segment-content between 23 and 81 wt%). If poly(THF)diols with M n = 2000 or 2900 are used one cannot observe a mixed T g because of the good separation of the different blocks. Here, the occurring glass-transition temperatures are also dependent on the hard-segment content because of the hard segments’ property to hinder the mobility of the switchingsegment chains. The shape recovery rate increases with increasing hard-segment content, reaching values up to 99% for the material with a switching segment with
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M n = 250 and a hard-segment content of 75 wt%. For materials with a switching segment with M n = 650 complete recovery is not reached until the hard-segment content is 87%. After approximately 100 repetitions a constant shape recovery rate of 95% is reached. Polynorbornene. Norsorex is a linear, amorphous polynorbornene having shape-memory properties. It was developed by the companies CdF Chemie and Nippon Zeon in the late 1970s. The molecular weight of this polynorbornene is about 3 × 106 (3,14). It is produced by a ring-opening metathesis polymerization of norbornene using a tungsten–alkylidene catalyst. This polynorbornene has a content of 70–80 mol% of trans-linked norbornene units and a glass-transition temperature between 35 and 45◦ C (14,15). The shape-memory effect of this strictly amorphous material is based on the formation of a physically cross-linked network due to entanglements of the high molecular weight, linear polymer chains. The thermal transition from the glassy state to the rubber-elastic state can be used as switching transition (16). Consequently, upon reaching the glass-transition temperature T g the material softens abruptly. If the chains are stretched quickly in this state and the material is rapidly cooled down again below T g , as an answer to this, the polynorbornene chains can neither slip off each other rapidly enough nor can entanglements disentangle. By rapid cooling the induced elastic stress can be frozen within the material. After heating up again above T g , because of the thermally induced shape-memory effect a recovery of the material’s shape can be observed. The described Norsorex is not inevitably purely amorphous. There are reports of a high molecular weight polynorbornene with a high content of trans-linked norbornene units showing a tendency toward strain-induced crystallization (14,15). Because of this observation the possibility must not be excluded that crystallites acting as physical netpoints contribute to the shape-memory effect. “Heat-Shrinkable” Polymers. Since the 1960s, polyethylene covalently cross-linked by means of ionizing radiation has found broad application as heat shrink foil or tubing especially for the insulation of electric wires or as protection against corrosion of pipe lines (17–22). These materials are marketed under the term heat-shrinkable materials. The mechanism of the heat-shrinking process corresponds to the thermally induced shape-memory effect. The permanent shape is ﬁxed by covalent cross-links. The switching process is controlled by the melting temperature of the polyethylene crystallites. Biodegradable Polymer Networks with Shape-Memory. Based on oligo(ε-caprolactone)diol representing the component to form a crystallizable switching segment, a polymer system with an AB-polymer network structure has been developed (1). For this purpose oligo(ε-caprolactone)diols have been functionalized with methacrylate end groups that can undergo a polymerization reaction. The comonomer of choice is n-butyl acrylate because of the low T g (−55◦ C) of pure poly(n-butyl acrylate); this supposedly determines the amorphous network chains of the expected network. The molecular weight of the used oligo(ε-caprolactone)dimethacrylate cross-linking agent and the content of the comonomer butyl acrylate represent the molecular parameters controlling crystallinity, eg T trans , and mechanical properties. The number-average molecular weights of the oligo(ε-caprolactone)dimethacrylates used were 2000 and 10,000. The cross-link density in the case of the oligo(ε-caprolactone)dimethacrylate



Vol. 4



SHAPE-MEMORY POLYMERS



135



(M n = 2000) was varied by addition of 11–90 wt% butyl acrylate and for the oligo(ε-caprolactone)dimethacrylate (M n = 10,000) by addition of 20–71 wt% butyl acrylate. The cross-link density increases with decreasing content of butyl acrylate. The butyl acrylate content inﬂuences the thermal properties of the formed AB network, especially for the oligo(ε-caprolactone)dimethacrylate with M n 2000. Here, only in the case of a very low content of butyl acrylate of 11 wt%, a melting point at a T m = 25◦ C can be observed. The corresponding homonetwork of oligo(ε-caprolactone) dimethacrylate has a melting point at T m = 32◦ C. All other networks of this series were found to be completely amorphous. For the networks of butyl acrylate and oligo(ε-caprolactone)dimethacrylate with M n 10,000 the melting point decreases from 51 to 44◦ C with increasing butyl acrylate content. With increasing butyl acrylate content the mechanical properties of both materials with oligo(ε-caprolactone) segments with M n = 2000 and 10,000 change in such a way that the values of the elastic modulus (E), the tensile strength (σ max ), and the tensile stress at break (σ R ) decrease for about an order of magnitude. The absolute values are an order of magnitude higher for the series with oligo(ε-caprolactone) segments with M n = 10,000. In cyclic thermomechanical tensile tests for the network with oligo(ε-caprolactone) segments (M n = 10,000), strain ﬁxity rates between 95 and 85% and strain recovery rates from 98 to 93% could be obtained. After three thermocycles all materials reached a constant strain recovery rate of 99%. In in vitro tests these shape-memory networks appear to be promising in their biocompatibility.



BIBLIOGRAPHY 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20.



A. Lendlein, A. M. Schmidt, and R. Langer, Proc. Natl. Acad. Sci. U.S.A. 98, 842 (2001). A. Lendlein and S. Kelch, Angew. Chem., Int. Ed., in press. K. Nakayama, Int. Polym. Sci. Technol. 18, T43–T48 (1991). U.S. Pat. 5,128,197 (1992), K. Kobayashi and S. Shunichi (to Mitsubishi Heavy Industries Ltd.). U.S. Pat. 6,160,084 (2000), R. S. Langer and co-workers (to MIT). B. K. Kim, S. Y. Lee, and M. Xu, Polymer 37, 5781–5793 (1996). F. Li and co-workers, J. Appl. Polym. Sci. 62, 631–638 (1996). F. Li and co-workers, J. Appl. Polym. Sci. 64, 1511–1516 (1997). B. K. Kim and co-workers, Polymer 39, 2803–2808 (1998). H. M. Jeong, B. K. Kim, and Y. J. Choi, Polymer 41, 1849–1855 (2000). H. M. Jeong and co-workers, J. Mater. Sci. 35, 279–283 (2000). J. R. Lin and L. W. Chen, J. Appl. Polym. Sci. 69, 1563–1574 (1998). J. R. Lin and L. W. Chen, J. Appl. Polym. Sci. 69, 1575–1586 (1998). K. Sakurai and T. Takahashi, J. Appl. Polym. Sci. 38, 1191–1194 (1989). K. Sakurai, T. Kashiwagi, and T. Takahashi, J. Appl. Polym. Sci. 47, 937–940 (1993). P. T. Mather, H. G. Jeon, and T. S. Haddad, Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 41, 528–529 (2000). A. Charlesby, Atomic Radiation and Polymers, Pergamon Press, Oxford, 1960, pp. 198, 257. S. Ota, Radiat. Phys. Chem. 18(1/2), 81–87 (1981). W. Chen, K. Xing, and L. Sun, Radiat. Phys. Chem. 22, 593–601 (1983). G. Kleinhans, W. Starkl, and K. Nuffer, Kunststoffe 74, 445–449 (1984).



136



SHAPE-MEMORY POLYMERS



Vol. 4



21. G. Kleinhans and F. Heidenhain, Kunststoffe 76, 1069–1073 (1986). 22. S. Machi, Radiat. Phys. Chem. 47, 333–336 (1996).



ANDREAS LENDLEIN STEFFEN KELCH Deutsches Wollforschungsinstitut



























des documents recommandant







[image: alt]





"Chloroprene Polymers". In: Encyclopedia of Polymer Science 

In solution or at the end of emulsion polymerization, tetraalkyl thiuram disulfides .... providing increased strength to vulcanizates used as mechanical goods. ...... of elasticity of such films decreases further on continued exposure to heat. ..... 










 


[image: alt]





"Butadiene Polymers". In: Encyclopedia of Polymer Science and 

recognized until almost 50 years later when, in 1909, a rubbery polymer was first reported as being ..... However, there is uncertainty of butadiene's association.










 


[image: alt]





"Ethylene Polymers, LDPE". In: Encyclopedia of Polymer Science and 

MD. 62. 35. 54. 131. 143. XD. 43. 39. 131. 226. 309. Tensile strength, MPac. D882. MD. 20. 19. 35. 36. 45 ..... R CH2R + RÂ·â†’RH + R CÂ·HR. (16) ...... D. E. Axelson, G. C. Levy, and L. Mandelkern, Macromolecules 12, 41 (1979). 29. J. C. Randall ...










 


[image: alt]





"Telechelic Polymers". In: Encyclopedia of Polymer Science and 

A pioneering work on the synthesis functional polymers and their con- version to the final .... The principle of additionâ€“fragmentation type reactions can be ...... E. Harth, C. J. Hawker, W. Fan, and R. M. Waymouth, Macromolecules 34, 3856 ..... S










 


[image: alt]





"Styrene Polymers". In: Encyclopedia of Polymer Science and ... .fr 

styrene monomer and immersing the can in a liquid bath heated at ... The solid polymer was removed from the cans and any rust spots chipped .... is desired to make parts having high strength from materials having low melt .... sPS and with other crys










 


[image: alt]





"Sulfur-Containing Polymers". In: Encyclopedia of Polymer Science 

tunistic pathogens (eg, herpes simplex virus and cytomegalovirus) in immuno- ...... J.-C. Lee, M. H. Litt, and C. E. Rogers, Macromolecules 30, 3766 (1997). 21.










 


[image: alt]





"Polycarbonates". In: Encyclopedia of Polymer Science and 

terification process and the polycarbonate product so formed (11). ..... have been invoked as mechanisms for energy absorption, providing .... bonate exhibits excellent thermal stability, especially in the absence of oxygen ... Visible light transmis










 


[image: alt]





"Polyurethanes". In: Encyclopedia of Polymer Science and 

The polymers known as polyurethanes include materials that incorporate ... and excellent processibility, but limited thermal stability (owing to their thermo- plasticity). Thermoset ... propylene oxides provided the foam manufacturers with a broad ch










 


[image: alt]





"Piezoelectric Polymers". In: Encyclopedia of Polymer Science ... .fr 

Polymers also typically possess high dielectric breakdown and high operating field strength ..... strength Îµ may be the result of either free or cooperative dipole motion. Dielectric theory yields ..... Approaches cover the range from macroscale to 










 


[image: alt]





"Ethylene Oxide Polymers". In: Encyclopedia of Polymer 

Solution viscosity vs concentration for ethylene oxide polymers (7). ... Solution viscosity vs temperature: (a) 1.0 wt% solution and (b) 5.0 wt% ..... 4,500â€“8,800.










 


[image: alt]





"Acrylic Ester Polymers". In: Encyclopedia of Polymer Science ... .fr 

two substances is small, dissolution will occur since the heat of mixing will be ..... can be helped through the adjustment of comonomer composition as well as .... A valve is placed in the bottom of the reactor to release polymerized material to ...










 


[image: alt]





"Metal-Containing Polymers". In: Encyclopedia of Polymer 

at the metal center or at the ligand sites. Nickel complexes with bromo sub- .... bonds crystallize from solutions of Mo2(O2CCH3)4 in bidentate ligands such as.










 


[image: alt]





"Thermochromic Polymers". In: Encyclopedia of Polymer 

(1988). 8. T. Tsutsui and T. Tanaka, Polymer 21, 1351 (1980). 9. ... R. S. Werbowji and D. G. Gray, Macromolecules 13, 69 (1980). 41. ... J. 38, 1343 (2002). 47.










 


[image: alt]





"Thermosets". In: Encyclopedia of Polymer Science and 

Tensile mode illustrated with wire-mesh cut at 45â—¦ bias to minimize shear resistance of mesh. Fig. 18. .... C), such as methanol. It was speculated that .... tronic sensor, a low cost, on-line approach sensitive to refractive index variation, for c










 


[image: alt]





"Vinyl Chloride Polymers". In: Encyclopedia of Polymer Science 

Red-brown liquid, monolaurate) no solvent ...... use bag filter systems to meet current regulations that restrict the amount of PVC dust loss to 50 mg/m3 air (52).










 


[image: alt]





"Methacrylic Ester Polymers". In: Encyclopedia of Polymer 

such as chemical reactivity, mechanical and dielectric relaxation, viscous flow, .... the opposite edge of the material, with virtually no loss of intensity; the primary.










 


[image: alt]





"Ethylene Polymers, LLDPE". In: Encyclopedia of Polymer 

A relatively new type of metallocene- catalyzed polyethylene, here noted as mPE. âˆ—. , is shown to have higher melt viscosity than LLDPE at very low shear rates ...










 


[image: alt]





"Yield and Crazing in Polymers". In: Encyclopedia of Polymer ... .fr 

yield criteria, these being methods to quantify the yield stress as a function of ..... the maximum distortional energy criterion or the octahedral stress theory) (25).










 


[image: alt]





"Diacetylene and Triacetylene Polymers". In: Encyclopedia of Polymer 

A robust polydiacetylene/silica composite has recently been prepared that ... PTS has the largest known off-resonant nonlinear refractive index (41,42). This.










 


[image: alt]





"Transport Properties". In: Encyclopedia of Polymer Science 

types of polymers. The transport properties of glassy and rubbery polymers are related to their ... Encyclopedia of Polymer Science and Technology. Copyright John ...... J. R. Fried, M. Sadat-Akhavi, and J. E. Mark, J. Membr. Sci. 149(1), 115 ...










 


[image: alt]





"Oxidative Polymerization". In: Encyclopedia of Polymer Science 

Oxidative polymerization is, formally, abstraction of two hydrogen atoms from a ..... polyphenol was obtained for the first time by controlling the polymer structure ..... presence of a strong acid by electrolysis (198) and by reaction with Lewis ...










 


[image: alt]





"Ethylene Copolymers". In: Encyclopedia of Polymer Science 

heterogeneous polymers consisting of mixtures of copolymers and homopolymers ..... Engineering stressâ€“strain data (23â—¦C, 5.7 minâˆ’ 1) for ethylene-co-styrene.










 


[image: alt]





"Polyethers, Aromatic". In: Encyclopedia of Polymer Science 

also used for coatings, in electrical insulation for high temperature service, and ... An all aromatic polyetherimide is made by DuPont from reaction of pyromel-.










 


[image: alt]





"Polyamides, Plastics". In: Encyclopedia of Polymer Science 

cialization of this polymer. .... sorption is generally concentrated in the amorphous regions of the polymer ...... Chemicals Association, Lancaster, Pa., 1999. 21.










 














×
Report "Shape-Memory Polymers". In: Encyclopedia of Polymer Science and





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



